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Summary

The N-terminally truncated variant of photoactive yel-
low protein (�25-PYP) undergoes a very similar pho-
tocycle as the corresponding wild-type protein (WT-
PYP), although the lifetime of its light-illuminated (pB)
state is much longer. This has allowed determination
of the structure of both its dark- (pG) as well as its
pB-state in solution by nuclear magnetic resonance
(NMR) spectroscopy. The pG structure shows a well-
defined fold, similar to WT-PYP and the X-ray struc-
ture of the pG state of �25-PYP. In the long-lived pho-
tocycle intermediate pB, the central � sheet is still
intact, as well as a small part of one � helix. The re-
mainder of pB is unfolded and highly flexible, as evi-
denced by results from proton-deuterium exchange
and NMR relaxation studies. Thus, the partially un-
folded nature of the presumed signaling state of PYP
in solution, as suggested previously, has now been
structurally demonstrated.

Introduction

The photoactive yellow protein (PYP) is a water-soluble
photoreceptor of Ectothiorhodospira (or Halorhodos-
pira) halophila, a motile, alkalophilic, and halophilic
bacterium. E. halophila responds to blue light by avoid-
ing exposure to harmful UV light (Meyer, 1985; Sprenger
et al., 1993). This behavior is wavelength-dependent,
with a maximum at 446 nm. The absorption maximum
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of PYP is also at 446 nm and, therefore, PYP is thought
to play a key role in the negative phototaxis of E. ha-
lophila. PYP was proposed to be the structural proto-
type for the three-dimensional fold of the PAS domain
(Pellequer et al., 1998), a structural entity that has been
identified in proteins from all three kingdoms of life (i.e.
in the Bacteria, the Archaea, and the Eucarya). Per-
Arnt-Sim (PAS) is an acronym for the three proteins that
were the first to be identified to contain a PAS domain:
the Drosophila period clock protein (Per) (Crews et al.,
1988), vertebrate aryl hydrocarbon receptor nuclear
translocator (Arnt) (Hoffman et al., 1991), and Drosoph-
ila single minded protein (Sim) (Crews et al., 1988). Pro-
teins containing PAS domains often possess a multido-
main architecture and are involved in processes of
signal transduction in the cell in response to changes
in the environmental or intracellular conditions (Taylor
and Zhulin, 1999). This makes these domains important
signaling modules that monitor changes in light, redox
potential, oxygen, small ligands, and overall energy
level of a cell.

PYP has a chromophore, p-coumaric acid, covalently
linked by a thiol-ester bond to the unique cysteine
(Cys69) of the protein (Baca et al., 1994; Hoff et al.,
1994a). Upon irradiation with blue light, PYP undergoes
a photocycle (Figure 1A), whereby the chromophore
changes its configuration about the double bond from
trans to cis and becomes protonated upon formation
of the long-lived, blue-shifted intermediate (pB, also
known as I2, PYPM) (Hoff et al., 1994b; Meyer et al.,
1987). As the pB intermediate is the most stable of the
photocycle (its halftime lies in the subsecond time
scale for wild-type PYP [WT-PYP]), it is believed that
this is the signaling state of the protein. Within 1 s, PYP
relaxes from the intermediate state (pB) back to the
ground state (pG) (Hoff et al., 1994b; Meyer et al., 1987).
The structure of PYP in the pG state has been eluci-
dated through both crystallography (Borgstahl et al.,
1995) and nuclear magnetic resonance (NMR) spectros-
copy (Düx et al., 1998). PYP consists of four segments:
(1) the N-terminal cap containing two α helices (α1 and
α2); (2) a PAS core containing three β strands and two
α helices (β1, β2, α3, β3, and α4); (3) a helical connector
(α5); and (4) a β scaffold (β4, β5, and β6), as shown in
Figure 1B. Earlier NMR studies on WT-PYP showed
that, in solution, the protein exhibits dramatic chemical
exchange behavior upon illumination, resulting in the
loss of about 40% of the amide signals in the hetero-
nuclear single-quantum coherence (HSQC) spectrum of
the pB state. Analysis of 15N chemical shift perturba-
tions clearly showed that the entire molecule is affected
upon illumination, with a region of major perturbation
being the N-terminal part, helices α1, α2, and α3, and
the first turn of helix α4, parts of strands β1 and β6 of
the central antiparallel β sheet, and the chromophore-
containing loop (Rubinstenn et al., 1998). These obser-
vations led to the conclusion that the protein partly un-
folds upon formation of the light-induced pB state and
hampered resolution of its spatial structure. This partial

unfolding was not observed in the crystalline environ-
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Figure 1. Photocycle and Structure of WT-
PYP

(A) Simplified light cycle of WT-PYP. The dif-
ferent chromophore orientations, the time
scale of each step, and the wavelengths of
maximal absorbance are indicated.
(B) Representation of the crystal structure of
WT-PYP (PDB 2PHY), in which β strands and
α helices are shown and labeled as referred
to in the text.
ment: only small structural differences between pG and u
epB were observed, and were found to be limited to the

chromophore region (Genick et al., 1997). The same ob-
servation holds for the light-oxygen-voltage (LOV) class R
of PAS domains, where minimal changes were reported
after crystallographic studies (Crosson et al., 2003; R

SFedorov et al., 2003) in contrast to spectroscopic stud-
ies (Corchnoy et al., 2003; Harper et al., 2003; Salomon A

bet al., 2001; Swartz et al., 2002) that suggested more
pronounced structural changes upon illumination of the 1

YLOV domain in solution.
Severe NMR line-broadening was the phenomenon c

sthat precluded a detailed structure analysis of pB of
WT-PYP. Therefore, a truncated form of PYP, lacking the a

a25 N-terminal residues (�25-PYP), was analyzed (van
der Horst et al., 2001). �25-PYP is a stable and photo-

pchemically active form of PYP that undergoes a very
similar photocycle as the WT-PYP (van der Horst et al., i

a2001; Hendriks et al., 2002), although the rate of the
recovery reaction in its photocycle is substantially i

tlower. This slower recovery (halftime of 10 min for �25-
PYP instead of 300 ms for WT-PYP) allows an almost p

iquantitative accumulation of the pB state upon con-
tinuous and low-power illumination. In this article, we p

Wshow that truncation of the protein has shifted the time
scale of internal dynamics in the protein, resulting in c

tsharpening of the broad NMR signals that hampered
the study of the intermediate pB state of WT-PYP. The a

rcrystal structure of �25-PYP in the pG state has been
reported (Vreede et al., 2003) and showed that the re- b

Dmoval of the first 25 residues does not significantly af-
fect the overall fold of the PAS domain core. It was thus g

tsuggested that �25-PYP represents the minimal PAS
domain core. w

aHere we present the NMR solution structure of both
the dark pG state and the light-induced pB state of t

a�25-PYP and compare these states in terms of struc-
ture and dynamics. The results show that the central β i
sheet does not change its structure upon illumination,
in contrast to the region flanking the β sheet that is H

Tpartially unfolded. This is supported by proton-deute-
rium H-D exchange experiments that show a loss of p

�hydrogen bonds in this region, and 15N relaxation mea-
surements that reveal increased flexibility. The partial o
nfolding of the PYP structure is believed to be an
ssential event in the signal-transduction process.

esults

esonance Assignment and Chemical
hift Perturbation
ll backbone amide proton 15N spin pairs of pG could
e assigned, whereas 94% could be assigned for pB;
H-15N assignment for residues F28, C69, S72, T95,
98, and M100 were still missing due to overlap or ex-
hange broadening. With the exception of the labile
ide-chain protons of lysine and arginine residues, 95%
nd 85% of all observable protons were assigned in pG
nd pB, respectively.
The 15N-HSQC spectra of pG and pB show good dis-

ersion of the 1H-15N cross-peaks (Figure 2). However,
n pB the dispersion of the cross-peaks is less wide
nd the line width of the peaks is broader than in pG,

ndicating a less well-defined structure of pB compared
o pG. The number of cross-peaks in the spectrum of
B is closely similar to that in the pG spectrum, indicat-

ng that �25-PYP does not show the strong exchange
henomena that were observed in the pB spectra of
T-PYP (Rubinstenn et al., 1998). The weighted chemi-

al shift differences in the 1H-15N chemical shifts be-
ween pG and pB for �25-PYP and WT-PYP have been
nalyzed: for �25-PYP, the three regions encompassing
esidues 42-58, 63-79 and 97-103 are strongly affected
y the illumination (see Figure S1 in the Supplemental
ata available with this article online). These three re-
ions correspond to the residues that are most subject
o exchange broadening in WT-PYP pB, where they
ere thus left unassigned (Craven et al., 2000). The
nalysis of the composite chemical shift differences,
herefore, indicates that �25-PYP and WT-PYP react in
similar way to light, except for the N terminus, which

s lacking in �25-PYP.

-D Exchange
he protection factors obtained from H-D exchange ex-
eriments are shown in Figure 3 for both pG and pB of
25-PYP, and for pG of WT-PYP. The long recovery time
f the reaction from pB back to pG enabled direct de-
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Figure 2. Overlay of 15N-HSQC Spectra of
the �25-PYP pG State and pB State

Overlay of 15N-HSQC spectra of the �25-
PYP pG state (in blue) and pB state (in red)
recorded at 293 K on a Bruker Avance 750
MHz spectrometer.
nuclear Overhauser enhancement (NOE) patterns typi-present in �25-PYP. In contrast to what was observed

Figure 3. H-D Exchange Experiments

Logarithmic plot of the protection factor per
residue for (A) �25-PYP pG, (B) �25-PYP pB,
and (C) WT. The residues that showed a dis-
tinct difference in exchange rate upon illumi-
nation in WT-PYP (Craven et al., 2000) are
marked with an asterisk. The secondary
structure of PYP, as determined in solution
(Düx et al., 1998), is shown above the figure.
tection of stable hydrogen bonds within the signaling
(i.e., pB) state of �25-PYP; upon illumination, 20 amides
showed H-D exchange slow enough to be analyzed
compared to 52 for the pG state. This indicates that,
upon illumination, the hydrogen-bonding network of the
protein is largely perturbed. Only the amide protons in
the first and last two β strands retain protection against
exchange. A different method was previously used to
follow the H-D exchange process in pB of WT-PYP, as
continuous illumination was not possible due to the fast
recovery in WT-PYP. In those experiments, about 14
amide protons were found to exhibit a significantly
faster exchange rate upon illumination for WT-PYP
(Craven et al., 2000; Rubinstenn et al., 1999). These res-
idues are marked with an asterisk in Figure 3. All these
residues exchange within the dead time of the experi-
ment in the pB state of �25-PYP, except for M109,
which still shows high protection in the pB state. This
might be explained by local rearrangements around this
residue, as it is positioned in the region that is flanked
by the N-terminal part in WT-PYP, which is no longer
in WT-PYP, the α helix 44–49 (α3 in WT-PYP) in the pG
state of �25-PYP does not show any protection against
H-D exchange, which is also most likely due to the ab-
sence of the N-terminal part, as these regions are in
close contact in the WT-PYP structure.

Solution Structure of the pG and pB
States of �25-PYP
The structural statistics for the final pG and pB struc-
ture are presented in Table 1. The structure of these
states of �25-PYP were determined on the basis of
1464 (pG) and 1029 (pB) unambiguous restraints di-
vided into 548 and 520 intraresidual, 418 and 287 se-
quential, 179 and 61 medium-range, and 319 and 161
long-range restraints for pG and pB, respectively (see
Figure S2 online). For the pG state, the distribution of
restraints is in agreement with the occurrence of resi-
dues in a secondary structure element (i.e., a higher
number of restraints for residues in β strands or α heli-
ces and fewer restraints for those in loop regions). De-
spite the fact that region 44–49 in pG clearly showed



Structure
956
Table 1. Structural Statistics for �25-PYP in the pG and pB States

pG pB

Rmsd (Å)
Backbone heavy atoms, secondary structure elementsa 0.85 ± 0.23 0.75 ± 0.21
All heavy atoms, secondary structure elementsa 1.37 ± 0.34 1.37 ± 0.26
Backbone heavy atoms, all residues 1.18 ± 0.30 3.77 ± 1.06
All heavy atoms, all residues 1.74 ± 0.43 4.74 ± 1.22

Energies (kcal mol−1)
VdW −237 ± 65 −109 ± 71
Elec −3905 ± 93 −3678 ± 113

Rmsd from idealized covalent geometry
Bonds (Å) 4.53 × 10−3 ± 1.35 × 10−4 5.23 × 10−3 ± 1 × 10−4

Angles (°) 0.69 ± 0.02 0.75 ± 0.01
Improper (°) 1.68 ± 0.14 1.68 ± 0.09
Dihe (°) 41.4 ± 0.3 42.0 ± 0.4

Rmsd from experimental restraints
NOE (Å) 2.38 × 10−2 ± 1.5 × 10−3 3.72 × 10−2 ± 1.6 × 10−3

cdih (°) 0.32 ± 0.14 0.96 ± 0.11
Unambiguous restraints 1464 1029

Intraresidual 548 520
Sequential 418 287
Medium range (2 < |I − j | % 4) 179 61
Long range (|I − j| R 5) 319 161

Other restraints
Ambiguous restraints 87 214
H bonds 30 20
TALOS predicted dihedrals 61 46
Chromophore-protein NOEs 16 0

Restraints violations in more than 50% of the structuresb

NOE > 0.5 Å 0 0
cdih > 5° 0 2

Ramachandran plot (%)
Favored regions 76.5 69.5
Additionally allowed regions 20.2 26.1
Generously allowed regions 2.3 2.7
Disallowed regions 1.0 1.7

a Regular secondary structure elements include residues 29–34, 39–41, 44–49, 76–85, 89–96, 103–112, and 117–124 in the pG state, or residues
30–34, 39–41, 79–85, 90–95, 104–111, and 117–124 in the pB state.
b No dihedral angles restraint was violated by more than 5.9°.
cal for α-helical structure, the total number, and there- v
gfore the structural definition, of this region is substan-

tially lower than that of other helices, in agreement with r
hthe fast H-D exchange in this region. The number of

restraints per residue is generally lower for pB over the r
owhole sequence, and does not seem to be restricted to

specific regions of the protein. However, some parts of r
apB, such as regions 63–78 and 95–100, show an almost

complete loss of NOEs. In order to characterize specific d
tcontacts between the chromophore and the rest of the

protein, we conducted isotope-filtrated experiments. t
fWe obtained 17 chromophore-protein NOE’s for pG,

and all were confirmed by occurrence of such contacts c
in the crystal structure of �25-PYP (Vreede et al., 2003).

Figure 4 presents the family of 20 structures of �25- s
aPYP in the pG (Figure 4A) and pB state (Figure 4B) that

satisfy the experimental restraints. The structure of pG T
ais composed of a regular five-stranded β sheet, encom-

passing residues 29–34 (β1), 39–41 (β2), 89–96 (β3), s
e103–112 (β4), and 117–124 (β5), and two α helices (resi-

dues 44–49 for α3 and 76–85 for α5, helices being num- c
wbered as in WT-PYP). Other secondary structure ele-

ments, such as a β strand from residues 59–61 and e
wthree helices encompassing residues 54–57, 62–65, and

68–70, were detected in a few structures. The structure c
iof pG is well-defined, as is reflected by the low rmsd
alues, and is of good quality, as indicated by the ener-
etic terms and Ramachandran statistics (Table 1). The
egion 42–56, that comprises α helix 44–49, shows
igher rmsd values and is less well-defined (Figure 4A),
eflecting higher disorder and flexibility. If this helix is
mitted, the rmsd on secondary structure elements is
educed to 0.67 ± 0.18 and 1.28 ± 0.32 Å for backbone
toms and all heavy atoms, respectively. More evi-
ence for the increased flexibility of the protein in solu-

ion in this region comes from the lack of protection of
he amide protons (H-D exchange) and the observed
lexibility from NMR relaxation experiments that are dis-
ussed below.
The superposition of the best 20 structures of the pB

tate of �25-PYP is displayed in Figure 4B. It is readily
pparent that pB is much less well-defined than pG:
hree regions that encompass residues 42–58, 63–78,
nd 96–103 adopt several orientations that are all con-
istent with the experimental restraints. As the pres-
nce of conformational averaging in flexible loops can
omplicate the calculation of a single set of structures,
e also checked for the presence of conformational av-
raging by performing ensemble-average refinement
ith complete cross-validation against the number of
onformers (Bonvin and Brunger, 1996). This procedure

ndicated that a single conformer was sufficient to sat-
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Figure 4. Stereoview of the Ensemble of Solution Structures of the pG and pB States of �25-PYP

Superposition of the twenty best structures of �25-PYP in the pG (A) and the pB states (B). Structures were superimposed on the backbone
atoms of the secondary structure elements, including residues 29–34, 39–41, 76–85, 89–96, 103–112, and 117–124 in the pG state, or residues
30–34, 39–41, 79–85, 90–95, 104–111, and 117–124 in the pB state. Secondary structure elements, as detected by PROCHECK, are repre-
sented and colored in blue for the β strands and red for α helices. The three flexible regions encompassing residues 43–58, 62–78, and 96–
103 of pB are colored in green, wheat, and orange, respectively. For both states, the chromophore is represented in sticks. (C) Superposition
of the closest to the mean structures of pG and pB. The structures were superimposed on the backbone atoms of the residues involved in
the β sheet in the pB state (30–34, 39–41, 90–95, 104–112, and 117–124). pG and pB are colored in yellow and blue, respectively. The
chromophore is represented by sticks.
isfy the experimental restraints (data not shown). The
structure of pB can be described as being composed of
a regular five-stranded β sheet, encompassing residues
30–34 (β1), 39–41 (β2), 90–95 (β3), 104–111 (β4), and
117–124 (β5), and one α helix from residues 79–85 (cor-
responding to α5 in WT-PYP). Concerning the second-
ary structure elements, the β sheet defined in pG is
conserved in pB, even if some of the constituent
strands are shorter by one or two residues. All α helices
of the protein are destabilized in pB: α helix 44–49, al-
ready identified as less stable in pG, is absent, as con-
firmed by the lack of typical α-helical NOEs for these
residues. Interestingly, the α helix that comprises resi-
dues 76–85 in pG is shorter in pB; residues 79–85 con-
stitute a well-defined α helix, whereas residues 76–78
are flexible with few sequential medium- and long-
range restraints. No other regular element of secondary
structure can be detected, except one α helix (residues
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54–56) in one of the 20 best structures. Due to the pres- r
sence of disordered regions, the Ramachandran plot is

of lower quality than that of the pG state. The calcu- (
slated structures show no NOE violations greater than

0.5 Å, but do show two dihedral angle restraint viola- c
ctions greater than 5° (with a maximum of 5.9°). The plot

of rmsd versus the sequence indeed shows low values r
lfor secondary structure elements and high values (up

to 7 Å) for the less well-defined parts of the protein (see i
sFigure S2D online). No NOEs between the chromophore

and the protein, which were observed for pG, could be r
tcollected for pB. In pG, the chromophore is well-

defined and buried in the so-called chromophore bind- r
aing pocket, while in pB, it is solvent-exposed and linked

to a very flexible loop. Figure 4C displays the superpo- a
lsition of the structure closest to mean on �25-PYP in

both states and clearly emphasizes the differences that 1
chave been described above.

tRelaxation Rate Measurements
The NMR relaxation rates of 15N nuclei in the protein c

tbackbone are sensitive probes of the overall rotational
diffusion of a protein, as well as of the local dynamics of a

bthe protein backbone. From the average 15N relaxation
parameters for 72 rigid residues of pG (see Figure S3 t

nonline), the apparent correlation time was estimated to
be 7.7 ± 0.5 ns. Based on their relaxation rates in the (

opG state, we could identify four different groups of resi-
dues that display a similar dynamic behavior (see Fig- u

vure S4 online), and are mapped by colored spheres on
Figure 5. Backbone Dynamics and Protected
HN Groups Mapped on the Structure of pG
and pB of �25-PYP

Data points were divided over four (pG) or
five groups (pB) depending on their motional
behavior. The different groups are mapped
on the structure of (A) pG and (B) pB. The
residues of group I are colored in gray; all
residues of other groups are represented
with a sphere colored in red for group II, in
blue for group III, in orange for group IV, and,
in the case of pB, in cyan for group V. The
group numbers in brackets, together with
the observed type of internal motions, are in-
dicated. The protection factors extracted
from H-D exchange are highlighted in the
structure of (C) pG and (D) pB. The amide
protons for which a protection factor was
determined are colored in red.
the structure of �25-PYP in Figure 5A. Group I contains
esidues in the core of the protein, including the β
heet, the helix α3, and the chromophore binding loop
gray ribbon in Figure 5). The residues of group II have
lightly higher transversal R2 relaxation rates, which
ould be due to either anisotropic tumbling or a small
ontribution of conformational exchange. However, the
otational diffusion anisotropy in the pG state is calcu-
ated to be rather small (1.2–1.3) and, as most residues
n group II are located in loops and do not all have the
ame NH orientation, it is more likely that the higher R2

ates for these residues are caused by a small contribu-
ion of conformational exchange. Group III contains
esidues that are flexible on a fast (ps-ns) time scale,
s evidenced by low heteronuclear NOE values as well
s low R1 and R2 relaxation rates. The residues in the

ast group (IV) all have R2 relaxation rates higher than
2 s−1, which is indicative of a strong contribution of
onformational exchange.
Although the protein structure in the pB state is par-

ially unfolded, the 15N relaxation rates of amides lo-
ated in the folded parts of the protein do give informa-
ion on the rotational diffusion of the protein. The
verage relaxation parameters for pB, calculated on the
asis of 29 residues located in rigid parts of the struc-
ure, result in an apparent correlation time of 8.7 ± 0.7
s. This higher correlation time for pB compared to pG

increase of about 13%) results from a global increase
f the average R2 and decrease of the average R1 val-
es in pB, and might be due to an increase of structural
olume; hydrodynamic calculations using HYDRONMR
(Garcia de la Torre et al., 2000) of both the pG and pB
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ensembles of structures reveal an increase in average
volume of 11% between pG (20,995 ± 757 Å3) and pB
(23,377 ± 1,271 Å3). The increase in the spread of R2

and R1 relaxation rates indicates a small increase in
rotational diffusion anisotropy in the pB state.

As for pG, based on the 15N relaxation rates in the
pB state (see Figure S3 online) we identified different
groups of residues that display distinct motional beha-
vior, which are color-coded on the structure of pB (Fig-
ure 5B). However, in the case of pB, one extra group
(group V) that displays sub-ns motion could be iden-
tified, as evidenced by low heteronuclear NOE values
and R2 relaxation rates, but increased R1 relaxation
rates. For the stretch of residues ranging from 67 to 79,
no accurate relaxation rates could be determined due
to overlap.

Discussion

Structure and Dynamics of the pG State
of �25-PYP and Comparison with WT-PYP
Here we present the high-resolution structure of the pG
state of �25-PYP determined by NMR. The structure
is very similar to the NMR structure of the WT protein
(secondary structure rmsd of 1.42 Å), as well as to the
X-ray structure of �25-PYP (secondary structure rmsd
of 1.36 Å). The lack of the N-terminal part seems to
have little effect on the rest of the structure, except for
the helices comprising residues 44–49 (α3) and resi-
dues 54–57 (α4 in WT-PYP) that are less stable in �25-
PYP, as these regions show conformational exchange
in relaxation measurements (Figure 5A) and less protec-
tion in H-D exchange experiments (Figure 5C). In the
helix 44–49, a strong contribution of conformational ex-
change is found for the flanking residues Ala44, Ala45,
Thr50, and Gly51, confirming that this helix is not well-
defined in solution. In WT-PYP, this helix is well-defined
and shows no conformational exchange. The exchange
observed in �25-PYP is thus presumably caused by the
removal of the N-terminal 25 residues, which leads to
the loss of two hydrogen bonds with the backbone am-
ides of Asn43 and Ala44. Moreover, a few hydrophobic
contacts with the rest of the protein are lost: in WT-PYP,
residues Phe6, Ile11, Leu15, and Leu23 are close to res-
idues Leu26, Phe28, Trp119, and Phe121. In helix 54–
57, which was identified in the X-ray structure of both
WT-PYP and �25-PYP, but which was defined in only
30% of the WT-PYP NMR ensemble of structures, is
present only in 10% of the �25-PYP NMR structures.
In this helix in pG of �25-PYP, Lys55 exhibits ms-�s
conformational exchange and—although less pro-
nounced—Val57 as well, whereas in WT-PYP, Lys55 ex-
hibits ns-ps motion, indicating a shift in the time scale
of dynamics between WT-PYP and �25-PYP. As in WT-
PYP, Leu88 in the stretch between α5 and β3 shows
high-amplitude fast motion and, moreover, the adjacent
residue (Asn89) in �25-PYP displays slow conforma-
tional exchange. In the loop connecting β3 and β4 (97–
102), many residues have high R2 values, indicative of
conformational exchange, which is most prominent for
Tyr98. In pG of WT-PYP, conformational exchange is
observed for Gln99. In both WT-PYP and �25-PYP, the
loop (113–116) between β4 and β5 is flexible on a fast

time scale. In the β sheet, both Gly29 (from β1) and
Val122 (from β5)—that are facing each other—show a
small contribution of conformational exchange (group
II). This indicates a slightly lower stability of these posi-
tions in the β sheet.

In summation, the dark-state structures of WT-PYP
and �25-PYP are practically the same; only subtle dif-
ferences are observed in the dynamics of the protein
and in the stability of helix 44–49.

Structure and Dynamics of �25-PYP pB
and Comparison with �25-PYP pG
The more favorable spectroscopic properties and pho-
tocycle kinetics, due to a change in the time scale of
local dynamics brought about by removing the 25 N-ter-
minal residues, allowed us to solve the solution struc-
ture of the pB state of �25-PYP. Recently, NMR studies
in solution of a LOV2 domain indicated that upon illumi-
nation of this protein there occurs mainly unfolding of
the C-terminal helix (Harper et al., 2003). These studies
also showed that the PAS core (AsLOV2� [AsLOV2
lacking the C-terminal helix]) responds in the same way
to light as the full-length AsLOV2 protein (Harper et al.,
2003). Similarly, �25-PYP also corresponds to a single
PAS domain. The structure of the pB state of �25-PYP
is the first solution structure of a photocycle transient
intermediate and can be described as a partially un-
folded protein. This latter fact is derived from the dra-
matic loss of protection against H-D exchange, from a
substantial decrease in the number of NMR restraints,
and from an increase in local backbone flexibility. When
comparing the structures of �25-PYP in the pG and pB
state, the main event occurring upon illumination is an
unfolding of all α helices of the protein, except half of
α5, whereas the β sheet is practically unaltered. Clearly,
helix α3 (44–49) that is already not well-defined in pG,
is absent in pB, consistent with fast H-D exchange in
this region (Figure 5D) and the observed ms motion for
residues 42–44, sub-ns flexibility for residues 48–52,
and fast ps-ns time scale motion for Gly47 (Figure 5B).
As discussed above, in pG the residues at the edges of
this helix display slow conformational exchange, pre-
sumably due to the removal of the N-terminal tail, which
induces a destabilization of this helix. Hence, the de-
stabilization of this helix may cause the helix to unfold
more readily upon illumination, and may therefore be
one of the factors responsible for the slower pG-state
recovery of �25-PYP. It should be noted that Glu46,
which makes a hydrogen bond with the chromophore
in pG that is broken in pB, is located in helix α3. In
the same region, Asp53 and Ile58 in pB display slow
conformational exchange, which is mainly observed for
Lys55 in pG. Studies on WT-PYP have shown that in
the pB state and in the low-pH state of PYP (pB-dark),
a dramatic loss of signal intensity is observed for the
region encompassing residues 43–58. In WT-PYP, this
signal loss is presumably caused by conformational ex-
change on a time scale incompatible with the NMR time
scale, and clearly the time scale of this motion in �25-
PYP has shifted to an NMR-observable time scale.

In pG residues 76–85 form part of helix α5, while in
pB this helix only encompasses residues 79–85. The
preceding loop 62–79 is ill-defined in the pB solution
structure; however, due to line-broadening and reso-

nance overlap, no reliable information on the motional
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behavior of this loop is available. Nevertheless, Phe62 p
cand Val66 exhibit distinct slow conformational and ps-

ns motions, respectively. The flexibility of the loop that I
Wcovalently binds the chromophore precludes the latter

having a well-defined orientation. This fact is in strong s
bcontrast with the crystal structure of WT-PYP pB, where

low B factor values are found for this loop. As in pG, f
sLeu88 is also flexible in pB, although the time scale of

motion is slightly slower. Due to lack of data, a rigorous e
tanalysis of the loop 97–102 is impossible, but Asp97

displays ps-ns motion. The position of this loop, and, f
fin particular, of M100, is crucial for catalysis of regener-

ation of the pG state from pB (Devanathan et al., 1998). e
PIn the loop (113–116) between β4 and β5, all residues

show flexibility on a fast time scale as was observed in N
dpG, only for Ser114 and Asp116 there is also evidence

of a contribution of conformational exchange in pB. P
uThere is a considerable discrepancy in the literature

concerning the actual volume increase of PYP when t
tentering the pB state. Whereas X-ray and neutron scat-

tering (Imamoto et al., 2002) show a small net volume o
cincrease, photoaccoustic measurements (Takeshita et

al., 2002) show a considerable increase of up to 60%. p
In this study, we show that the global overall correlation

Etime of PYP, as obtained from NMR relaxation, is 13%
higher for �25-PYP pB than for �25-PYP pG. This

Sagrees with the computed increase of structural volume
U

(11%) from hydrodynamic calculations of the struc- p
tural ensembles. A

1
REffect of the N Terminus on the Lifetime

of the pB State
NThe absence of the N-terminal region dramatically in-
Acreases the lifetime of the pB state. We suggest that
s

the observed destabilization of the helix in �25-PYP
�

comprising the residues Asn43 to Thr50 is related to S
this phenomenon. The protection factors, obtained b

tfrom H-D exchange experiments of the pG state of �25-
uPYP, are substantially smaller for this helix than ob-
tserved in WT-PYP. This helix is in close proximity to the
p

N-terminal part in the WT-PYP structure, stabilized by s
a network of hydrogen bonds around Glu46 and Phe29. 1
It has been shown previously that, upon illumination, a

(this hydrogen bonding network is altered and that the
NN-terminal part subsequently unfolds into a “molten
(globule”-like state (Craven et al., 2000) characterized
i

by exchange broadening of the spectra of WT pB. It p
was then proposed that the recovery process will pro- l
ceed through a transition state, in which this essential 1

Cpart of the molecule is structured as in pG and presum-
wably similar to the pB state trapped by X-ray crystallog-

raphy. As the hydrogen bonding network between the
helix comprising residues Asn43 to Thr50 and the
N-terminal part is disturbed in �25-PYP, it is likely that
this destabilizes the transition state with a concomitant H
increase in the height of the energy barrier for the pB- l

lto-pG transition.
1In conclusion, in the pB state of �25-PYP, the β sheet
tstays intact, whereas only half of helix 5 remains out of
1

all the α helices, indicating a partial unfolding of the
m

protein. In addition, the chromophore binding loop, i
which has a well-defined conformation in pG, is disor- t

mdered in pB. Finally, the three main regions in WT-PYP
B that showed strong chemical exchange behavior
orrespond to the three flexible regions of �25-PYP pB.

t is interesting to note that a recent modeling study of
T-PYP using “parallel tempering” (Vreede et al., 2005)

hows also a partial unfolding of the pB state, resem-
ling our observations on �25-PYP. The observed un-

olding of �25-PYP upon illumination parallels the re-
ults of the NMR studies of the AsLOV2 domain (Harper
t al., 2003). The general destabilization upon illumina-
ion of these two photosensors, which have very dif-
erent chromophores, supports the view that partial un-
olding and concomitant surface or peptide chain
xposure is a prerequisite for the signaling state for
AS domains, as suggested by Harper et al. (2003).
evertheless, the unfolding of the two sensors is quite
istinct, with a locally affected helix C-terminal to the
AS core in the case of LOV2 and with more extensive
nfolding events in the PAS core for �25-PYP. Whether
his reflects the different signaling pathways in which
hese two sensors are involved is a question that can
nly be addressed upon availability of PAS domain-
ontaining receptor complexes with their downstream
artners.

xperimental Procedures

ample Preparation
niformly 15N-labeled and 15N-13C-labeled �25-PYP were ex-
ressed and purified as described previously (Vreede et al., 2003).
ll samples contained 50 mM phosphate buffer at pH 7.0, 90%/
0% v/v H2O/D2O, and a protease inhibitor cocktail (complete,
oche Applied Science). Samples had a concentration of 1 mM.

MR Experiments
ll spectra were recorded on a Bruker Avance 500, 750, or 900 MHz
pectrometer. All spectra were acquired at 293 K for both states of
25-PYP (i.e., with or without light). An Argon laser (Stabilite 2017,
pectra-Physics) with mechanical shutter connected to a glass fi-
er light guide was used to illuminate the sample in the probe of

he spectrometer (Rubinstenn et al., 1999). The measured output
sed for total conversion from pG to pB was 20 mW, and con-
inuous illumination was applied during all the experiments on the
B state. The sequential assignment in both the pG and the pB
tates was obtained according to standard methods (Sattler et al.,
999). The assignment of aromatic side-chain protons was
chieved using nuclear Overhauser enhancement spectroscopy

NOESY) recorded in 100% D2O. All spectra were processed with
MRPipe (Delaglio et al., 1995) and analyzed using NMRView

Johnson and Blevins, 1994). Chemical shifts have been deposited
n the BMRB data bank with accession numbers 6321 and 6322 for
G and pB, respectively. As the chromophore itself was not 13C-

abeled, chromophore-protein NOEs were obtained by recording a
3C-filtered NOESY as previously described (Zwahlen et al., 1997).
ombined amide proton and nitrogen chemical shift differences
ere calculated using the following equation:

Ddppm =√(DdHN)2 +(DdN

6.51)
2

.

-D exchange experiments were performed by lyophilizing a 15N-
abeled sample and redissolving it in D2O, thereby monitoring the
oss of intensity of labile protons by recording sequential series of
5N-HSQC spectra for a total recording time of 95 hr. The time be-
ween dissolving the lyophilized protein and the start of the first
5N-HSQC experiment was 10 min for the experiment without illu-
ination (pG) and 30 min for that with illumination (pB). Measured

ntensities were fitted to a single exponential decay, and the ob-
ained rates were converted into protection factors using the
ethod described previously (Bai et al., 1993, 1995).
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15N Relaxation Measurements
15N T1 and heteronuclear 1H-NOE values were determined using
the experiments described previously (Farrow et al., 1994). T1 times
were extracted from eight spectra with different values for the re-
laxation delay. The heteronuclear NOE was recorded in an inter-
leaved fashion. The 15N T2 relaxation times were extracted from
both CPMG (Meiboom and Gill, 1958) (recorded only for the pG
state) and T1ρ (Peng et al., 1991) experiments. CPMG experiments
were recorded using 10 different values for the relaxation delay
with a field strength of 7.8 kHz (νCPMG = 1 kHz). The T1ρ experiments
were recorded with varying lengths of an adiabatic spin-lock pulse
(2.5 kHz). The number of 1H 180° pulses during the relaxation
period was adjusted to the relaxation delay used (Korzhnev et al.,
2002). Relaxation parameters were extracted and analyzed with the
program Curvefit (http://cpmcnet.columbia.edu/dept/gsas/biochem/
labs/palmer/software/curvefit.html), using either a two- or three-
parameter fitting, and a Monte Carlo simulation, to estimate the
error. In the case of pB, the T2 relaxation times were extracted from
the T1ρ times according to:

1

T1r

=
1

T1

cos2 q +
1

T2

sin2 q,

where the angle, θ, is the angle between the effective field and the
static magnetic field.

Structure Calculation
The automated assignment and structure calculations of both
states of �25-PYP were performed with ARIA1.2 (Linge et al., 2001)
using CNS (Brunger et al., 1998). The topallhdg5.3.pro (Linge et al.,
2003) topology and parameter set was used based on the parallhdg
parameters. The structural information used in each calculation
was based on manual assignment of cross-peaks in the NOESY
spectra in H2O (also in 100% D2O for pB) and 3D 15N-NOESY-HSQC
spectra, especially those of sequential residues and of all second-
ary structure elements of the protein. Additionally, TALOS (Cor-
nilescu et al., 1999) dihedral restraints derived from 13Cα chemical
shifts and hydrogen bonds derived from the H-D exchange analysis
were added as structural input during the calculations. At the end
of each of the nine ARIA iterations, the structures were selected
based on their NOE energy term. The NOEs, with the exception
of those that had been manually assigned, were reassigned and
recalibrated based on the 30 lowest energy structures and were
rejected if violated in more than 50% and 30% of the structures for
the first 5 and the last 4 iterations, respectively. A high-temperature
torsion angle dynamics (TAD) stage consisting of 10,000 steps at
10,000 K was followed by an 8,000-step TAD cooling stage to a
temperature of 2,000 K, a 10,000-step first Cartesian cooling stage
to 1,000 K, and finally a 10,000-step second Cartesian cooling
stage to 50 K. The number of calculated structures in the iterations
was 150 for the first 8 iterations and 200 for the final iteration, with
30 and 50 structures, respectively, that were kept for the subse-
quent iteration. The structures were subjected to a final refinement
protocol with explicit waters using the OPLS parameters (Jorgen-
sen and Tiradorives, 1988), and the 50 lowest energy structures
were analyzed in terms of violations, with respect to geometry
using the program PROCHECK (Laskowski et al., 1996), and en-
ergy, resulting in a final set of 20 structures. The crystal structure
of �25-PYP (Vreede et al., 2003) was used as a starting structure
for the structure calculation of the pG state. For the pB state, the
structure calculation was performed using two runs: In the first run,
a linear structure was used as a starting structure, and in the sec-
ond run, the lowest energy structure of the first run was used, using
the final set of restraints of run 1. All structure representations were
made with the program PYMOL (http://www.pymol.org/). The struc-
tural coordinates have been deposited in the Protein Data Bank
with the following accession codes: 1XFN for pG and 1XFQ for pB.

Hydrodynamic Calculations
The volumes of the pG and pB state of �25-PYP were calculated
with the program HYDRONMR (Garcia de la Torre et al., 2000) using
a temperature of 293 K, a viscosity of 1.1 cP, and a radius of 3.2 Å
for the spherical elements used to build the initial shell.
Supplemental Data
Supplemental data, including figures, are available at http://www.
structure.org/cgi/content/full/13/7/953/DC1/.
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