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ABSTRACT

We investigate by X-ray crystallographic techniques the cryo-
trapped states that accumulate on controlled illumination of the
blue light photoreceptor, photoactive yellow protein (PYP), at
110 K in both the wild-type species and its E46Qmutant. These
states are related to those that occur during the chromophore
isomerization process in the PYP photocycle at room temper-
ature. The structures present in such states were determined at
high resolution, 0.95–1.05�. In both wild type andmutant PYP,
the cryotrapped state is not composed of a single, quasitransi-
tion state structure but rather of a heterogeneous mixture of
three species in addition to the ground state structure. We
identify and refine these three photoactivated species under the
assumption that the structural changes are limited to simple
isomerization events of the chromophore that otherwise retains
chemical bonding similar to that in the ground state. The
refined chromophore models are essentially identical in the
wild type and the E46Q mutant, which implies that the early
stages of their photocycle mechanisms are the same.

INTRODUCTION

Photoactive yellow protein (PYP) is a bacterial blue-light photo-

receptor (1) that transduces the absorbed energy from a photon into

a structural signal through progression through a fully reversible

photocycle (2–4). The earliest intermediates in the PYP photocycle

at room temperature form on an extremely fast timescale, from

picoseconds to nanoseconds, and are therefore very difficult to

detect structurally (5). The lifetimes of species related to these

intermediates can be extended by forming a photostationary state

under controlled, continuous illumination at cryogenic temperatures

(6,7). The direct biological relevance of these low-temperature

species can be questioned because their absorption maxima differ

from those of the intermediate species formed at room temperature.

However, recent spectroscopic (8) and structural (9) evidence

suggests that certain low-temperature intermediates resemble those

in the initial stages of the room temperature photocycle. Hence,

low-temperature studies enable these initial stages to be probed

(see Discussion).

A previous cryotrapping experiment on wild-type PYP at 149 K

revealed that structural changes produced by illumination of the

trans ground state are limited to the coumaric acid chromophore

and its binding pocket (10). The most significant structural change

occurred in the chromophore tail; the chromophore phenolic ring

was only slightly displaced, and the hydrogen bond network be-

tween the surrounding protein and its phenolate oxygen was main-

tained. The photoactivated chromophore was refined in a single cis
conformation with extremely strained bond angles. This unusual

geometry led to the conclusion that much of the energy derived

from absorption of the photon is captured in a structurally unstable

chromophore (10) and to speculation that this cis conformation is

similar to a transition state (11).

We are interested in the relationship between the photoactivated

intermediates found in the cryotrapped state and the early, very

short-lived intermediates in the room temperature photocycle. We

investigate and compare the structural changes taking place in

cryotrapped states at 110 K in both wild-type PYP and its isosteric

E46Q mutant, a mutant with a quantitatively altered photocycle at

room temperature (12,13).

MATERIALS AND METHODS

Data collection and processing. All crystals were prepared and X-ray
diffraction data collected at 110 K as described (14). The cryotrapping
experiments were performed under conditions intended to be closely similar
to the previous experiment on wild-type PYP (10). Data collection proto-
cols were identical for wild-type PYP and the E46Q mutant, and crystals of
similar dimensions, 200 3 200 3 600 lm, were chosen. To minimize
systematic errors arising from crystal-to-crystal variation, the same crystal
was used to collect diffraction data for both the ground (dark) state and the
cryotrapped state. Ground state data were collected for a 1 h period in
a darkened hutch. The same crystal was then illuminated with filtered light
from a Xe lamp at 480 nm (10 nm bandpass and 5 mW/mm2) for 1 h with
constant rotation to populate the cryotrapped state. Illumination was
continued for a further hour during X-ray data collection on this state.
DENZO and SCALEPACK (15) were used for indexing, integration,
scaling and merging of monochromatic oscillation data. The ground state
structures of both wild type and E46Q were refined as described (14).
Difference refinement. The cryotrapped state was refined using differ-

ence refinement relative to the ground state (16). That is, (Fccryotrap�Fcdark)
was refined against (Focryotrap � Fodark). Difference refinement is especially
suited to this refinement situation because both the dark and cryotrapped
data were collected on the same crystal, and the structural differences
between these states are spatially localized and small in magnitude. Indeed,
the difference R between the cryotrapped and the dark data is extremely
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small, 6.1% for the wild type and 4.1% for the mutant (Rdiff 5
�hkl jFocryotrap � Fodarkj/�hkljFodarkj). Difference refinement produces
a more accurate structure of the cryotrapped state because it refines only
the minor structural changes produced by illumination and is not biased by
any residual electron density arising from inaccurate modeling of the
ground (dark) state.
Refinement of the cryotrapped state. An identical procedure was fol-

lowed for both the wild type and the E46Q mutant. We determined that
there were multiple conformations present in both cryotrapped data sets
through close examination of difference and residual electron density maps
(see Results). It was necessary to conduct a cautious and deliberate refine-
ment process because the results could easily be perturbed by the spatially
overlapping electron density. The first stage was to identify the number of
structural species present and estimate their relative occupancies. We
assumed that the ground state component of the cryotrapped state has the
same conformation as the molecules in the crystal before photoactivation.
The ground state structure was independently refined against data collected
in the dark (14), and its structure was subsequently kept fixed during refine-
ment of the cryotrapped state. The occupancy of the ground state component
was estimated by adjusting its value until no ground state electron density
remained in Focryotrap � Fcdark residual electron density maps. Such maps
revealed strong, well-ordered electron density associated with multiple
thioester sulfur positions. These sulfur positions were used as the starting
point for identification of the number of photoactivated species and
estimation of their relative occupancy.

Once the number of photoactivated species was identified, models of the
photoactivated chromophores were built into the appropriate electron den-
sity. That is, the atomic model associated with the thioester sulfur with the
highest occupancy was fit into the strongest electron density. Although
multiple structures were required for the chromophore and Cys69, the rest
of the protein could be satisfactorily refined as two homogeneous species:
one associated with the fixed ground state structure and the other with the
two cis species (see Results).

Bond angle and distance restraints were necessary for refinement of the
photoactivated chromophore models, but accurate values are unknown be-
cause the chromophore might adopt strained, high-energy conformations.
We generated stereochemical restraints from the ground state model by
making several assumptions about the structures of the various photoacti-

vated species. We assumed initially that the chromophore phenolate ring,
the O19 oxygen and C3 carbon (Fig. 4a) remain planar and retain the bond
distances and angles of the ground state; and that the carbonyl group (S, C1,
C2 and O1 in Fig. 4a) in the chromophore tail remains planar. We restrained
the bond distances and angles in the chromophore tail to the values of the
refined ground state model. Because these assumptions may not strictly
hold for all chromophore models, the restraints were gradually relaxed by
increasing their standard deviations. The planarity restraint for the carbonyl
group was fully removed because this moiety could potentially become
protonated and pucker.

The chromophore structures were initially refined with their occupancies,
B values and thioester sulfur positions fixed. After convergence, their oc-
cupancies and that of the ground state were added as additional parameters
during refinement of atomic positions. Distance, angle and planarity res-
traints in the chromophore tail were gradually relaxed, and finally the
isotropic B values were refined.

We assessed the progress of the refinement by monitoring the value of
Rfree; the same set of reflections was used for the cryotrapped and dark
states. Because the absolute value of Rfree is of limited usefulness in dif-
ference refinement, progress was also critically assessed using residual
electron density maps. Refinement was considered to be progressing well if
significant electron density features in the residual maps diminished in
magnitude. We judged that the refinement had converged when no sig-
nificant features remained in the residual maps.

RESULTS

Cryotrapped states at 110 K

The cryotrapped state was created by continuous illumination of

space group P63 crystals at 110 K. Ground and cryotrapped data

were collected on both wild-type PYP and the E46Q mutant to very

high resolution, between 0.95 and 1.05Å, with high redundancy

and excellent data quality as judged by the values of I/rI and

Rmerge (Table 1). We collected complete data sets on both proteins,

Table 1. Crystallographic data and refinement statistics. All data were collected at 110 K*

WT ground� E46Q ground� WT cryotrap E46Q cryotrap

Resolution (Å) 1.00 0.95 1.05 0.95
a ¼ b, c (Å) 66.21, 40.51 66.19, 40.50 66.25, 40.55 66.21, 40.52
Total observations 860 006 855 706 775 420 831 639
Unique reflections 54 493 63 595 47 321 63 522
Redundancy 15.8 13.5 16.4 13.1
Resolution range (Å) (last shell) 100–1.00 (1.04–1.00) 100–0.95 (0.98–0.95) 100–1.05 (1.09–1.05) 100–0.95 (0.98–0.95)
Completeness (%)� 98.6 (95.4) 93.5 (78.5) 99.1 (96.7) 90.9 (60.0)
I/r(I)� 30.8 (7.2) 26.5 (4.4) 28.5 (8.9) 17.0 (3.8)
Rmerge�§ 5.7 (56.8) 4.6 (25.4) 6.5 (58.1) 6.1 (55.7)
Rcryst 13.39k 14.37k 5.83{ 6.91{
Rfree

# 16.14 16.11 6.43 7.61
Number of ordered waters 195 185 195 (51**) 185 (42**)
Average B values 12.3 13.1 See Table 2 See Table 2
RMSD bond lengths (Å) 0.016 0.016 0.016 0.016
RMSD bond angles (8) 2.29 2.40 2.29 2.40

Ramachandran distribution

Most favored (%) 88.7 91.5 89.9 89.9
Allowed (%) 11.3 8.5 10.1 10.1

PDB accession code 1OT9 1OT6 1OT9 1OT6

*RMSD, root mean square deviation; WT, wild type.
�The ground state data is also discussed in an accompanying reference (14).
�Value in parentheses refer to the last shell.
§Rmerge 5 �hkl�i jIi � hIij/�hkl�iIi, for all data.
kRcryst 5 �hkl jFo � Fcj/�hkljFoj, includes all data.
{Difference Rcryst for cryotrap data 5 �hkl j(Focryotrap � Fodark) � (Fccryotrap � Fcdark)j/�hkl jFocryotrap � Fodarkj, includes all data.
#Rfree uses 5% of the data for the test set.
**The number of water molecules that changed from the ground state location.
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both in the dark and after illumination, to establish the cryotrapped

state. Difference electron density maps between the two data sets

collected on the same crystal observe the structural changes in-

duced in the cryotrapped state. Our results successfully reproduce

those on wild-type PYP (10): the Focryotrap � Fodark difference

electron density features in our wild-type cryotrapped state at 110

K are nearly identical to those at 149 K (compare our Fig. 1 with

fig. 3c of Genick et al. 1998). This similarity in results is expected

because we deliberately used comparable experimental conditions.

The difference electron density between the cryotrapped and

ground state is restricted to the chromophore-binding pocket in

both wild-type PYP and its isosteric E46Q mutant (Fig. 1a,b).

There are only minor differences between the cryotrapped states

formed in wild-type PYP and the mutant; most of the difference

electron density features are identical in location, but certain peaks

have slightly different magnitudes (compare Fig. 1c,d). The major

distinctions include a positive peak (.6r) present only in the

E46Q difference map adjacent to the ground state carbonyl oxygen

(feature ‘‘e’’ in Fig. 1d) and negative electron density on the Glu46

carboxylate oxygens in wild-type PYP that is nearly absent on the

mutant Gln46 side chain.

The carboxylic acid moieties adjacent to the chromophore in

both wild-type PYP and the E46Q mutant have associated negative

electron density but lack any corresponding positive electron

density (Fig. 1a,b). Negative difference electron density is present

on the Glu46 carboxylate oxygens in wild-type PYP, and the

a-carboxylate oxygens and their surrounding hydration shells in

both wild type and the E46Q mutant. Although the C-terminus is

distant from the chromophore, crystal-packing interactions place

the chromophore-binding pocket of one molecule next to the

C-terminal a-carboxylate of its neighbor. The absence of asso-

ciated positive density suggests that the negative density arises

from an accelerated rate of X-ray radiation damage–induced de-

carboxylation near the chromophore (17,18) due to local heating

from energy released by the absorbed photons (19). No other

carboxylates in either crystal exhibit these negative features.

Figure 1. Difference electron density
maps showing the difference between the
cryotrapped and dark states (Focryotrap �
Fodark), superimposed on the ground state
model. Red and blue contours denote
negative and positive difference electron
densities, respectively. The entire mole-
cule contoured at 65r for (a) wild type
and (b) the E46Q mutant. The chromo-
phore-binding pocket contoured at 64r
and 68r for (c) wild type and (d) the
E46Q mutant.
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Structural heterogeneity of the chromophore in the
cryotrapped electron density

The ground state of both wild-type PYP and its E46Q mutant could

be accurately refined using single atomic models for the chromo-

phore (14), in which Fo–Fc residual maps display no significant

features on or around the chromophore (data not shown). We,

therefore, initially attempted to refine a single atomic model for the

chromophore into the photoactivated component of the wild-type

PYP and the E46Q mutant cryotrapped states. As would be

expected considering the close similarities in difference electron

densities, the refined model in both species was nearly identical to

that of the photoactivated chromophore model previously refined

into the cryotrapped state produced in wild-type PYP at 149 K

(Protein Data Bank [PDB] entry 3PYP) (10). However, even after

extensive refinement, highly significant, residual electron density

peaks (.8r) remain in both Fo–Fc residual electron density maps

(Fig. 2a,b). The location of this residual electron density is such

that no adjustment of a single structure could possibly account for

all electron density. That is, no single atomic model fits the data,

for either wild-type PYP or its E46Q mutant.

We closely reinspected the difference electron density maps after

it became apparent that the cryotrapped state is structurally

complex. Although the tail of the chromophore is clearly displaced

from its ground state location, the positive difference electron den-

sity associated with new tail position(s) is not directly interpretable

(Fig. 1c,d). The magnitude of negative electron density on the

ground state sulfur location (feature ‘‘c’’ in Fig. 1) is approxi-

mately the same as that on the ground state carbonyl oxygen

location (feature ‘‘d’’ in Fig. 1), which is unexpected considering

that sulfur has twice the number of electrons as oxygen.

Although difference electron density maps are extremely sen-

sitive to small changes in electron density, they can be difficult to

interpret. We wish to directly observe the electron density asso-

ciated with the photoactivated component of the cryotrapped state,

but the predominant ground state component masks this electron

density in traditional 2Fo–Fc electron density maps. Even with

continuous illumination on the crystal, the majority of molecules in

the cryotrapped state are found in the ground state conformation

(76% in wild type and 65% in the E46Q mutant). To isolate the

electron density of the photoactivated component of the cryo-

trapped state, we subtracted the electron density of the ground state

component. We used the assumption that the conformation of the

ground state component of the cryotrapped state is identical to that

determined for the ground state in the same crystal before illumi-

nation. The occupancy of this ground state component was initially

estimated by visual inspection of residual maps but later refined

along with the conformation and occupancy of the photoactivated

models.

The residual maps produced after subtraction of the ground state

component of the cryotrapped state show three discrete peaks

associated with the thioester sulfur, two of which are close to the

ground state position (features ‘‘v,’’ ‘‘w’’ and ‘‘x’’ in Fig. 3). The

positions of these peaks are nearly identical in the wild type and

E46Q cryotrapped states, but their magnitudes differ. The presence

of the three discrete thioester sulfur locations (in addition to that for

the ground state) shows that the photoactivated component con-

tains at least three species. We emphasize that this is a qualitative

result, derivable by inspection of an initial residual map, and

independent of any stereochemical assumptions or refinement.

Refinement of the heterogeneous mixture of
photoactivated species

A chromophore model was independently built and refined for

each of the three thioester sulfur positions in both wild type and

the E46Q mutant. These three chromophore models were able to

account for all electron density in the photoactivated component of

the cryotrapped state (Fig. 3d,h), while using only limited isotropic

B value refinement and adhering to general stereochemical res-

traints derived from the ground state model (see Methods). The

wild type and the E46Q mutant structures refined into nearly

identical coordinates but with different occupancies (Fig. 4). One

photoactivated model has the chromophore in an alternate, trans
conformation and two have cis conformations.

The alternate trans species has the C2 and C3 carbons of the

chromophore tail displaced relative to the ground state (Fig. 4b),

but the new position for the thioester sulfur (feature v in Fig. 3) is

only slightly shifted from that in the ground state. This species is

present at 14% occupancy in the E46Q mutant and forms the pre-

dominant photoactivated species. The significant positive feature

that is apparent only in the E46Q electron difference map (feature e
in Fig. 1d) arises from the new location of the carbonyl oxygen in

this species. Although the structurally identical trans species is also

found in wild type, it is present at only 6% occupancy and was not

readily apparent until the two other species were modeled at ap-

propriate occupancies.

We refer to the two photoactivated models with cis chromophore

conformations as cis–planar (Fig. 4d) and cis–wobble (Fig. 4c).

The chromophore conformations are very similar, with the most

notable difference being the position of the thioester sulfur. The

sulfur position in the cis–planar species remains near that of the

ground state, whereas in the cis–wobble species it has shifted via

rotation about the Cb–S and S–C1 bonds (Fig. 4). In the cis–planar

species, the carbonyl group in the chromophore tail remains copla-

nar with the phenolate group, a conformation that is ideal for p
orbital overlap and extended electronic conjugation (Table 2).

However, the carbonyl O1 makes close contact with the C69

carbon: 2.8Å in wild type and 2.7Å in the E46Q mutant. Although

carbon atoms are capable of serving as hydrogen bond donors

Figure 2. Residual electron density maps after refinement of one
photoactivated chromophore model and the ground state model into the
cryotrapped state. Electron density is contoured at 64r and 68r, red
negative and blue positive. Residual electron density is shown super-
imposed over the ground state model, yellow, and single photoactivated
model for (a) wild type, light blue and (b) E46Q mutant, purple. (c) Overlay
of the wild-type ground state model, yellow, with the single photoactivated
models from wild type, light blue, E46Q mutant, purple, and published wild
type, green (PDB entry 3PYP) (10).
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(20,21), the distance between the chromophore ring carbon and the

carbonyl oxygen is still shorter than expected for a weak hydrogen

bond. This close contact is therefore likely to be a destabilizing

factor, which is balanced against the energetic strain from

distorting bond angles or loss of extended conjugation.

The new position of the thioester sulfur in the cis–wobble species

(feature w in Fig. 3) creates the largest positive peak in the difference

electron density maps (feature ‘‘a’’ in Fig. 1) even though the

occupancy is only 7% in wild type and 8% in the E46Q mutant. The

large magnitude of this peak is a result of displacing the electron-

rich sulfur to a new position that is unoccupied in the ground state.

The cis–wobble species can readily convert into the cis–planar

species by motion of the thioester sulfur. Moving the sulfur rotates

the chromophore and creates a steric clash with the side chain of

Phe96, which necessitates a twisting of the chromophore in its

binding pocket. The carbonyl moiety in the cis–wobble species is

displaced out of the plane of the chromophore. This species has

therefore lost extended electronic conjugation compared with the

cis–planar species and has also lost the steric clash between O19 and

C69. The phenolate ring of the chromophore is only slightly

displaced in all photoactivated species; therefore, the hydrogen bond

network to its phenolate oxygen is maintained (Table 2).

The low occupancy of several photoactivated species made it

unfeasible to refine separate atomic positions for all protein resi-

dues in each species. We, therefore, refined two structures for the

protein residues: one associated with the alternate trans species and

ground state, and the other with the two cis species. The conforma-

tion of the alternate trans chromophore is very similar to that in the

ground state, and in particular, both species have the chromophore

phenolate oxygen in nearly identical positions. This strategy pro-

duced chemically plausible results for the protein structures sur-

rounding the chromophore, with reasonable hydrogen bond lengths

(Table 2).

Coordinates for all protein structures have been deposited in the

PDB (Table 1).

DISCUSSION

Interpretation of structural heterogeneity

Although our experimental results for the cryotrapped state of

wild-type PYP at 110 K are nearly identical to those obtained

previously at 149 K (10), our interpretation is significantly dif-

ferent. It is apparent from close inspection of the difference

electron density maps that the photoactivated component of the

cryotrapped state is complex and cannot be modeled with a single

atomic structure. Traditional refinement with a single atomic model

produces an extremely strained structure that still does not account

satisfactorily for all electron density because residual features re-

main with a peak height as large as 68r (Fig. 2). This strained

structure was described as a transition state–like intermediate in the

Figure 3. Residual electron density
maps after progressive addition of
atomic models. Yellow models, wild
type; orange, E46Q mutant. Both are
superimposed on residual electron den-
sity contoured at 61r and 63r, blue
positive and red negative. (a) Wild-type
ground state at 76% occupancy. (b) As in
(a) with addition of alternate trans at 6%
occupancy. (c) As in (b) with addition of
cis–wobble at 7% occupancy. (d) As in
(c) with addition of cis–planar at 11%
occupancy. (e) E46Q mutant ground
state at 65% occupancy. (f) As in (e)
with addition of alternate trans at 14%
occupancy. (g) As in (f) with addition of
cis–wobble at 8% occupancy. (h) As in
(g) with addition of cis–planar at 13%
occupancy.
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previous experiment because bond angles in the carbonyl group of

the chromophore tail are significantly perturbed from normal (11).

It now appears that this apparent intermediate is a consequence of

the refinement procedure and not an authentic, homogeneous struc-

ture populated in the crystal.

The refinement and interpretation of even the highest resolution

data must be performed with care when working with heteroge-

neous populations. The low occupancy of each species and the

spatially overlapped electron density made refinement difficult. It

could be attacked successfully only because high-quality data to

very high resolution were available on independent crystals of

wild type and the E46Q mutant. Given the discrete electron density

peaks associated with the thioester sulfur in the residual maps, it

was impossible to adequately account for all electron density with

less than four structures (three for the photoactivated component

plus one for the ground component). Because the electron density

of all species largely overlapped in space, it was essential to

identify and model each to permit accurate refinement of them all.

Although the initial intent of this experiment was to examine

differences between the cryotrapped states of wild type and the

E46Q mutant, the fact that their cryotrapped states were so similar

was the key to unraveling the heterogeneous mixture. Although we

deliberately did not restrain the wild type and E46Q models to be

the same, refinement against independent data sets produced nearly

identical structures (Fig. 4). This similarity is especially significant

because the proportional occupancies of the relative species differ

in the two data sets. We find that a mixture of nearly identical

structures at different occupancies fully accounts for all electron

density in both the wild-type PYP and E46Q mutant cryotrapped

states.

We considered the possibility that incorrect modeling of the

ground state may have perturbed our analysis of the cryotrapped

state; any ground state electron density not represented by the

model would propagate into the residual electron density maps

representing the photoactivated component of the cryotrapped

state. Both the wild-type and ground state models were refined with

anisotropic B factors and fully account for all electron density in

the ground state data sets (data not shown), but the ground state

component of the cryotrapped state may be slightly shifted relative

to the ground state model. Although such a shifted conformation

could potentially produce a thioester sulfur peak in residual electron

density maps, it would also present additional electron density

closely overlaying the remainder of the ground state model of the

chromophore tail. No such electron density was present, and we

conclude that the ground state has been accurately modeled.

Chromophore isomerization in the early
stages of the photocycle

Our cryotrapping experiment has identified chromophore confor-

mations that are accessible through isomerization within a relatively

rigid chromophore-binding pocket. These photoactivated species

are potentially related to the early, very short-lived intermediates

in the room temperature photocycle. The fundamental assumption

necessary to connect these species observed in the cryotrapped

state to the earliest room temperature intermediates is that at

Figure 4. Front and side views of the four chromophore models refined
into the cryotrapped state. Yellow models, wild type; orange models, E46Q
mutant. (a) Ground state. (b) Alternate trans. (c) cis–wobble. (d) cis–planar.

Table 2. Chromophore geometries and hydrogen bond lengths. Hydrogen bond lengths (Å) are given between the groups noted. Planarity angle denotes the
angle between the plane of the chromophore phenolate ring and plane of the carbonyl group. The far right column gives the average B value of chromophore
atoms*

Hydrogen bond lengths (Å)

E/Q46 to Y42 to

T50 to Y42 C69 N to pCA O1Species pCA phenolate oxygen
Planarity
angle (8)

Chromophore
(B value)

E46Q ground state 2.88 6 0.02 2.48 6 0.02 2.78 6 0.02 2.74 6 0.02 29 7.4
WT ground state 2.59 6 0.02 2.50 6 0.02 2.85 6 0.02 2.75 6 0.02 26 6.2
E46Q alternate trans 2.8 2.5 2.8 2.5 34 7.9
WT alternate trans 2.7 2.5 2.8 2.5 27 6.8
E46Q cis–wobble 3.1 2.6 2.8 NA 38 8.9
WT cis–wobble 3.1 2.8 2.8 NA 45 7.0
E46Q cis–planar 3.0 2.7 2.8 NA 3 7.6
WT cis–planar 2.6 2.6 2.8 NA 7 6.7

*NA, not applicable; pCA, para-coumaric acid; WT, wild type.
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room temperature, atoms in the photoactivated chromophore move

rapidly with respect to those in neighboring protein residues. That

is, it takes a relatively long time for the surrounding protein to

undergo a concerted structural rearrangement to accommodate the

highly vibrationally and electronically activated chromophore. This

situation can be simulated over much longer timescales by examin-

ing the protein at cryogenic temperatures.

Although we can directly observe the photoactivated chromo-

phore conformations at low temperature, these species may not be

identical in all respects to species formed early in the room

temperature photocycle. We continuously illuminated the crystal

throughout data collection to accumulate a significant proportion of

molecules in the photoactive state. Prolonged illumination could

generate species arising from multiphoton absorption, a process that

would be extremely rare during photoactivation under physiolog-

ical conditions. Indeed, we were surprised when our analysis of the

photoactivated component revealed an alternate trans conforma-

tion of the chromophore. This conformation may arise from absorp-

tion of a second photon by a cis species.

Although this alternate trans conformation is likely to be an

artifact of the experiment, the structures of the two cis species give

insight into the mechanism of chromophore isomerization. The

simplest mode of chromophore isomerization in PYP would require

a hula-twist motion about the C3 carbon (22), which produces a cis
chromophore in which the carbonyl is retained on the ground state

side of the tail of the chromophore. A cis chromophore in this

conformation would be energetically unfavorable because of steric

hindrance, and thus the cis chromophore would promptly relax into

the relatively stable, cis–planar conformation by flipping the car-

bonyl group to the opposite side of the tail. The carbonyl group

would then revert to the ground state side in the subsequent

progression to the pR intermediate (9,23). The relatively disordered

cis–wobble species suggests a mechanism by which the flips can be

achieved. The alternative thioester sulfur position in the cis–wobble

species is formed when both the sulfur and the carbonyl group

move out of the chromophore plane. Model building shows that the

carbonyl group in the cis–wobble orientation can revert to the

ground state side of the chromophore tail by rotation of the entire

carbonyl group, without steric hindrance from neighboring atoms.

The carbonyl moiety can therefore be flipped by first, shifting the

thioester sulfur by simultaneous rotation about the Cb–S and S–C1

bonds, and second, complete rotation of the entire carbonyl group

to reestablish the original thioester location.

All the photoactivated species in the cryotrapped state are the

same in wild type and the E46Q mutant, which implies that

the chromophore isomerization processes in the early stages of the

room temperature photocycle are identical. The faster overall photo-

cycle in the E46Q mutant is therefore a result of subtle electronic

and structural differences arising from its longer, weakened hy-

drogen bond from Gln46 to the chromophore phenolate oxygen

and consequently looser chromophore-binding pocket (14).

CONCLUSIONS

The electron density produced in PYP under continuous illumina-

tion at 110 K cannot be accurately modeled by a single, highly

strained structure. Rather, it arises from a mixture of species, each

one of which has reasonable stereochemistry. Although refinement

was challenging because of spatially overlapping electron density

and low occupancy, the validity of the three refined structures is

bolstered by the nearly identical structures produced by independ-

ent refinement of wild-type PYP and the E46Q mutant. This study

is based on the highly detailed information that can be obtained

from carefully collected data at very high resolution. However, it

also emphasizes the potential problems that can arise from ap-

plying traditional refinement practices to heterogeneous mixtures.

Because even the best manipulation of conditions can produce

elements of heterogeneity, results from trapping experiments must

be treated with caution.
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