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ABSTRACT. To understand in atomic detail how a chromophore and a protein interact to sense light and
send a biological signal, we are characterizing photoactive yellow protein (PYP), a water-soluble, 14 kDa
blue-light receptor which undergoes a photocycle upon illumination. The active site residues glutamic
acid 46, arginine 52, tyrosine 42, and threonine 50 form a hydrogen bond network with the anionic
p-hydroxycinnamoy! cysteine 69 chromophore in the PYP ground state, suggesting an essential role for
these residues for the maintenance of the chromophore’s negative charge, the photocycle kinetics, the
signaling mechanism, and the protein stability. Here, we describe the role of T50 and Y42 by use of
site-specific mutants. T50 and Y42 are involved in fine-tuning the chromophore’s absorption maximum.
The high-resolution X-ray structures show that the hydrogen-bonding interactions between the protein
and the chromophore are weakened in the mutants, leading to increased electron density on the
chromophore’s aromatic ring and consequently to a red shift of its absorption maximum from 446 nm to
457 and 458 nm in the mutants T50V and Y42F, respectively. Both mutants have slightly perturbed
photocycle kinetics and, similar to the R52A mutant, are bleached more rapidly and recover more slowly
than the wild type. The effect of pH on the kinetics is similar to wild-type PYP, suggesting that T50 and
Y42 are not directly involved in any protonation or deprotonation events that control the speed of the
light cycle. The unfolding energies, 26.8 and 25.1 kJ/mol for T50V and Y42F, respectively, are decreased
when compared to that of the wild type (29.7 kJ/mol). In the mutant Y42F, the reduced protein stability
gives rise to a second PYP population with an altered chromophore conformation as shown by UV/
visible and FT Raman spectroscopy. The second chromophore conformation gives rise to a shoulder at
391 nm in the UV/visible absorption spectrum and indicates that the hydrogen bond between Y42 and the
chromophore is crucial for the stabilization of the native chromophore and protein conformation. The two
conformations in the Y42F mutant can be interconverted by chaotropic and kosmotropic agents, respectively,
according to the Hofmeister series. The FT Raman spectra and the acid titration curves suggest that the

391 nm form of the chromophore is not fully protonated. The fluorescence quantum yield of the mutant
Y42F is 1.8% and is increased by an order of magnitude when compared to the wild type.

Light is an important source of information for a variety

water-soluble, cytoplasmic blue-light receptor, presumably

of organisms in order to respond to environmental changes.mediating negative phototaxis in some species to avoid UV

Photoactive yellow protein (PYP)first isolated from the
phototrophic bacteriurctothiorhodospira halophilgl) and
later also found in other purple bactera-4), is a 14 kDa
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radiation damagesf. In Rhodospirillum centenunthe PYP-
phytochrome hybrid is involved in regulation of chalcone
synthase4). PYP’s chromophore is prhydroxycinnamoyl
anion covalently bound to C69 via a thioester linkage (
7). PYP undergoes a photocycle upon illumination, involving
trans—cis isomerization of the chromophore, similar to the
photocycles from the well-known membrane proteins bac-
teriorhodopsin, halorhodopsin, and the two sensory rhodop-
sins from the unrelated archaebacteridalobacterium
salinarum(8, 9). In the light cycle, the ground-state B«

= 446 nm) is converted into the recently identified inter-
mediatesd (<2 ps) and then} (220 ps), both absorbing at
~510 nm (L0, 11). I*, proceeds in about 3 ns into the
intermediate 1 (Amax = 465 nm), which is followed by the
blue-shifted intermediate (Amax = 350 nm) in about 200
us. kL returns to the ground state in about 140 ms. The
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Ficure 1: Stereoview of the three-dimensional arrangement of active site residues in the PYP grounti2stddgdrogen bonds are
indicated by dotted lines.

availability of high-resolution structural information for the
PYP ground statel@, 13), the intermediate,l(14), and a
preceding early intermediat&g, 16) as well as the feasibility
of site-directed mutagenesis—20) and reconstitution of
chromophore variant2(, 22) makes PYP an ideal system
to study the conversion of light energy into a biological signal filtration, and purification of the PYP holoprotein by (W
in atomic detail. SO, precipitation were performed as described previously
The 1.4 A X-ray structure of PYP in the dark or ground (17), except that the (NE,SO, concentration was reduced
state (2) shows that the chromophore is buried in a to55% to prevent excessive precipitation of the mutant PYP
hydrophobic core and tethered to the protein by a network proteins. Further purification included three FPLC steps. The
of hydrogen bonds (Figure 1). The phenolate oxygen of the 55% ammonium sulfate precipitate was removed by cen-
chromophore hydrogen bonds with the hydroxyl group of trifugation, and the sample was applied to a butyl-Sepharose
Y42 and the protonated carboxylate of E46. The side-chain hydrophobic interaction column (Pharmacia). The column
oxygen of T50 hydrogen bonds both with the main-chain was eluted with Tris EDTA buffer (50 mM Tris-HCI, 2 mM
carbonyl oxygen of E46 and with the OH group of Y42. In EDTA, pH 7.5) containing a concentration gradient of
addition, the main-chain oxygen of T50 forms a hydrogen 1.25-0 M (NH,4).SQO,. Fractions with an absorbance ratio
bond with the side chain of R52, which shields the chro- Axs/Asss <10 were pooled, dialyzed overnight against 20
mophore from solvent and undergoes major rearrangementmM Tris-HCl and 2 mM EDTA, pH 7.5, concentrated to 10
during the photocycleld). The location of these amino acids mL by membrane filtration with a YM10 membrane (Ami-
suggests that they are essential for the maintenance of thecon), and loaded onto a Poros-HQ anion-exchange column
chromophore’s negative charge, the photocycle kinetics, the(PerSeptive Biosystems). The column was eluted with a
signaling mechanism, and the protein stability. The influence concentration gradient of-01.0 M NaCl in TrissEDTA
of residues E46 and R52 on the spectral properties and thebuffer. The yellow fractions were pooled, concentrated to
photocycle kinetics of PYP was examined previoudly, ( 2—4 mL by membrane filtration, and finally applied to a
20). Here, we characterize the role of the amino acids T50 Superdex 75 gel filtration column (Pharmacia). PYP was
and Y42 by aid of T50V and Y42F mutants. eluted with TrissEDTA buffer containing 150 mM NacCl.
Purity was checked by SDSPAGE. Fractions with an
absorbance ratid\gf/Asss ~0.5 were pooled and dialyzed
overnight against 20 mM HEPES buffer, pH 7.0.
Site-Directed Mutagenesid/lutagenesis was performed UV/Vis Spectroscopyatatic UV/vis spectra were recorded
by a PCR-based approach as implemented in the Quick-on a diode array spectrophotometer (Hewlett-Packard, model
Change kit (Stratagene) and with the PYP gene in a pET- 8453). The laser flash photolysis setup for time-resolved UV/

induced by addition of IPTG to the medium to a final
concentration of 0.1 mM. After 3 h, the cells were separated
from the apo-PYP-containing medium by centrifugation.
Chemical attachment of the activated chromophore in the
growth medium, concentration of the medium by lateral flow

MATERIALS AND METHODS

20b vector (Novagen) as the templal&)( The sequences
for the mutagenic primers werd@AGGGCGACATGSTCG-
GCCGCGACCC3for the T50V mutation and '&CAA-
CATCCTTCAGTTCAACGCCGCGGAG3for Y42F. The

vis spectroscopy and data analysis procedures have been

described elsewherd,(24). Kinetic measurements at dif-

ferent pH values were performed according to X&f
Fluorescence Spectroscoyluorescence excitation and

mutations were confirmed at the DNA level by automated emission spectra were recorded on an SLM 8100 spectro-

sequencing with an Applied Biosystems sequencer.
Protein Production and Purification. Escherichia coklls
of strain BL21 (DE3) (Novagen) were transformed with the

fluorometer (Spectronics Instruments). Measurements of the
fluorescence quantum vyieldd were made relative to
fluorescein according to ref5. A value of 0.92 was used

pPET-20b vector including the mutated PYP gene and grown for the fluorescein quantum yiel@§). The error ford was

in a M9ZB medium 23) at 37 °C until they reached an
absorbance of0.5 at 650 nm. Expression of apo-PYP was

estimated to bet8%, using standard methods for error
propagation.



13480 Biochemistry, Vol. 39, No. 44, 2000 Brudler et al.

FT Raman Spectroscop¥.T Raman spectroscopy was
performed with an FRA 106 FT Raman module connected
to an IFS 88 spectrometer (Bruker). The home-built sample
holder consisted of a mirrored Suprasil quartz sphere (10
mm diameter) with a central hole. The geometry and the
reflecting surface of the sphere optimize the intensity of the
Raman scattering. The samplei# of 40 mg/mL PYP in
20 mM HEPES buffer, pH 7.0) was pipetted into a quartz
capillary (2 mm outer diameter) and put into the sphere. The
sphere sat in an adjustable temperature aluminum block on
an xyz translatable table that allows the superposition of the
foci of the exciting laser beam and the collecting lens on
the sample. The sample was excited with a Nd:YAG laser
(Adlas) at 1064 nm (laser spot at the sample 1@9). A
total of 20-60 spectra, each consisting of 200 scans, were
averaged to improve the signal-to-noise ratio. The spectral
resolution was 24+ 1 cntl. All measurements were
performed at room temperature (2€). The spectra were 300 400 500
corrected by subtraction of a buffer spectrum (20 mM Wavelength (nm)

HEPES, pH 7.0) measured under identical conditions. Ficure 2: UV/vis absorption spectra of wild-type PYP (solid line),

Protein Stability and Circular DichroisnProtein stability T50V (dashed line), and Y42F (dash-dotted line) at room temper-
was assessed by denaturation @M solutions of PYP in ature in 20 mM HEPES buffer, pH 7.0.

20 mM Tris-HCI buffer, pH 7.5, plus 40 mM NaCl, with
increasing concentrations of guanidine hydrochloride (USB,
ultrapure) following the method of Pac8, 7). Unfolding {1 PYPY42F * guanidine hydrochloride
was monitored by loss of absorbance at 450 nm with a diode

array spectrophotometer (Hewlett-Packard, model 8452) and 4 ;-
by changes in the molar ellipticity at 222 nm (AVIV
Instruments modified Cary 60 spectropolarimeter).

X-ray CrystallographyPYP T50V and Y42F were crys-
tallized in ~2.5 M (NH,),SO, and 20 mM Hepes, pH 7.0,
from microseeds of wild-type protein as described inl/2f
Like wild-type PYP, crystals grew as long hexagonal rods
(50—300 x 500—-1000um) in space group6s. Unit cell
dimensions wera = b = 67.8 A andc = 39.4 A for T50V
anda = b = 66.0 A andc = 40.5 A for Y42F. High- 0.0
resolution data were collected in each case on a single crystal
by using separate low- and high-resolution runs. The data
were processed with Denzo and Scalep&8).(Because of Ficure 3: Guanidine hydrochloride denaturation of Y42F in 20
the unit cell change in T50V, molecular replacement was MM HEPES buffer, pH 7.0, as monitored by UV/vis absorption
performed with the AMoRe suite2@). The high-resolution spectra.
structures were refined with SHELX938(), starting from
the 1.4 A resolution structure of wild-type PYR2) (PDB spectrum of Y42F was unaltered by overnight incubation in
code 2PHY), which is the model used here for comparison the dark and exposure to room light. To further characterize
with the PYP T50V and Y42F structures. Diffraction data the spectral shoulder of Y42F, we studied the effects of
for TS50V were collected at the Cornell High Energy denaturing, chaotropic and kosmotropic agents, and pH.
Synchrotron Source (CHESS) at beamline F1, using an X-ray The effect of the denaturant guanidine hydrochloride on
wavelength of 0.9188 A and a 2 2 Quantum 4 ADSC  the Y42F mutant is shown in Figure 3. The 458 nm peak is
X-ray detector. Diffraction data for Y42F were collected at partially converted to the 391 nm peak at a midpoint of about
the Stanford Synchrotron Radiation Laboratory (SSRL) at 1.1 M guanidine hydrochloride and then to the denatured
beamline 7-1, which is operated at an X-ray wavelength of 340 nm species at a midpoint of about 2.2 M guanidine
1.08 A and equipped with Mar Research image plates. hydrochloride. In contrast, the 446 nm form of the wild-
RESULTS type protein is directly converted into the denatured 340 nm

species at about 2.7 M guanidine hydrochloride (not shown).

Steady-State UV/Vis Spectroscopy of the PYP MutantsThe unfolding energiesAGynios, Of Y42F and T50V were
T50V and Y42F. Effects of Denaturing, Chaotropic and determined by monitoring changes in the UV and visible
Kosmotropic Agents, and pHhe absorption maxima of the  circular dichroism as a function of the concentration of
PYP mutants T50V and Y42F are located at 457 and 458 guanidine hydrochloride according to ra%7 and yielded
nm, respectively (Figure 2). They are red shifted by 540 and values of 25.1 and 26.8 kJ/mol, respectivelNGynsoiq for
587 cnl, respectively, relative to the wild type (446 nm) wild-type PYP is 29.7 kJ/moli(7).
in agreement with re18. A remarkable feature of Y42F is Figure 4 shows the influence of pH on the absorption
a shoulder at 391 nm. Unlike the mutant M100£9), the maximum for T50V and Y42F. The lower stability of these
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Ficure 4: Acid titration curves of wild-type PYP (squares), T50V
(triangles), and Y42F (circles), as monitored by UV/vis absorbance b +NH,CI
at the wavelength maxima. The solid lines represent the fitted 1.0 PYP Y42F

curves. Wild-type PYP has ap of 2.7, and T50V has alf, of
3.6. Y42F shows a biphasic transition witKys of 4.4 (amplitude
75%) and 6.4 (amplitude 25%).

mutants in guanidine hydrochloride is also reflected in the
higher apparent K, values of the chromophore when
compared to the wild type K 2.7) (). In T50V the
chromophore has an appare{;of 3.6, and in Y42F it
shows clearly a biphasic transition witks of 4.4 and 6.4.

To further test the stability of the Y42F mutant, we also
studied the effects of chaotropic and kosmotropraifti-
chaotropic) agents. The kosmotrope (H3O, stabilizes the 300 ' 400 ' 500
main peak at 458 nm by reducing the 391 nm form, whereas Wavelength (nm)
f[he Chaotrope.NhCI destabilizes the 458 nm peak and FIGURES: (a) Effect of increasing concentrations of the kosmotrope
increases the sideband at 391 nm (Figure 5). The same effectgyH,),S0, on the absorption spectrum of Y42F in 20 mM HEPES
were observed for a number of other chaotropes andbuffer, pH 7.0 at room temperature. (b) Effect of increasing
kosmotropes. The strength of the chaotropic (SGNCIO,~ concentrations of the chaotrope M on the absorption spectrum
> |- > Br- > CI) and kosmotropic effects (SO > of Y42F in 20 mM HEPES buffer, pH 7.0 at room temperature.
HPQOZ > F; F had almost no effect, even at 4 M : . . . : . : .
concentrations) corresponded with the Hofmeister seBigs (
32). We also tested different cations [p&D;, (NH;).SOy,
NaCl, NH,ClI]. The ammonium salts had a stronger kosmo-
tropic or chaotropic effect, respectively, than the correspond-
ing sodium salts.

FT Raman Spectroscopiraman spectroscopy is a sensi-
tive tool to selectively monitor the structural changes of
chromophores in proteins (see, for example 3&fand was
applied to further characterize the PYP mutants T50V and
Y42F (Figure 6). The FT Raman spectrum of wild-type PYP
in the ground state (Figure 6a) exhibits bands at 1555, 1530,
1493, 1439, 1282, 1163, 1057, 1043, 1003, and 983'cm

Absorbance

Raman Intensity

in very good agreement with a previous resonance Raman .00 7e00 1200 1200 000 800
study 34). This demonstrates that even preresonant excitation
at 1064 nm allows observation of Raman scattering of the

Wavenumber (cm™)

e FIGURE6: FT Raman spectra of (a) wild-type PYP, (b) T50V, and

PYP chromophore. Differences between the FT and th d(c) YA42F in 20 mM HEPES, pH 7.0 at room temperature.

resonance Raman spectrum are mainly related to ban
intensities. In addition, the broad resonance Raman band at

1288 cnr* with a shoulder at~1300 cm? (34) appears split ~ the Raman spectrum of Y42F is very different from the wild-
in the FT Raman spectrum with peaks at 1282 and 1306 type spectrum (Figure 6a,c). The main peak at 1555%cm
cm™1. A small band at 1633 cm (34) does not exceed the (1552 cm! in Y42F) has a large shoulder at 1572 &mn
noise level in the FT Raman spectrum. Instead, a strongerwhich is missing for the wild type.

band is seen at 1667 cta The FT Raman spectra of PYP The effects of the kosmotrope (NHSO, and the chao-
wild type and the mutant T50V are very similar, with only trope NH,CI on the main Raman bands of Y42F at 1552
minor band shifts of at most 4 crh(Figure 6a,b). In contrast, and 1572 cm! are analogous to the effects of these agents
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FIGUrRe 7: Fluorescence excitation and emission spectra of the PYP
mutant Y42F in 20 mM HEPES buffer, pH 7.0.

on the UV/vis spectra. (NSO, stabilizes the main peak
at 1552 cm? and decreases the shoulder at 1572 %rin
contrast, NHCI increases the 1572 crhpeak intensity and
reduces the maximum at 1552 cthn

Fluorescence Spectroscopyhe fluorescence excitation
spectrum (fluorescence emission monitored at 500 nm) and
the emission spectrum (fluorescence excitation at 446 nm)
of the mutant Y42F are shown in Figure 7. The emission
maximum of wild-type PYP at 495 nn25) is slightly shifted
to 500 nm in the mutant. The emission spectrum in Figure
7 is very similar to wild-type PYP25). Comparison with
the UV/vis absorption spectrum (Figure 2) shows that there
is a strong correlation between the location of the absorption
maxima and the fluorescence excitation maxima. Remark-
ably, the 391 nm Spectral Shoulder (Flgure 2) has a Ficure 8: Effect of pH on the kinetics of the (a) + |2 and the

. o (b) I, — P transition of T50V. The buffers were 20 mM MES (pH
counterpart in the excitation spectrum at about 390 nm 5.0-6.5), 20 mM HEPES (pH 6:58.5), and glycine (pH 85

_(Figure 7). The emissio_n spectrum of Y42F does not change 10.0). The data in (b) were fitted using the equatign = Knad
in response to the excitation wavelength between 320 and(1 + 10°K:—PH)(1 + 10°H-PKz) with the fitted parametetign, = 1.14,

450 nm, except in intensity (not shown). The fluorescence pKi = 6.1, and [, = 9.9. The data in (a) were not fitted due to
shows a linear intensity decrease in response to diluting thethe lack of an obvious starting and end point of the curve.
sample from 0.1 mM to kM (not shown). The fluorescence
quantum yieldsb were determined to be 1.8% and 0.42%  Upon excitation at 445 nm, the + I, transition in the
for Y42F and T50V, respectivelyd of wild-type PYP is Y42F mutant is accelerated when compared to the wild type
about 0.2% 21, 25). and was too fast to measure with our apparatus (microsecond
Laser Flash PhotolysisThe substitution of T50 by valine  time resolution) at room temperature and pH 7.0. However,
increases the rate of photobleaching and decreases the ratiéhe rate constant at pH 9 was found to be 3.4 and at
of subsequent recovery of color (Figure 8). The rate constantpH 10 was 1 mst. The L — P transition has a rate constant
for the I, — I, transition increases approximately 3-fold to of ~1.4 s! at pH 7.0 and is slowed about 4-fold in
~10 mstat pH 7.0 (3.13.9 ms* for wild type) (17); the comparison to the wild-type protein (Figure 9). The effects
I, — P conversion is slowed by a factor of approximately 5 of pH on the rate constant for the recovery reaction are
to ~1s1(4.9-6.7 st in wild type) (17). As for wild-type similar to those of T50V and the wild typdT). The curve
PYP (17), the rate constants for both transitions are only is bell-shaped (Figure 9) with two apparemdp at 6.9 and
slightly affected by pH in the pH range from 5 to 10 (Figure 9.7 (6.4 and 9.4 in wild type). The rate constant vards-
8). The rate constant for the + |, conversion decreases fold over the pH range-510 and is maximal at pH 8.2 as
about 3-fold in this pH range. The + P transition shows  compared to pH 7.9 in wild-type PYP. Photocycling initiated
a bell-shaped pH dependence like PYP wild type with two by light excitation at 450 nm or at 365 nm reflected the
apparent g s at 6.1 and 9.9 (6.4 and 9.4 in wild typé&)r} relative absorbance at the two wavelengths and shared similar
and a 3-fold change in rate constant between pH 5 and pHkinetics, suggesting that both chromophore conformations
10. The maximal rate constant for this reaction occurs at are intrans
pH 7.9 as in wild type. The quantum yield is essentially  X-ray CrystallographyCrystallization of the T50V and
unaffected by the T50V mutation, as judged by the magni- Y42F mutants was performed-aR.5 M ammonium sulfate
tude of the laser-induced photomultiplier signal. This is in concentrations according to r&2. Under these conditions,
agreement with the only slightly changed fluorescence the main absorption peak at 458 nm in the Y42F mutant is
quantum yield (see above). stabilized, and the 391 nm shoulder is almost completely

Rate constant (s™)
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Ficure 9: Effect of pH on the kinetics of the i P transition of
Y42F. Buffers were the same as in Figure 8. The data were fitted
with the equation from Figure 8, using the fitted paramelgfs

= 2.66, X, = 6.9, and K, = 9.7.

Table 1: Data Collection and Atomic Model Statistics

parameters T50V Y42F
data collection
resolution (A) 1.15 1.10
observations 116065 186098
unique reflections 35299 40647
llo 34.9 24.0
completeness (%) 96.2 99.5
final shell 83.6 99.0
Reym (%0) 3.9 9.8
final shell 7.2 39.0
mosaicity 0.18 0.45
refinement

reflections (all) 33533 38062
R-value 0.132 0.127
Riree 0.176 0.171
protein atoms 994 999
solvent atoms 109 104
rms deviation

bond lengths (A) 0.014 0.014

angular distances (A) 0.033 0.035

removed (see Figure 5a). Diffraction data collection and
atomic model statistics are given in Table 1. The active site
of the Y42F mutant is shown in Figure 10a and compared
with wild-type PYP. Due to the removal of the hydrogen

bond to the chromophore in the Y42F mutant, the aromatic

headgroup of the chromophore moves by 0.78 A and forms

a new but weaker hydrogen bond to the OH group of T50
(2.79 A). In the mutant T50V (Figure 10b), the replacement
of the hydroxyl group by a methyl group destroys the
hydrogen bonds with the backbone carbonyl oxygen of E46
and the hydroxyl group of Y42, which leads to a very small

decrease in the length of the hydrogen bond between its

phenolate oxygen and the hydroxyl group of Y42 from 2.71
to 2.62 A.

DISCUSSION

Spectral Tuning of the Ground-State Absorption Spectrum.

Biochemistry, Vol. 39, No. 44, 2003483

at 446 nm is strongly red shifted from that of the free
protonated chromophore at about 300 rn The latter is
shifted to 340 nm upon formation of the thiol ester bond
with C69 and is further shifted to 398 nm upon deprotonation
of the phenolic oxygen@). The shift from 398 to 446 nm,
accounting for 2700 cnt or about 25% of the whole red
shift, is attributed to specific interactions with the protein
environment. A comparable red shift of the absorbance
maximum of a protonated Schiff base at 440 nm in methanol
to the wavelength of maximal visible absorbance in the native
protein is known as the opsin shift for retinal pigmergs)(

The high-resolution X-ray structure of the PYP ground state
suggested an essential role for active site residues E46, R52,
Y42, and T50 in spectral tuning of the chromophore’s
absorbance and stabilization of its negative chat@g The
phenolate oxygen of the chromophore hydrogen bonds to
Y42 (2.71 A) and E46 (2.69 A). The side chain of T50 forms
a hydrogen bond with the hydroxyl group of Y42 (2.83 A)
and the carbonyl oxygen of E46 (3.07 A); its main-chain
carbonyl oxygen also hydrogen bonds with R52 (2.97 A),
which shields the chromophore from solvent. The roles of
residues E46 and R52 have been examined using site-directed
mutants 17, 18, 20, 36). It was shown that electrostatic
interactions of the negatively charged chromophore with the
positively charged guanidinium group of R52 make only a
negligible contribution to the red shift of the chromophore
absorption. The E46Q mutation, however, shifted the absorp-
tion peak by 777 cmt to 462 nm. Similar red shifts of 540
and 587 cm* are observed for the T50V and Y42F mutants,
respectively, and indicate the importance of the hydrogen
bond network around the chromophore for spectral fine-
tuning of its absorption maximum. The red shifts of the
absorption maxima can be explained on the basis of the
crystal structures. The mutation Y42F destroys the hydrogen
bonds between residue 42 and the chromophore as well as
between residue 42 and T50. This leads to an increased
distance between T50 and F42 due to van der Waals
repulsion and movement of the chromophore’s aromatic ring
toward T50. A new but weaker hydrogen bond between the
chromophore’s phenolate oxygen and the hydroxyl group of
T50 is formed (Figure 10a). The weakening of one hydrogen
bond and the removal of the other lead to increased charge
density on the chromophore which is known to red shift its
absorption maximum@). The mutation T50V destroys the
hydrogen bonds with the backbone carbonyl oxygen of E46
and the hydroxyl group of Y42, resulting in van der Waals
repulsion between Y42 and V50 but only very small changes
in the chromophore coordinates (Figure 10b). Thus, T50 does
not have a strong influence on the chromophore conformation
but helps to dissipate negative charge via the hydrogen bond
to Y42.

Origin of the 391 nm Spectral Shoulder in the Y42F
Mutant. The absorption spectrum of the Y42F mutant is
significantly different from that of wild type by a large 391
nm shoulder on the 458 nm maximum (Figure 2). A spectral
shoulder (at~350 nm) for the mutant M100ALQ) increased
on illumination, even with weak room light, and was ascribed

For visual pigments and chromoproteins such as PYP thatto the steady-state accumulation of thg photocycle

are involved in biological light sensing, it is important that
the protein responds to light in the appropriate part of the
spectrum. The absorption maximum of the aniomic
hydroxycinnamoyl chromophore in PYP’s binding pocket

intermediate. In contrast, the spectrum of Y42F was unaltered
by exposure to room light or to overnight incubation in the
dark. However, the spectrum of Y42F was sensitive to
solvent and temperature. The disappearance of the 391 nm
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Ficure 10: Stereoviews of the active sites of (a) wild-type PYP (dark) and the mutant Y42F (light) and (b) wild-type PYP (dark) and the
mutant T50V (light). Wild-type PYP and the mutants are superimposed ondheatbons. The light dots represent the hydrogen bond
network in the mutants Y42F and T50V, respectively. PDB codes are 2PHY, 1F98, and 1F9l for the coordinates of wild-type PYP, PYP
T50V, and PYP Y42F, respectively.

band at—196 °C (unpublished observation) excludes the CI nor the strongest chaotrope thiocyanate (results not shown)
possibility that it is due to the vibrational fine structure of denatures PYP Y42F completely, which would be indicated
this mutant since this should not be sensitive to temperature.by a peak at 340 nm.
Upon denaturation with guanidine hydrochloride, the 391  FT Raman spectroscopy, which selectively monitors the
nm band formed as a stable intermediate at about 1.1 Mchromophore vibrations in the protein, provides direct
guanidine before the protein unfolded at 2.2 M guanidine as evidence for two different chromophore conformations in
indicated by the generation of the 340 nm band (Figure 3). the Y42F mutant. The main vibrational band at 1555 €m
The 391 nm shoulder thus represents a second chromophorgith a shoulder at 1530 cm in wild-type PYP (1552 and
conformation within the protein population. The absorption 1530 cmt in Y42F), analogous to the Y8a and Y8b modes
maximum at 391 nm indicates that it is clearly distinct from of tyrosinate 87), shows a strong sideband at 1572 ¢rim
denatured PYP. Y42F which is missing in the wild type as well as in the
The effects of chaotropic and kosmotropic agents were T50V mutant (Figure 6). The observation that the two bands
different from those of denaturants. Kosmotropes such asat 1552 and 1572 cnd in Y42F change intensity in response
(NH,).SO, are well-known stabilizers of proteins and are to application of sulfate and chloride ions, respectively,
routinely used for their storage. They increase the ionic qualitatively in the same way as the absorbance bands at
strength of a solution and enhance water clusters around458 and 391 nm in the UV/vis spectrum, indicates that the
proteins, thereby decreasing the entropy of water and the1552 and 1572 cnt bands represent two different chromo-
total free energy of the syster®2). Thus, kosmotropes make phore conformations. The bands at 1555 and 1163'¢m
proteins more compact by salting out hydrophobic residues. wild-type PYP (Figure 6a) are indicative for the protonation
Application of (NHy),SO, to PYP Y42F reduced the size of state of the chromophore34). The resonance Raman
the 391 nm shoulder by stabilization of the main species spectrum of the chromophore model compopraydroxy-
absorbing at 458 nm (Figure 5a). In contrast, the chaotropecinnamyl phenyl thioester in its anionic form shows corre-
NH,CI destabilized the 458 nm species by increasing the sponding bands at 1568 and 1166 ¢énin the neutral model
amount of the 391 nm species (Figure 5b). Chaotropic agentscompound, the band at 1568 chis shifted by 32 cm! to
bind extensively to the charged groups and dipoles (peptide1600 cm! and the band at 1166 crhis shifted to 1176
bonds) of proteins, resulting in the destabilization of the cm™ (34). The lack of a band at about 1176 ch{Figure
protein by reduction of the number of water clusters around 6c) and the comparatively small shift of 20 chof the main
it (salting in) 32). It is interesting to note that neither NH peak (from 1552 to 1572 cm) in the mutant Y42F (Figure
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6c¢) suggest that the chromophore in the second conformationpossibly less rigid protein. The interconversion between the
is not protonated. This is in agreement with a larger peak two chromophore forms is fast relative to fluorescence
shift of 31 cn? (from 1552 to 1583 cm) in the temper- emission, implying only small structural changes. The blue
ature-denatured Y42F mutant where the chromophore isshift of the chromophore absorption to 391 nm could be
protonated (unpublished observations) and with the acid explained by (i) a movement of the chromophore toward the
titration of Y42F (Figure 4), which shows a biphasic positively charged R52, (ii) chromophore protonation or
transition with two K, values of 4.4 and 6.4. stronger hydrogen bonding to the phenolic oxygen of the
Time-Resaled UV/Vis Spectroscop¥he kinetics of the chromophore, and/or (iii) redistribution of the electron density
bleach and recovery reactions in the PYP mutants T50V andamong the atoms of the chromophore due to changes in the
Y42F at neutral pH are significantly different from those of chromophore’s environment or in its geometry or conjuga-
the wild type but have changed by less than 1 order of tion. The double mutant Y42F/R52A, which shows an
magnitude. This relatively small effect was especially absorption maximum at 458 nm and an even further blue-
unexpected for Y42F, since Y42 is directly H-bonded to the shifted shoulder at 375 nm (unpublished observations),
chromophore hydroxylate (Figure 1). These results are similarexcludes explanation i. The Raman spectra, the photoexcit-
to those for the R52A mutani{) and to wild-type PYP in ability, and the acid titration curves suggest that the second
the presence of primary alcohols and ui@g). In all cases, chromophore conformation is not fully protonated. A possible
the bleach becomes faster and the recovery slower, whichinterpretation is that the hydrogen bonds to the phenolate
correlates with a somewhat reduced stability of the protein. oxygen of the chromophore differ in the two forms. Either
Accordingly, the midpoint for guanidine denaturation was shorter hydrogen bonds or geometrical changes leading to
decreased, and theKp for acid denaturation increased in greater orbital overlap would reduce the electron density on
the T50V and Y42F mutants when compared to the wild the phenolic oxygen and blue shift the absorption maximum.
type. The observation that the effect of pH on the kinetics It is also possible that the reduced stability of the protein
in TS50V and Y42F is similar to that of wild-type PYP allows the penetration of one or more water molecules into
(Figures 8 and 9) suggests that T50 and Y42 are not directlythe active site. This could lead to the formation of an
involved in any protonation or deprotonation events that additional hydrogen bond between the chromophore and a
control the speed of the light cycle. water molecule or to a change in the acidity of the E46
Fluorescence Spectroscoplgvidence for the intercon-  carboxyl group via an increase in hydration or dielectric
vertability of the two chromophore species in Y42F comes constant in the immediate vicinity of the E46hromophore
from the fluorescence data. Although the fluorescence hydrogen bond.
emission spectrum of Y42F is very similar to that of the
wild type and does not change when the excitation wave- ACKNOWLEDGMENT
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