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ABSTRACT. We have recently shown that the Y98Q mutant of PYP has a major effect on the photocycle
kinetics (~40 times slower recovery). We have now determined the crystal structure of Y98Q at 2.2 A
resolution to reveal the role of residue Y98 in the PYP photocycle. Although the overall structure is very
similar to that of WT, we observed two major effects of the mutation. One obvious consequence is a
conformational change of th84—p5 loop, which includes a repositioning of residue M100. It had
previously been shown that the photocycle is slowed by as much as 3 orders of magnitude when residue
M100 is substituted or when the conformation is altered @hadocista centenariBYP. To investigate
whether the altered photocycle of Y98Q is due to this repositioning of M100 or is caused by an effect
unrelated to M100, we determined the dark recovery kinetics of the Y98Q/M100A mutant. We find the
recovery kinetics to be very similar to the M100A single mutant kinetics and therefore conclude that the
slower recovery kinetics in Y98Q are most likely due to repositioning of M100. In addition, we find that
other substitutions at position 98 (Y98W, Y98L, and Y98A) have differing effects on the photocycle
recovery, presumably due to a variable distortion of fde-35 loop. The second effect of the Y98Q
mutation is a repositioning of R52, which is thought to interact with Y98 in WT PYP and now forms new
interactions with residues Q99 and Q56. To determine the role of R52, we also characterized an R52A/
M2100A double mutant and found that the effects on the recovery kineti2g8@0 slower recovery than

WT) are due to unrelated events in the photocycle. Since the Y98Q/M100A recovery kinetics are more
similar to those of M100 than R52A/M100A, we conclude that the repositioning of R52, caused by the
Y98Q mutation, does not affect the dark state recovery. In addition, it has been proposed that Y98 and
P68 are “gateway residues” between which the chromophore must pass during isomerization. We tested
the recovery kinetics of mutant P68A and found that, although the gateway may be important for photocycle
initiation, its role in recovery to the ground state is minimal.

Photoactive yellow protein (PYP)s a blue light photo- central domain and by either a histidine kinase or diguanylate
receptor {, 2), which was originally isolated frontalor- cyclase enzymatic output domaih<6). The photocycle of
hodospira halophilg3) but has subsequently been found in the prototypicH. halophilaPYP is complete in less than 1
several purple bacteria and in some nonphototrofhs/ore s (1). However, the photocycle can be as much as 2 orders
recently, it has also been shown that PYP can be part ofof magnitude faster, as iRhodobacter sphaeroidesnd
multidomain proteins where it forms the N-terminat{4 Rhodobacter capsulati®YP (7, 8), or 3 orders of magnitude

kDa) domain that is followed by a bacteriophytochrome slower, as inRhodocista centenari&pr G) and Thermo-
chromatium tepiduniPpd @). Considerable effort has been
" This work was supported by a grant from the NIH, GM66146. EEpende? to detelrmme ZOW thz F;]rotflnd mOdU|a|teS tP;e
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via the Protein Data Bank (www.rcsb.org) with accession code 219V. anism of signal transfer but also to design PYP mutants with
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§ University of Arizona.
" Ghent University. In the prototypicH. halophilaPYP, the photocycle can

Y Chosun University. P S
# Freie Universita Berlin. be initiated by a laser flash at 450 nm, which is near the

1 Abbreviations: PAS, acronym formed of the names of the first Wavelength maximum of 446 nm, that results itrans to
three proteins recognized as sharing this sensor nmmiiddic clock cis isomerization of the chromophorg;hydroxycinnamic
protein ofDrosophila aryl hydrocarbon receptor nuclear translocator - 5¢iq |n the initial steps of the photocycle, it is thought that
of vertebratessingle-minded protein obrosophilg; PYP, photoactive - . .
yellow protein: WT, wild type; Ppr, PYPphytochrome related; Ppd, ~ the chromophore undergoes concerted motions with residues

PYP—phytochrome-diguanylate cyclase. P68 and Y98 which form a gateway with ratchet-like
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properties through which the carbonyl group of the chro- M100 in a way that it is inaccessible for interaction with
mophore needs to pass to initiate the photocyd®).( the chromophore and provides a possible explanation for the
Concomitant with the chromophore isomerization is the slower recovery kinetics of thR. centenarigPYP domain
conversion of the dark-adapted state P intg¢ll9 ps) and (26). On the other hand, we have recently shown that the
subsequently intogt (220 ps), both absorbing at 510 nm Y98F mutation inH. halophilaPYP has no significant effect
(11—-13). 1o* decays into the red-shifted Intermediate in on the photocycle recovery kinetic274). A Y98Q mutation,
about 3 NS Amax = 465 nm). In~500 us, |, decays to {, however, has a major effect on the photocycle kinetics. We
which has the ionized chromophore exposed to the solventobserved a 34-fold decrease in the rise ofdnd b', a major
(14). Fast protonation by the solvent results in the blue- decrease in recovery rate to the ground stat&)(fold slower
shifted b (Amax= 350 nm). Recently, evidence was provided than WT), and a dramatic shift in thglb equilibrium toward
for an I/'/l; equilibrium in the E46QH. halophila PYP I, (27). This equilibrium was shown to be strongly pH
mutant and for WT PYP14), and a similar pH-dependent dependent with alg, of 6.3. In addition, we observed a
equilibrium was found in thd. tepidumPYP photocycle significant salt effect on the photocycle kinetics and proposed
(6). A major conformational change of the protein, in about that the } to I, transition is controlled by an ionic lock
1.5 ms, forms the,! intermediate 13, 15). The L and }' between thg-scaffold and the N-terminal ca@?). To gain
intermediates are in equilibriund), and this equilibrium insight into the mechanism underlying the effects of the
is pH dependent with alq of 6.4 (17, 18). The return to Y98Q mutation, we have determined the structure of the
the dark-adapted state occurs with a lifetime of about 160 Y98Q mutant and characterized additional substitutions at
ms. Since the,l intermediate is the longest lived intermediate position 98. On the basis of the results of that structure, we
and undergoes a major conformational change, it is generallyalso prepared two double mutants to study the effect of
believed to be the signaling state that interacts with an residues M100 and R52 on the recovery kinetics of the PYP
unknown partner in the case bf. halophilaPYP. photocycle and investigated the role of the second “gateway
The three-dimensional structure Bf halophila PYP is residue” P68 using a P68A mutant.
composed of a central, twisted, six-stranded antiparallel
B-sheet, which is flanked on both sides by loops and helices MATERIALS AND METHODS
(19). There are hydrophobic cores on each side of the central

- oo - Protein Production and Purification. H. halophilaolo-
-sheet with the chromophore binding in the major hydro- . .
ghobic groove. This fold ig known as tr?e PAS foldf andyPYP PYP was produced by the use of the biosynthetic enzymes

; : . : TAL and pCL and subsequently purified frof coli BL21-
is the prototype of this structural motif. PAS domains are . .
found in a large variety of sensory proteins that respond to (DE3) as described2f). The mutagenesis was performed

a diverse range of compounds and stimuli (for reviews see as describedq).

refs 2 and 20). A comparison of the three-dimensional ~ Crystallization, X-ray Data Collection, and Structure
structure of the PYP ground state to that of one of the DeterminationSingIe CryStalS of Y98Q PYP suitable for data
photocycle intermediates (presumably21) indicates that collection were obtained by microseeding techniques starting
the side chain of R52 (in loop3—a4) blocks access to the ~ With grossly twinned crystals grown by the hanging drop
solvent and must move out of the way of the chromophore vapor diffusion method from droplets containingu2 of
during isomerization. The X-ray structure suggests that R52 Protein sample (10 mg/mL Y98Q PYP in 5 mM Tris-HClI,
forms a hydrogen bond with the backbone carbonyl of Y98 PH 7.5) and 2uL of reservoir solution (3.2 M ammonium
(19), while the NMR solution structure suggests an interac- Sulfate and 20 mM sodium phosphate, pH 5.9). Crystalline
tion between R52 and the Y98 ring structug®)( Once the ~ Seeds were prepared by pulverizing twinned crystals in 50
chromophore is in theis conformation in the 4 state, the 4L of stabilization buffer (3.2 M ammonium sulfate and 20
hydroxyl hydrogen bonds with E46 and Y42 are broken and MM sodium phosphate, pH 5.9). Aliquots (Q&) of the

a new hydrogen bond to the side chain of R52 is formed seed suspension (diluted 1:100 in stabilization buffer) were
(21). We have found that the R52A mutant slows recovery introduced into a series of fresh hanging drops (containing
by 6-fold and reduces protein stability, which underscores 4 uL of protein sample and AL of reservoir solution) that

its importance 23). Another residue in close proximity to had been equilibrated for 24 h over reservoirs containing 3
the chromophore is M100, which is located on fi¥e-35 M ammonium sulfate and 20 mM sodium phosphate, pH
loop. It was found that the rate of recovery was reduced by 5-4—6.2. Single crystals with bipyramidal morphology grew

3 orders of magnitude in the M100A muta@dj. A similar after 1 week to a final size of 0.150 mm 0.150 mmx
effect on recovery was observed with M100K, M100E, and 0.100 mm.
M100L mutants 25). It is therefore believed that M100 To prepare crystals for data collection under cryogenic

catalyzes thecis—trans isomerization of the chromophore conditions (100 K), crystals were flash-cooled by plunging
in the ground state recovery. Photoreversal studies with them directly from their native drops into liquid nitrogen. A
M100A show indeed that reisomerization of the chromophore series of cryocooling conditions using a variety of cryopro-
is the rate-limiting step in the recover24). The structure  tecting reagents such as glycerol, sucrose, PEG 400, and
of the PYP domain oR. centenarid’pr was recently solved  paratone indicated that only crystals flash-cooled by plunging
and showed a novel conformation of tié—/35 loop 26). them directly from their native drops into liquid nitrogen
R. centenariPYP and theT. tepidumPYP domain are the  produced diffraction of acceptable quality. Crystals of Y98Q
only two PYPs that have a Y98F substitution. The crystal PYP belong to space grolg8 with unit cell parametera
structure shows that, at leastf centenariaPYP, F98 is =b=86.75A,c=56.92 A,a = g = 90°, andy = 120°.
oriented toward the protein interior as opposed to YOBin A complete data set was collected to 2.2 A resolution using
halophila PYP which is facing outward. This repositions synchrotron radiation at beamline X13 of the EMBL Outsta-
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Table 1: Data Collection and Refinement tdr halophila Y98Q tometer. All studies were carried out in a unive_rsal bUﬁer
PYP (2 MM CAPS, CHES, TAPS, HEPES, MES, sodium citrate,
data collection 1 mM PIPES), unless otherwise indicated. In the steady-
space group rR3 state recovery experiments of the M100 single and double
unit cell a=b=86.75A, mutants, the protein was first bleached by 40 s exposure to
€=56.92 A, a tungsten lamp (60 W), and the subsequent recovery was
a;fz?ygo", measured in the dark in the CARY spectrophotometer. A
source, wavelength (A) gESWXl& 0.8067 410 nm cutoff filter was used to excite only the 446 nm
resolution (A) 30-2.2 form. This eliminated photoreversal and increased the
reflections (total/unique) 46637/8065 intensity of the bleach. Absorbance changes were measured
completeness (%) 100 (100) over a 46-120 min time range, and the kinetic data were fit
Rinergé (%) 8.6 (33.1) .
1o(l) 22.9 (5.8) using OLIS software (Bogart, GA).
refinement The laser flash photolysis apparatus and data analysis
PDB code 219V protocol for the fast kinetics of WT and Y98 single mutants
resolution (A) 30-2.2 - . :
Fllo(F]) 0 were as described previously, 33). Samples with am\s
no. of reflections (working set/ of about 0.3 in universal buffer were used.
motl‘zsé Slg;) or asvmmetic unit 6277/822 Fluorescence Spectroscopill of the samples for the
protuein aFt)oms 4 . 969 fluorescence measurements were in 20 mM Tris-HCI (pH
chromophore atoms 11 7.5) and had ar\4s of about 1.3. Samples were measured
water molecules 71 on a PC1 photon counting spectrofluorometer (ISS, Cham-
Reryst Riee 0.199,0.241 paign, IL), and the data were analyzed with the VINCI
rms deviations it
bonds (A) 0.006 sortware.
angles (deg) 1.2
B values (A2) (main chain/ RESULTS
side chain) 1.4/1.9
@ Ruerge= Sn3il1(hyi) — (M) TV 3n3i1(hi), wherel (hi) is the intensity Crystal Structure of Y98Qrhe structure of Y98Q PYP

of theith measurement of reflectidnandI(h)lis the average value  largely maintains the structural elements of the dark state
over multiple measurements. Values in parentheses correspond to value$VT structure 19) but reveals significant rearrangements in
in the highest resolution shell (2.22.2 A). the f4—pB5 loop (residues 98101), the al—o2 loop
(residues 1#22), the35—/6 loop (residues 112115), and
tion in Hamburg, Germany (Table 1). Data processing was the N-terminus (residues-13) (Figure 1A). The latter three
carried out using the programs DENZO and SCALEPACK regions have the largest temperature factors in WT protein;
(29). Intensities were converted into structure factor ampli- thus it is not surprising that they adopt a different conforma-
tudes using the program TRUNCATE from the CCP4 suite tion in mutant Y98Q, especially considering that the two
(Collaborative Computational Project, Number 4, 1994).  proteins crystallize in different space groups. Interestingly,
The structure of Y98Q PYP was determined by molecular Y98Q PYP crystallizes in a rhombohedral lattie8) instead
replacement using maximum likelihood methods imple- of the primitive-hexagonal lattices observed for all other
mented in PHASER, version 1.3@), using the atomic  variants crystallized to date. The structures of Y98Q and WT
coordinates of the WT PYP in its dark state (PDB entry PYP can be overlaid with an rmsd of 0.86 A for atk@toms
2PHY) after substituting Y98 by alanine and stripping the and with an rmsd of 0.42 A when tifi#—j5 loop, theal—
model of all water molecules and its chromophore. a2 loop, the5—(6 loop, and the first three residues at the
The correctness of the structure solution was assessed froniN-terminus are excluded from the calculations. Analysis of
the quality of the electron density for the missing chro- crystal contacts in Y98Q PYP reveals that five-/35 loop
mophore, the glutamine side chain at position 98, and otheris involved in a new set of interactions, with the N-terminus
unique structural features. Rounds of model building were of a symmetry-related molecule instead of with C-terminal
subsequently alternated with crystallographic refinement residues in the WT structure. Nevertheless, this loop is very
employing simulated annealing, conjugate gradient minimi- well ordered in the Y98Q structure (this was also the case
zation, and individuaB-factor refinement using a maximum in the WT structure19), which allowed us to unambiguously
likelihood target function, as implemented in CNS1Y model it in the electron density. Q98 in Y98Q PYP has
(Table 1). The stereochemical correctness of the final model moved outward compared to Y98 in WT, whereas Q99 has

was assessed with the program MOLPROBIT32)( The moved inward to compensate for the absence of Y98 (Figure
structure has excellent stereochemistry, with 94% opall 1B). The chromophore remains in thi&ans ground state
angles belonging in the favored regions of the Ramachandranposition and is only slightly repositioned. It shifted ove®.4

plot and no outliers. A and has rotated slightly over12°. The hydrogen bond

Mass SpectrometnAll of the mutants were checked for interactions with the side chains of residues Y42 and E46,
the correct mutation by mass spectrometry. These experi-which are important for spectral tuning, remain intact. The
ments were performed at the Chemistry Department massdistance to the phenolic oxygen is 2.43 A for Y42 and 2.46
spectrometry facility of the University of Arizona. Samples A for E46, which is in agreement with the WT values2.6
(10 uM) were submitted in 5 mM Tris-HCI and were A) for these unusually short hydrogen bond@#)( As a
analyzed with ESI-MS, preceded by an HPLC separation. consequence of thed— /5 loop repositioning, residue M100

UV—Vis and Time-Resotd Laser Spectroscopibsorp- has collapsed toward the center by about 1.5 A, resulting in
tion spectra were obtained with a CARY 300 spectropho- the S atom being closer to the chromophore (Figure 1C).
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A.

Chromophore (o1:1:]

Qo8

Ficure 1: Crystal structure of Y98Q PYP. This figure was prepared with the program PyMOL, version 0.98 (www.pymol.org). (A) Stereoview
of a superposition of the backbone of Y98Q (green and yellow) with WT PYP (red and purple). The main conformational changes were
located at thgg4—f55 loop (top circled), and minor changes were observed iruthea? loop (front far right), theg5—/6 loop (bottom),

and the N-terminus (far right, rear). Structural overlays were carried out using the program SEQUIOA, versiof6).9B) Stereoview

of the structure in the vicinity of th84—45 loop highlighting the conformational changes that have taken place in Y98Q. WT residues are
labeled in red and Y98Q residues in green. (C) Detailed stereoview of the chromophore region. View from the solvent side, showing the
two water molecules (wat32 and wat44) that fill in the gap after R52 repositioning and the new interaction of R52 with Q56 and Q99. The
WT chromophore configuration is shown in red and purple, while the Y98Q chromophore is presented in green and yellow. The repositioning
of M100 can be seen on the bottom. (D) Detailed view of the gateway in WT (red) and Y98Q (green and yellow). Distances (in A) are
indicated in black. The chromophore carbonyl oxygen needs to flip abodt(ikBthe direction of Y98) to form theis isomer in the early
photocycle events. Mutating Y98 opens the gateway and allows the chromophore (yellow) to obtain a more planar conformation.

The distance between C4 of the chromophore ring and thedramatic relocation of10 A toward the solvent when the
Ss of M100 has shortened from 4.9 to 4.2 A, while the chromophore moves out into solution during the photocycle
distance between the €8 double bond of the chro- (21). In the Y98Q structure, R52 has rotated about°120
mophore and the,$f M100 has changed from 4.6 to 4.2 A around its —Cy bond, thereby replacing the interactions
in Y98Q PYP. Finally, we observe a dramatic conformational with the backbone carbonyl oxygen atoms of residues Y98
change in the side chain of R52. Residue R52 is known to and T50 by interactions with the side chains of two new
shield the chromophore from solvent and undergoes apartners, Q99 and Q56 (Figure 1C). Q56 itself has reposi-
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tioned its side chain over4 A to make this interaction 2.5e+5
possible. The gap left behind by R52 is filled in by two water A.
molecules (wat32 and wat44). This brings these two solvent 2. 0e+5 |
molecules in close proximity to the ring of the chromophore
(closest distance is 3.63 A to wat44).

It has been proposed that concerted motions of residues
Y98 and P68 result in the opening of the “gateway” leading
to the initiation of the photocyclel(Q). During a 180 flip
of the chromophore’s thioester linkage, the thioester oxygen
atom needs to move through the gateway formed between 5.0e+4
C9 of the chromophore and tipeo-R CS hydrogen of Y98.

Figure 1D shows that the repositioning of residue 98 in the 0.0 —
mutant structure opens this gateway by altrbsA based 400 450 500 550
on distances measured from thg @osition of Y98 to the
chromophore C9 atom. Although Q99 has now moved
inward to emulate the position of Y98, the gateway is not
restored since the distance between tifeo€Q99 and the
chromophore C9 remains relatively large (5 A). P68 has only
slightly repositioned in the Y98Q structure (by 0.3 A). Taken
together, our structural analysis reveals an enlargement of
the opening capable of altering the picosecond kinetics. It is
also visible from Figure 1D that the movement of the &

Y98 has allowed the chromophore C9 carbonyl group to
reposition over~0.6 A, while the rest of the chromophore
has taken on a more planar conformation.

UV—Vis and Fluorescence Spectroscopy. investigate
whether the changes in the side chain at position 98 have ar - - v
effect on the spectral properties of PYP, we investigated the 300 400 500 600
UV —vis absorbance and fluorescence of several Y98 sub- Wavelength (nm)

stitutions, WT PYP shows a low level of fluorescence Ficure 2: (A) Fluorescence excitation (with fluorescence emission
. 0 :
(quantum yield of about 0.2%33). The fluorescence at 499 nm) and emission spectra (with fluorescence excitation at

excitation spectrum (with fluorescence emission at 499 Nnm) 446 nm) of WT PYP, Y98Q, Y98F, Y98A, and P68A. (B) WV
and the emission spectrum (with fluorescence excitation atvis spectra of the samples used in (A). All spectra were taken in

446 nm) of the Y98Q mutant are given in Figure 2A (red 20 mM Tris-HCI (pH 7.5).

line). WT fluorescence excitation and emission were also

measured as a control and are included in Figure 2A (black the same, however, the inner filter effects are also the same
line). Although the absorption maximum is very similar in for all samples allowing a comparison. The observation that
Y98Q and WT PYP (see Figure 2B; 447 nm for Y98Q vs Y98Q, Y98A, and P68A have-34-fold larger amplitudes
446 nm for WT), the emission maximum of WT PYP at of their emission and excitation spectra than WT, is thus
495 nm is slightly shifted to 499 nm in the Y98Q mutant. due to the larger fluorescence quantum yields of these
In addition, WT PYP and Y98Q show a significant difference mutants.

in intensity of fluorescence excitation and emissio3{ Recaery Kinetics of Y98 Mutant$t was shown recently
fold). The samples were adjusted to the same absorption athat YO8F has similar recovery,(lto ground state transition)
446 nm. To determine the extent to which fluorescence waskinetics as WT, while the Y98Q recovery rate constant is
dependent on the nature of the substituting residue, we alsadecreased about 40-fol@7). To determine to what degree
investigated the fluorescence of Y98A and Y98F mutants. the recovery is influenced by the side chain at position 98,
We found that the Y98A mutation also increases the we compared the rate constant for recovery and the influence
fluorescence excitation and fluorescence emission by a factorof pH on recovery in the following Y98 mutants: Y98Q,

of 3 compared to WT PYP (green line in Figure 2A). The Y98A, Y98W, and Y98L. The absorption maxima of these
fluorescence emission maximum has shifted even further inwere 447 nm for the first two and 446 nm for the latter two
this mutant, to 502 nm. In contrast, the fluorescence (see Figure 2B), and the photocycle could be initiated in all
excitation and emission intensity of the Y98F mutant was cases with a 450 nm laser flash. We had already shown that
virtually identical to the WT values (yellow line in Figure the pH dependence of Y98Q recovery has a bell-shaped curve
2). We prepared the P68A mutant and found that it has anwith a maximum at pH 8.0 that could be fit wittKpvalues
even greater effect on fluorescence excitation and emissionof 6.3 and 9.5 Z7). As shown in Figure 3, the rate of
(~4-fold compared to WT; blue line in Figure 2). The recovery of all the other Y98 mutants also has a bell-shaped
emission wavelength has also shifted toward 502 nm, similar pH dependence similar to WT PYRJ). The data for Y98Q

to the Y98A mutant. All samples had an absorbance of 1.3 is included in Figure 3 for comparison. The dependencies
at the excitation wavelength, to ensure spectra of high signal-for all of the other Y98 mutants could be fit withKgvalues
to-noise ratio. Under these conditions, the emission andof about 6.5 and 9.4, similar to those for Y98Q7) and
excitation spectra are not linear in the concentration (“inner WT (6.4 and 9.4)Z3). The maximum recovery rate constant
filter effect”; see, e.g., reB6). Since the absorbances are is at pH~8 for all mutants; however, there are significant

1.5e+5 |

Intensity

1.0e+5

Wavelength (nm)

Absorbance
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Ficure 3: pH profile of the kinetics of recovery{I— P) of the
Y98 mutants (A) Y98A and Y98W and (B) Y98Q and Y98L. Note
the different scales on thé axes in (A) and (B).

differences in the rate constant for recovery (Table 2).
Mutants Y98W, Y98F, and WT have essentially identical
pH profiles and kinetics. However, as compared to WT,
Y98Q recovery is~40 times slowerZ7), YO8L ~70 times
slower, and Y98A~3-fold slower. To determine whether
the difference in recovery kinetics could correlate with a
difference in stability, we examined the overall stability of
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Ficure 4: pH profile of the kinetics of recovery of M100A (closed
circles) and Y98Q/M100A (open circles). The M100A data were
fit with a 2 pKj curve [[Ky(1) = 6.5,n; = 1; pK(2) = 10,n, = 1].

recovery, which was only 2-fold slower compared to WT
PYP (3.2 vs 6.1 & for WT) and had a similar pH
dependence (data not shown).

Kinetics of the Y98Q/M100A Double MutaBince the
X-ray structure of Y98Q showed a significant repositioning
of residue M100, we prepared the Y98Q/M100A double
mutant and analyzed its kinetics to determine whether the
decreased rate constant for recovery is linked to the M100
repositioning. It is noteworthy that the yield of this mutant
was significantly lower than that of the single mutants,
suggesting a decreased stability of the protein. However, we
were able to purify sufficient protein to measure the recovery
kinetics. The recovery kinetics of YO8Q/M100A at pH 8.0
was very similar to the recovery of the M100A single mutant
(Table 2 and compare to ref). This indicates that the two
mutations do not have an additive effect (which would result
in a 40-fold slower recovery of the double mutant compared
to M100A). M100A has a sigmoidal pH dependence (in the
pH range 5-9) with a (K, of 7 (24). Thus, we determined
the pH dependence of the Y98Q/M100A double mutant in
the range of pH #10.5. Note that the double mutant was
unstable above pH 10.5. Figure 4 gives the pH profile of
the recovery rates of both the single M100A mutant and the
double mutant. While reinvestigating the pH dependence of
the M100OA recovery rate, it became clear that, upon

each of the mutants with calorimetry and acid denaturation enlarging the pH range to the upper limit of stabilityl10.5,

but found little variation among thenT,{ ~ 75—80 °C as
compared to 82C for WT and the K, for acid denaturation
~3.0—3.4 vs 2.8 for WT; data not shown). Morishita et al.

the pH dependence of the single mutant is best fitted with
two pK, values (K = 6.5; K, = 10.0). There is a clear
overlap between the two curves in Figure 4, indicating that

(37) also prepared the Y98A mutant and observed a 4-fold the effects of the double mutant on the recovery are very

slower recovery and a denaturation temperature of@1
which is very similar to our findings.
Since P68A had similar effects on the intensity of

similar to those of the M100A single mutant.
Kinetics of the R52A/M100A MutanThe structure of
Y98Q also showed a significant repositioning of R52. It has

fluorescence as the Y98 mutations, we also determined thebeen shown that an R52A mutation of PYP has a similar
effect of the P68A substitution on the rate constant for pH dependence for recovery as WT and is governed by

Table 2: Recovery Rate Constants for PYP at pH 8.0

rate
constant (s%)

rate
constant (s

WT 6.1 P68A 3.2
Yo8W 51 R52A 1.2
Y98F 4.8 M100A 3.0x 103
Y98A 1.6 Y98Q/M100A 2.9x 1073
Y98Q 0.13 R52A/M100A 1.6< 1078
Y98L 0.078

similar pK, values, but the optimum rate constant at pH 8 is
about 5-6 times slowerZ3). To further investigate the role

of R52A, we designed an R52A/M100A mutant. The
absorption maximum of the R52A/M100A double mutant
was like WT, but the kinetics differ markedly. The recovery
rate of the R52A/M100A double mutant4sl.5 x 10°3s™?

at pH 8.0. Thus, it appears that the R52A mutation has an
additional effect, that is, a 2-fold slower recovery as opposed
to the M100A mutant (Table 2). The pH profile of the R52A/
M100A mutant is shown in Figure 5. The R52A/M100A
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catalyze the reisomerization of the chromophore during
recovery of PYP Z4). M100 has moved toward the center
of the protein by~1.5 A. However, it is important to note
that this distance is measured in the ground state and might
not reflect the actual distances in the signaling stgtéot
which no structural data are available. It is known that the
largest conformational change of the protein occurs during
the b to I’ transition and that the chromophore ring moves
out toward the solvent during signaling state formatiai)
thus a more inward-oriented M100 might actually increase
the distance between thg 8f M100 and the chromophore
in the L' state. The large decrease in the rate constant for
5 6 7 8 9 10 11 12 recovery of Y98Q following bleaching (40-fold) could be
H unrelated to the positioning of M100. However, the kinetics
P and pH dependence of the Y98Q/M100A mutant were

FIGURe 5: pH profile of the kinetics of recovery of M100A (closed  yirtally identical to those of the M100A single mutant. Thus
circles) and|552A/ I\élloo(?é%%%l\%ggz)g?e Mlo% d‘g’l arethe 4,0 ﬂ4zﬁ5 loop in Y98Q positions M100 sgo that it cannot
same as In Figure o5, an ata were fitwéal L . . . . ..

curve [Ka(1) g 6.1, = 1; pKa(2) = 7.6, = 1; pKo(3) = %a efficiently catalyze reisomerization, basically a similar

ns = 1J. consequence on recovery kinetics that results from the
M2100A mutation.

Whereas the Y98Q mutation slowed the recovery signifi-
A : _ AL cantly, the Y98F mutation does not affect the recovery
sigmoidal pH dependence which can be fit with at least two inetics @7). We have now analyzed several other point
pKavalues, 7.01f = 0.5) and 10.0r{ = 1). These K, values mutations of Y98. On the basis of the recovery kinetics, we
are similar to the values for M100A, which was expected :ap divide the mutants into three groups: Y98F and Y98W
since the R52A mutant did not change the pH dependencenaye similar recovery kinetics to WT PYP, indicating that
of the recovery reaction compared to WT. However, an 4, aromatic residue is necessary to maintain the WT fold of
n-value significantly less thgn 1 implies that the S|tuat|op IS the B4—p5 loop, as already suggested in 8% Y98A has
more complex. Thus, we fit the RS2A/M100A data using ahout 3-4-fold slower recovery kinetics than WT PYP (also
three X, values, 6.1, 7.6, and 10.0, all constrainechte ref 37), and Y98Q and Y98L have 4670-fold slower
1 (Figure 5). It is notable that as the pH is raised above 9, recovery kinetics. In addition, we found that there is a
the double mutant recovery rate constants become signifi- gitfarence in the fluorescence intensity and emission wave-
cantly larger than for M100A by a factor of 2 (Figure 5). |ength of the various Y98 mutants. The increase in fluores-

cence and the slower rate of recovery of the different Y98

DISCUSSION mutants appear to be correlated. Y98F has a low fluorescence

We have determined the crystal structure of the Y98Q intensity, comparable to WT PYP, while Y98A and Y98Q
mutant ofH. halophilaPYP to 2.2 A resolution, and on the  show about 3-fold higher fluorescence emission and excita-
basis of the resulting structural insights, we have carried outtion. An increase in fluorescence of even greater magnitude
additional site-directed mutagenesis, kinetic studies, and(10-fold higher than WT) was reported for the Y42F mutant
fluorescence spectroscopy to rationalize the role of residues(38), and it has been suggested that bowing of the chro-
suspected to affect the photocycle. mophore could be responsible for this increase in fluores-

The overall structure of the Y98Q mutant is very similar cence 10). In the high-resolution structure (0.85 A) of WT
to the WT ground state structurd9). Four regions are  PYP it was observed that the chromophore does not have a
clearly repositioned in the mutant compared to WT: the flat geometry but is slightly arched out of the plane of its
N-terminal three residues, tlhel—a.2 loop, thef5—/46 loop, aromatic system~0.25 A), whereas in the Y42F mutant
and the4—£5 loop. The first three regions have the largest structure, the chromophore is bowed in the opposite direction
temperature factors both in WT and in the mutant protein (10). The Y98Q structure, however, shows that the hydrogen
and were also the most flexible regions in the solution NMR bond with Y42 is still present, while the chromophore has a
structure 19, 22). In a previous publication, we described more planar geometry, whereby thebonding orbitals of
the effect of salt on the photocycle of Y98Q and suggested the ring structure are expected to conjugate maximally with
that the formation ofJ involves the opening of an “ionic  those from the C#C8 double bond. The fact that the
lock” formed by residues K110 (on strap®) and E12 (on configuration of the chromophore in Y98Q is in between
the N-terminal domain)Z7). Although there are rearrange- the different arched configurations of WT and Y42F and that
ments in thexl—a?2 loop and thgg5—/36 loop in the Y98Q the fluorescence in the Y98 mutants is intermediate (3-fold
mutant structure, it still shows a possible linkage between increase in Y98Q versus 10-fold increase in Y42F) is
K110 and E12, similar to WT PYP. This is in agreement consistent with chromophore bowing regulating chromophore
with the salt effect observed earli??). The chromophore  fluorescence. An unrelated study of the kindling fluorescent
in Y98Q is still in thetrans conformation and shows only a  protein (KFP) fromAnemonia sulcatéas shown a similar
slight rearrangement, while its interactions with E46 and Y42 relationship between the suppression of fluorescence and a
are maintained. On the other hand, the repositioning of the substantial distortion from planarity of the chromoph@8)(
p4—[5 loop is expected to be significant for the photocycle Both the PYP and KFP studies show that a change in
since it contains M100, a residue that has been proposed tqlanarity of the chromophore and concomitant change in
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mutant is similar, but not identical, to M100A, with a
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fluorescence are consistent with a change in the direct protein A.
environment of the chromophore.

Integrating the kinetic studies, structural data, and fluo-
rescence results, we conclude that the Y98 mutations result
in differing extents of distortion of thg4—/35 loop, with
Y98F and Y98W having minimal effects on the loop, Y98A
resulting in a small perturbation, and Y98Q and Y98L
resulting in very large perturbations which significantly
inhibit dark reisomerization. Thus, PYP requires an aromatic
residue at position 98 to maintain the conformation of the
B4—p5 loop, including M100, to sustain WT recovery
kinetics. In WT PYP, residue M100 is positioned at an
optimal distance from the chromophore to catalyze isomer- R52
ization during recovery. Changes in that distance will alter
the efficiency of reisomerization catalysis and will be
reflected in the kinetics of recovery. In addition, we had 150
speculated in our previous study on Y98Q and Y98P ( M
that there is a need for an aromatic residue at position 98 to c.
stabilize the 4 structure. During 4 formation, the chro-
mophore ring might interact with the ring of Y98 through
m—am stacking @1, 27). The lack of an aromatic residue at
position 98 in Y98Q, Y98L, and Y98A makes the presumed
m—am stacking with the chromophore ring impossible and
could shift the {/I, equilibrium toward {, in agreement with
the shift in this equilibrium we observed earlier for Y98Q
(27). The finding that Y98A recovery kinetics are close to
wild-type might indicate that the— interaction is replaced  Figure 6: Space-filling presentation of the area around the
by an interaction between a methyl group and the aromatic chromophore (in gray). Panel A is the Y98Q structure showing
ring. Such weak CH interactions have been shown to be the Openi?g frlom t’tllgtzotlxgnstitrg”tgﬁt ;C\:ﬁ?ggﬂg:eéﬁc\?ﬁciﬂ g)r/](t)\\flvvg
important for the PYP photocycle). However, the slow V;’]ater :I?Orﬁ’?uie?].in e Drosum e T dark
photocycle O.f Y98Q. and Y98.L g)_(cludes the p_OSS'_b llity of tst?ug?ureo, W?]tecr)e R;Zes%igls(;ls terisng:ﬁoem)ophoere fro?rijl sosl‘:/egr?t, is
these CH-x interactions as significant factors in this case. shown in panel B.

Because Y98Q, Y98L, and Y98A all have different kinetics

of recovery, it is likely that they make specific interactions for the protein to maintain a stable interaction between the
in I, that change the orientation of M100 to an even greater a3—o4 loop and the34—/35 loop, since it occurs at the
extent than in the resting state. Further analysis will be expense of a serious distortion of ti#d—/(5 loop with
necessary to identify the nature of these interactions. significant consequences on the photocycle.

Another significant observation from the Y98Q structure It had been shown that R52 shields the chromophore from
is a repositioning of R52. The R52 side chain has rotated solvent in dark state WT PYP, but moves away during |
about 120 around the B—Cy bond and replaced the formation and provides solvent access todisehromophore
interactions of its guanidinium group with the backbone (21). Through its rotation in the Y98Q mutant, R52 has taken
carbonyl oxygen atoms of residues Y98 and T50 with new on a position that resembles its position in thestate and
interactions with the side chain carbonyl oxygen atoms of has thereby created an opening from the solvent to the
residues Q99 and Q56. We had suggested in our previouschromophore. Figure 6 illustrates the opening from the
publication that there might be a stabilization of ti@—a4 solvent in both the Y98Q dark state and the WTwith a
and thef4—[5 loops through an interaction between Y98 space-filling representation. Two water molecules have filled
and R52 27). On the basis of the high-resolution NMR the space and in doing so have come in close proximity to
structure of dark-state PYP, the interaction between R52 andthe phenolic ring of the chromophore. These polar water
Y98 would occur through a catienr interaction between  molecules will increase the dielectric constant of the chro-
the guanidinium group of R52 and the aromatic ring of Y98 mophore environment, which suggests an explanation for the
(22), instead of with the carbonyl oxygen atom of Y98 as red shift of the fluorescence emission maxima we observed
observed in the crystal structure. It was thought th to with the Y98Q mutant (4 nm) and the P68A mutant (7 nm)
Q mutation would lead to a loss of interaction between the in terms of solvent polarity. The requirement for a red-
a3—a4 and thep4—p5 loops, creating a more flexible  shifting polarity probe is that the permanent electric dipole
conformation of thef4—p5 loop which could affect the ~ moment in the excited state is larger than in the ground state
recovery kinetics. However, the X-ray structure of Y98Q (36), which is indeed the case for thehydroxycinnamoyl
shows that Q99 has moved in to fill in the gap after the Q98 chromophore of PYP4Q1). We conclude that the chro-
movement and the interaction between ¢t82-04 loop and mophore emission wavelength serves as a sensitive polarity
the 4—;5 loop is restored through the interaction of Q99 probe. The guanidinium group of R52 is thought to interact
and the repositioned R52. Although {f&—/5 loop is clearly with the phenolic oxygen of theis chromophore in the;l
distorted in Y98Q compared to WT PYP, there is no obvious state, which implies that, in the Y98Q mutant, R52 will have
difference in flexibility. Apparently, there is a strong need to rotate around its £-Cd bond and break its hydrogen

R52

R52
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bonds with Q99 and Q56 before it can interact with the
phenolic oxygen of the chromophore. This is different from
its movement during WTlformation and could partially
explain the slower formation of, lwe observed in Y98Q
(27). It is not known what drives the movement of R52
during the photocycle, but since the ground state conforma-
tion of R52 is different in Y98Q, it might not be as inclined
to move.

The R52A substitution causes a 6-fold decrease in the
recovery rateZ3). Since a repositioning of both M100 and
R52 occurs in the Y98Q mutant, we investigated whether
an R52 substitution is also linked to M100 by investigating
the R52A/M100A mutant. Although the absorption maxi-
mum did not differ from WT, we found that there is a
significant effect on recovery kinetics of the R52A substitu-
tion in addition to the M100A mutation. This indicates that
the effect of R52 on the photocycle is distinct from the
catalysis of reisomerization by M100. The recovery kinetics
of R52A/M100A shows sigmoidal pH dependence similar
to M100A; however, the recovery is about 2 times slower
at pH 7 and about 2 times faster at pH 10. It had previously
been suggested that th&gof 7 in M100 mutants could be
ascribed to the improbable ionization of the surface-exposed
R52 @25). Our results with the R52A/M100A mutant now
clearly show that R52 is not responsible for th¢,pf 7
since that K, is still present after the R52A mutation. The
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of the gateway allows the chromophore to obtain a more
planar conformation which is otherwise prevented by the
steric hindrance between the chromophore carbonyl oxygen
and the @ of Y98. As explained above, this could
significantly increase the fluorescence. The opening of the
gateway also implies that the ratchet-like properties are lost.
If the chromophore returns to theansposition readily, there

will be less initiation of the photocycle, resulting in a lower
guantum efficiency. The quantum efficiency for the photo-
cycle of WT PYP has been reported to be.6 @3),
although independent reports have determined it to be lower
(~0.35;44). The quantum efficiency of P68A is about the
same (0.445). The higher degree of fluorescence found in
our study and a possibly slightly lower quantum vyield for
the photocycle indicate that a change in the gateway changes
the initiation of the photocycle. On the other hand, the
recovery kinetics of P68A are similar to those of WT PYP.
This suggests that the gateway itself does not play a rate-
limiting role in the recovery of PYP from the signaling state
to the ground state. This is in agreement with the structural
data from the presumed $tate of WT PYP 21), where the
chromophore has obtained itgs conformation by flipping

the aromatic ring toward the solvent and, concomitantly, the
chromophore carbonyl is already back in a ground state-
like position in the } state.

two pK, values for WT recovery have been attributed to ACKNOWLEDGMENT

ionization of E46 (K, 6.4) and of the chromophore in the
bleached state ¢ 9.4; 42). Since these values are very
similar to the (X, values of M100 and R52A/M100A, we
believe that our original explanation for th&pvalues, that

is, E46 and the chromophore, of WT and mutants is also
correct in these cases. In addition, the R52A/M100A recovery
has a third K, value of 7.6, which was not observed in WT
or M100A. This K, indicates that there are additional
electrostatic factors in the protein that facilitate isomerization;
however, further mutagenesis and kinetic studies will be
necessary to identify the nature of these interactions. We
can conclude that, although the reisomerization of the
chromophore during recovery is clearly still the rate-limiting
step in the R52A/M100A mutant, there is an additional effect
of the R52A substitution, which was not observed in Y98Q/
M100A.

It has been suggested that the path to chromophore
isomerization is ensured by a gateway formed by C9 of the
chromophore and thgro-R CS hydrogen of Y98 10). This
gateway has ratchet-like properties, which prevent the
chromophore thioester oxygen from flipping back to its
original stereochemistry, and therefore drives the progression
of the photocycle10). Combined motions of Y98, P68, and

the chromophore are thought to be necessary to open and

close this gateway. We can therefore expect that a mutation
at position 98 will affect the properties of the gateway to a
certain degree. We find that, in the Y98Q structure, there is
a significant opening of this gateway (about 1 A) due to the
movement of residue 98 and a subtle repositioning of P68
and the chromophore. The fluorescence in P68A was
increased substantially (up to 4-fold higher than WT). The
P68 and Y98 mutant results indicate that disrupting the
gateway has a significant effect on the fluorescence yield
and possibly on the initiation of the photocycle. On the basis
of our structural data we find it plausible that the opening
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