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Light Induces Destabilization of Photoactive Yellow Protein
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ABSTRACT. To understand the effect of visible light on the stability of photoactive yellow protein (PYP),
urea denaturation experiments were performed with PYP in the dark and with BNdRr continuous
illumination. The urea concentrations at the midpoint of denaturation wered5@@&9 and 3.77 0.19

M for PYP and PYR, respectively, in 100 mM acetate buffer, and 52®.24 and 4.1 0.12 M for

PYP and PYR, respectively, in 100 mM citrate buffer. The free energy change upon denatura@gh-p),
obtained from the denaturation curve, was 1£00.4 and 7.6 0.2 kcal/mol for PYP and PY{P
respectively, in acetate buffer, and 1150.3 and 7.8+ 0.1 kcal/mol for PYP and PY\R, respectively,

in citrate buffer. Even though th&GpH:° value for PYR, is almost identical in the two buffer systems,

the urea concentration at the midpoint of denaturation is lower in acetate buffer than in citrate buffer.
Although their CD spectra indicate that the protein conformations of the denatured states of PYP and
PYRy are indistinguishable, the configurations of the chromophores in their denatured structures are not
necessarily identical. Both denatured states are interconvertible through PYP apd Fhérefore, the

free energy difference between PYP and RYB 3.4-3.7 kcal/mol for the protein moiety, plus the
additional contribution from the difference in configuration of the chromophore.

The first event after light absorption by a photoreceptor of bacteriorhodopsin has been performed in the presence and
protein such as rhodopsin, bacteriorhodopsin, and photoactiveabsence of light{1, 12. However, this procedure induces
yellow protein (PYP) is light-induced isomerization of a  denaturation from several photointermediates, and it is
chromophore, which triggers the reactions that follow. A impossible to estimate the free energy change upon dena-
global protein conformational change is probable in certain turation for a specific photointermediate. Instead, the activa-
photocycle intermediates, and this would be a key reaction tion free energy was estimated through kinetic measurements.
for the conversion of light energy into signal or chemical  We applied thermodynamic analysis of denaturation to the
energy. In fact, conformational changes of photocycle photointermediate of PYP. PYP was isolated frEotothio-
intermediates have been revealed and characterized forhodospira halophila(13) and is proposed to be a photo-
bacteriorhodopsinl—7). To understand the photoreactions receptor protein for negative phototaxis of this bacterium
of photoreceptor proteins, it is useful to describe the reaction (14). Many photoreceptor proteins are membrane proteins,
in terms of free energy. The wavelength of maximal but in contrast PYP is a small water-soluble protein (MW
absorption {maxy gives the electronic transition energy. If = 14 kDa). According to its high-resolution structure, PYP
the energy difference between the Fran€ondon state of  has amu/j fold structure composed of 125 amino acids with
each photointermediate and the minimum energy level of a chromophore, 4-hydroxycinnamic acid, bound to the unique
the excited state is estimated, the difference in energy levelcysteine residue at position 69 via a thioester bohs(
between the photointermediate and the ground state can bel7). Thus, PYP belongs to a novel group of photoreceptor
obtained. Kakitani et al.8) described the potential energy proteins (8, 19. The photoreaction of PYP has been
diagrams of rhodopsin through spectral analyses of theintensively studied and the photocycle has been established
photointermediates. (20—22). Despite the novel structure of PYP, photochemical

In addition to studies of the absorption spectrum, one properties are similar to those of the retinal proteins in
effective method to estimate the free energy of a protein is Halobacterium sarinarun{20). Among several photointer-
to study its denaturatior®( 10. If a denaturation experiment mediates, PYR (or pB) is considered to be a functional
is performed with the ground state and with a specific signaling state.
photointermediate of a light-absorbing protein, the free  The stability of PYP in the dark has been investigated by
energy difference between the ground state and the inter-denaturation experiments: PYP is very stable at high tem-
mediate can be estimated. For example, thermal denaturatiorperature or low pHZ0, 23, 24. Therefore, PYP is a suitable
protein to examine the effect of light on denaturation. Under
* This work was partly supported by a grant-in-aid from the Ministry ~ dark conditions, denaturation of PYP can be expressed as

of Education, Science, Sports and Culture of Japan to M.K. the following reaction equilibrium:
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state of PYR. of PYP alters the denaturation equilibrium as follows:
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» D o - (LA-60Me, Hayashi Watch Engineering) with a yellow glass
PYP == PYP, filter (Y43, Asahi Techno Glass; = 415 nm).
SpectroscopyDenaturation was monitored by a Shimadzu
Denaturation from the other photointermediates should be spectrophotometer (UV2400). Under illumination, the detec-
also included. To apply thermodynamic analysis to RYP  tor window of the spectrophotometer was covered with a
it is necessary to attain the following denaturation condition: UV band-pass glass filter (UV-D36A, Asahi Techno Glass;
300 nm= 4 < 390 nm) to avoid monitoring of the excitation
PYR,=D (1) light. CD spectra were measured with a JASCO spectropo-
larimeter (J-725), using a 1-mm light path. All of the

If we can measure reactions | and Ill separately, the free oo rements were performed at°@ which was main-

energy change upon denaturatiakQp) can be estimated tained with a Peltier device.

for both PYP and PY. Since the protein conformation of = thermodynamic Analysighe fraction of denatured state,
the denatured state is considered to be identical for both PYPFD, can be described by the observed absorbance at an

a_nd PYRA,_ the difference iINAGp corresponds to the appropriate wavelengtth, as:

difference in free energy of PYP and PyPMeyer et al.

(20) reported urea denaturation of PYP in the dark and in — (A _ _

the light. They estimatedGp for PYP as 10.8 kcal/mol at Fo = (A= AJ/(ho~ Ay) @)
pH 7.0. They also estimateiGp for PYRy by recoloring
kinetics with flash photolysis and with steady-state measure-
ments. However, if reaction Il shown above is attained, the
recoloring kinetics is irrelevant to estimateGp, because
both the conversion from D to PYP and the conversion from
PYPRy to PYP affect the recoloring. In fact, our present results
show the irrelevance of the recoloring kinetics.

Van Brederode et al.2@) applied a thermodynamic _
analysis to the photoreaction of PYP. They evaluated the AGp = ~RTInK, (2)
activation free energy between photointermediates through K, =F/(1— Fy)
the temperature dependence of the kinetics of the photo- b D b
reaction. They also estimated the free energy difference , . .
between PYP and PYPby the acid-induced formation of whereR is _the gas co_nstanAGD is a function of the urea
the PYR,-like state. Although the acid-induced spectral concentration, as indicated below:
change is quite similar to the light-induced spectral change, Ho
detailed characterization and comparison of the protein AGp = AG, " + mlurea] )
conformations have not been performed. The pH-induced
spectral change was assumed to be acid denaturation by Hoffvhere AGp™° is AGp in the absence of urea amd is a
et al. @4). However, the spectrum of PYP under low pH is proportional constant.
different from that of the denatured state of PYP. We have ey Ts
performed urea denaturation of PYP in the presence and
absence of continuous illumination to estimate the free energy,
difference between PYP and P)PWNe accumulated PYP
exclusively without any ground-state fraction of PYP at pH
5.0. Under these conditions, we can apply reaction Il to
estimate theAGp for PYRy. The present results show that
PYPy is less stable against urea than is PYP and MeG
is about 3.5 kcal/mol.

whereAy and Ap are the absorbance values for native and
denatured protein, respectively. The wavelength used to
estimateAGp was 446 nm for the denaturation curve of PYP
and 375 nm for that of PY{2 Free energy difference between
native and unfolded statAGp, is related to the equilibrium
constant for the unfoldingp, as:

PYP is known to be a very stable protein. At neutral pH,

e concentration of urea at the midpoint of denaturation is
7.4 M (20). We selected pH 5.0 for the denaturation
experiment because we need to obtain the urea denaturation
curve of PYRy. At pH 5.0, the lifetime of PYR is prolonged,

as shown in Figure 1. The absorption maximum was shifted
from 446 to 360 nm upon formation of PYRFigure 2).

This is identical to the previous observatio@8,(22. Figure

MATERIALS AND METHODS 1 shows the time course of decay of RY&s measured by
Sample PreparationrPYP was overproduced iBscheri- the decrease of absorbance at 360 nm and the urea concen-
chia coliand isolated by a urea extraction meth@a,(26. tration dependence of the rate constant. The rate constant is

Anhydrous 4-hydroxycinnamic acid was added to the urea affected by urea denaturation if the urea concentration is over
extract, and the reconstituted PYP was purified with a DEAE 2.4 M (see Figure 2a). Therefore, the apparent extrapolation
Sepharose CL6B (Pharmacia) colun2s,26. The purified with linear fit of Figure 1b is meaningless. The recovery
PYP was dissolved into either 100 mM acetate buffer (pH from PYR, to PYP in 5 M urea requires more than 1 day.
5.0) or 100 mM citrate buffer (pH 5.0). The purity index of Because the decay rate becomes very slow, we can ac-
the samples (the ratio of the absorbance at 275 nm over 446cumulate sufficient amount of PYP(almost 100%) con-

nm) used in this study was 0.44. firmed by the whole spectrum shown in Figure 1c, which is
Denaturation Experimentirea denaturation experiments corresponding to the initial state of Figure la.
were performed at 10C under illumination as well as in Figure 2 shows the urea-dependent spectral change for

the dark. Two procedures were used for denaturation in thePYP (a) and PYR (b) in 100 mM acetate buffer (pH 5.0).
presence of light: (i) urea was added to the illuminated PYP For PYP, the spectrum is unchanged between 0 and 4 M
solution; (ii) a PYP solution with the desired concentration urea. The clear isosbestic point at 376 nm indicates that the
of urea was illuminated. Both methods gave the same resultsurea denaturation of PYP is a two-state transition. The
The PYP solution was illuminated by a cold light source denatured state of PYP £i) has an absorption maximum
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1.0 ©) by absorption spectrum. PYP was dissolved in 100 mM acetate
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0.2 . The spectrum of PYP with no urea was identical to the spectrum
00 | in 4 M urea (curve 1, panel a), and the spectrum of g ¥ifth no
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A (nm) '
Ficure 1: Properties of PYR examined in the present study: (a) g 10F ' " e08m éc ot
decay kinetics of PYfin urea solutions of various concentrations, & o®n" g (a)
(b) urea concentration dependence of its time constant, and (c) T 08r n g8
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buffer (pH 5.0). The urea concentrations in panel a were 0 (curve g hd q
1), 1.0 M (curve 2), 2.0 M (curve 3), 3.0 M (curve 4), and 4.0 M 3 04r o N .
(curve 5), respectively. g » 8
2020 Om el i
at 340 nm, 20 nm shorter than that of R¥.Fn the case of E oolmal®™ onf° . .
PYPRy, the spectrum is unchanged between 0 and 2.6 M urea. 3 4 5 6 7
The spectrum of PY was measured under continuous Urea Concentration (M)

illumination. Since the detector window was covered with a
UV band-pass filter Amax = 345 nm, fwhm= 50 nm) to
protect the photomultiplier of the spectrophotometer, the
spectrum of PYR is limited to the wavelength region
between 300 and 385 nm. The photo-steady-state under
continuous illumination at pH 5.0 contained only R¥,P
which is confirmed by the full spectrum. Thus, the addition
of urea brought PYg into its denatured state (f). The
isosbestic point at 336 nm indicates that the urea denaturation 2 !

of PYPy is a two-state transition between PyRnd its 3035 4045 5j0 55 60
denatured state. The existence of the isosbestic point also Urea Concentration (M)
confirms that PYP is fully converted to PY;An the light, Ficure 3: Urea concentration dependence of the denatured state

i A raction (a) and the urea concentration dependencAGf (b).
because the spectrum of each denatured state is differen pen symbols®, 0) represent PYP, and filled symbol® (m)

(Figure 4). The absorption maximum of the denatured state yenote PYR. Circles ©, @) denote the data for PYP in acetate

AGp (keal/mol)

of PYRy is around 340 nm, which is similar to that op{». buffer, and square&, m) denote the data for PYP in citrate buffer.
Since the peak of the difference spectrum of Figure 2b is
located at 375 nm, the denaturation curve for RYi#as transition. Thus, we can obtain the denaturation curve for

obtained from the absorption change at 375 nm, whereasPYP and PYR by applying eq 1. Figure 3 shows the
the denaturation curve for PYP was obtained from the denaturation curve for PYP and PYPAs shown in the
absorption change at 446 nm. figure, the midconcentration of denaturation is higher for
The existence of the isosbestic point indicates that the PYP than for PYR, indicating that PYR is less stable
denaturation of PYP and PYPby urea is a two-state against urea than PYP. Figure 3 also shows that the stability
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. . Ficure 5: Comparison of the far-UV CD spectra of PYP (curve
Table 1: ‘_I'hermody_namlc I_Daram(_eFer;s Obtained by the Urea 1), Devp (curve 3), and ) (curve 4). Qyp and D, were measured
Denaturation Experiments in Equilibrium in the presencefd M urea. Since PYP is in equilibrium between
experimental ureal 2 AGpH0 m native PYP and_Dypln the presencef® M urea, the CD spectrum
peri [ b2 . for Dpypwas estimated from the CD spectrumin@ M urea (curve
conditions (M) (kcal/mol)  (kcal/mol/M) .
- 2) and the CD spectrum of native PYP (curve 1) as: [curve=3]

PYP in citrate buffer 5.26:0.24 11.5+0.3 2.18+0.05
PYPRy in acetate buffer 3.7# 0.19 7.6+£0.2 2.02+0.05 . .
PYPy in citrate buffer ~ 4.11£0.12  7.8£0.1  1.90+ 0.03 for PYPu, Dpyp, and Ou. The absorption maximum for both

denatured states is located at 340 nm, but the spectral shape
and absorption coefficient are different from each other. CD
of PYPy is dependent on the buffer. We used two different spectra for Bypand Dy in 6 M urea are shown in Figure 5.
buffer systems: 100 mM Na-acetate buffer (pH 5.0) and 100 It should be noted that the CD spectrum for PYP in 6 M
mM Na-citrate buffer (pH 5.0). The denaturation curve for urea results from 14% native PYP and 86%&Xsee Figure
PYP is almost identical for these two buffer systems (open 3). The CD spectrum of fp (curve 4 in Figure 5) is
symbols in Figure 3); however, the denaturation curve for completely identical to that of & (curve 3 in Figure 5),
PYRy in acetate buffer is clearly different from that in citrate strongly demonstrating that there are no significant differ-
buffer. The midconcentration of denaturation is lower in ences in protein conformation for both denatured states. This
acetate buffer than in citrate buffer, suggesting that 2 YP is consistent with the general concept that globular proteins
is more stable in the latter buffer. are completely unfolded in a high concentration of urea.

The free energy change upon unfolding was obtained by Therefore, the observed spectral properties suggest that the
the equations given in Materials and Methods, as shown in difference in structure betweenes{p and Dy occurs in the
Figure 3b.AGp is linear with urea concentration, as would chromophore itself.
be expected from eq 3. The thermodynamic parameters A solution of PYP in 5.6 M urea and 100 mM acetate
obtained are summarized in TableAlGy"-° for PYP is 11.0 buffer (pH 5.0) was irradiated by light from a 60-W cold
kcal/mol in acetate buffer and 11.5 kcal/mol in citrate buffer, source with a glass filter, Y-43, to examine the intercon-
which are typical values for globular proteing7f. These vertibility between Rypand Dy. The excitation light contains
values are also comparable to the repors&}:°, 10.8 kcal/ only wavelengths longer than 410 nm, which are not
mol, for the urea denaturation of PYP in 5 mM phosphate absorbed by Byr or Dy. The absorbance change at 340 nm
buffer (pH 7.0) R0). The AGpH° value for PYR) is 7.6 kcal/ was monitored. An increase in the absorbance at 340 nm is
mol in acetate buffer and 7.8 kcal/mol in citrate buffer. We expected for the reactions PYP Dpyp, PYP— PYRy, Du
can conclude that, within experimental error, the thermody- — PYPBy, and Oy — Dpyp, Whereas a decrease is expected
namic parameters for PYP are independent of the buffer for the reactions Byp— PYP, PYRy — PYP, PYR;, — Dy,
systems. On the other hand, althou§ksp"° for PYPRy and Dbvp — Dw (Figures 1 and 4). Upon illumination, the
seems to be independent of buffer system, the midconcen-absorbance increases at first and then subsequently decreases.
tration of denaturation differs in the two buffer systems as a In 5.6 M urea, the fraction of PYP is about 20% (Figure 3).
result of the difference in then value (eq 3). Then value This PYP is converted to PXPupon illumination, and then
for PYRy in citrate buffer is smaller than that in acetate the resultant PYf is converted to . At the same time,
buffer, indicating that the urea denaturation of RYiB less Deyp is converted to PYP, according to the equilibrium in
cooperative in citrate buffer than in acetate buffer. 5.6 M urea. When the illumination is shut off, the absorbance

AGpMC for PYRy is smaller than that for PYP by 3.4 kcal/  gradually decreases and reaches a constant value. The second
mol in acetate buffer and by 3.7 kcal/mol in citrate buffer. illumination at 300 s causes a slight increase in absorbance.
If the structure of [y is assumed to be identical to that of Therefore, some portion of PYHs converted to PYP after
Devp, these values correspond to the free energy differenceshutting off the light, and this portion of PYP is redistributed
between PYP and PXPThe value is larger than the reported to PYP and Bypin the dark according to the equilibrium in
value, 1 kcal/mol, obtained for the equilibrium between PYP 5.6 M urea. Finally, at 2000 s, no absorbance changes were
and acid dark PY§ (22). As discussed later, this quantitative observed despite irradiation. This suggests that all the PYP
interpretation is not straightforward because the structure of and Dbyp fractions have been converted tq,[@nd that no
Dw is not necessarily identical to that of-{. direct conversion from R to Dpyp OCCuUrs. At urea concen-

To understand the properties of¥pand Dy, we compared  trations lower than 5.6 M, the @fraction is converted to
the spectra of these states. Figure 4 shows absorption spectrBYP and Rypthrough PYR; during an overnight incubation

2 The urea concentration at the midpoint of denaturation.
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in the dark. This is because the reaction rate of the recoverybuffer than in citrate buffer. Then value is interpreted to
from PYR, to PYP becomes very slow in the presence of represent the difference in solvent-accessible surface area
urea (Figure 1). From these observations, the denaturationbetween the native and unfolded stat86)( The protein
scheme of PYP and PYXfPcan be summarized as: conformation of Ly is considered to be similar to that of
Devp (Figure 5). If we assume that the solvent-accessible
surface area is almost identical for the denatured states, the
difference in them value indicates the difference in the
surface area of the native state. Thus, the surface area of
PYPR, appears to be slightly larger than that of PYP, and
the surface area of PXFin citrate buffer is larger than that
by urea denaturation experiments in the presence of visibleIn acetate buffer.'We observgd that the radm; Of. gyration
light (Rg) of PYPRy, obtained by solution X-ray scattering, is larger
' than that of PYP and that th®, in acetate buffer is smaller

DISCUSSION than that in citrate buffer (unpublished results), supporting

The three major findings of the present study are sum- the interpretation of then value. PYR, corresponds to a
marized as follows: (1) The free energy change upon partially unfolded state2@), which leads to an increase of
denaturation AGp"°, for PYP is 11.0 kcal/mol in acetate the surface area. The mechanism of the buffer effect is
buffer and 11.5 kcal/mol in citrate buffer, whereas that for unsolved at the moment. The buffer solution we used
PYPy is 7.6 and 7.8 kcal/mol, respectively, indicating that contained only Naas a metal ion. Naitself does not show
PYPy is less stable against urea than PYP. (2) The stability any effects on the spectrum of PYR20). Thus the metal-
of PYRy is affected by the nature of the buffer. (3) The jon-chelating activity of citrate is not the origin of the buffer
protein conformation of the denatured structure of RYP effect.
(Dwm) is identical to that of PYP (B, whereas the
configuration of the chromophore is different. Direct conver-

sion between R and D-vp does not occur, but they can be that of Doyp. However, their absorption spectra are different.

interconverted through PYP and Py P . :
. Therefore, the difference in the structures gfyPand Dy
In the present study, we have shown that the urea-mducedis considered to be the isomeric state of the chromophore.

unfolding of PYP and PYi is approximated closely by a In the ground state, the phenolic hydroxyl group of the

two-state transition. Thus, the free energy change upor'chromophore is deprotonated and the chromophore is present

. e 1o e iy Y hetanscontraion 16,2, 20 In contet e i
: y Y shifted intermediate PYJP contains the chromophore in a

iL:1nfeOI3liﬁgr?Jr§ p&ztoé?tgtrge;{dé?tfeog?tggh&}izsgé?g% f;g;m protonated state and in tlés configuration 28, 29. Upon
q - VIEy ) P protein unfolding by urea, the chromophore would be

of PYP in the dark and in the light. In their study, recoloring D . .
kinetics were determined by flash photolvsis and steady- exposed to the aqueous milieu, leading to deprotonation of
y n y Y the chromophore 4-hydroxyl groupei» and Dy are formed

state measurements to obtaiGp"2°. Since PYR, and its ; o . . .
denatured state coexist under their measurement conditionsfrom PYP and PYR, respectively. Visible light is required

as is shown in reaction IV, the recoloring kinetics would L%rotgﬁj Cr%g\i/r?tr;ilr?ntr?é ao”r’i'r::l%:j ?As.omgrri?:fosr'gtemgfa?ﬁeuéhro-
not give a relevanAGp":° value. The light-induced dena- 9

turation of bacteriorhodopsiriy, 12) has been reported. In :ir:)%pggi.h-rgfoicg;/nar::nqiinaecrigtljyi:fttb?c_atlzanﬂfs()lslgcrgsgzj-at
this case, a kinetic analysis was carried out to estimate y y ypically

activation free energy upon denaturation. These investigatorsroom temperature3@), which is considerably larger than the

assumed that several photointermediates were responsibI(I,\hermal energy at room tgmperature. Thergfore, .uno'ler the
for the light-induced denaturation. It is impossible to present experimental conditions, 0, thermal isomerization
determine the free energy difference between the dark-WOUId hardly occur, as suggested by Figure 6.
adapted bacteriorhodopsin and a specific photointermediate. The free energy change upon denaturatiGp™°, can
Van Brederode et al2@) applied thermodynamic analysis be estimated for PYP and P¥Ry thermodynamic analysis.
to the photocycle of PYP and could estimate the activation The value ofAGp"° obtained is 11.611.5 kcal/mol for
free energy between certain photointermediates, a procedurd®YP and 7.6-7.8 kcal/mol for PYR. If the denatured
that was quite effective to understand the property of the structure was identical for PYP and P)YPAAGpH:° would
photocycle. However, their described relative free energy correspond to the free energy difference between PYP and
between each photointermediate and the original state of PYPPYPy. This free energy increase is a result of light absorp-
should be reexamined, because the photointermediate ofion. However, as mentioned above, the structure gf D
interest and its thermally denatured state could coexist underdiffers from that of Rvp in the chromophore configuration.
their measurement conditions. Therefore, the free energy difference between PYP and,PYP
The stability of PYR, is affected by the buffer system, is the sum of AAGp"° and the free energy difference
whereas the stability of PYP itself seems to be independentbetween theis andtransforms of 4-hydroxycinnamic acid.
of the buffer system, as shown in Figure 3. RYiR citrate The free energy difference between ttensandcisisomers
buffer is more stable against urea than RYiR acetate of retinal in solution is reported to be almost3Ly. In the
buffer. The difference is mainly due to the difference in the case of 4-hydroxycinnamic acid, however, it is expected that
m value, becausAGp™:° for PYPRy is identical in the two the cis form is higher in free energy than theans form.
buffer systems. Then value for PYR, is larger in acetate  The free energy difference between thens andcis forms

Dpyp == PYP == PYP; == Dy (Iv)

Visible light changes the equilibrium between PYP angD
at certain urea concentrations into the equilibrium between
PYPRy and Dy at the same urea concentration. This indicates
that the urea denaturation curve of RYPan be obtained

The CD spectrum of the denatured state (Figure 5) suggests
strongly that the protein conformation of,0s identical to
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absorption change at 340 nm was monitored to evaluate the
formation of Dy. The sample was kept in the dark during the shaded
region of the time axis, and continuous illumination was applied

during the unshaded region.

can be estimated to be-8 kcal/mol by simple quantum

12.

13.
14.

15.

16.

chemical calculations (unpublished results). The free energy 17.

difference between PYP and PyRs, therefore, expected
to be 6.5-11.5 kcal/mol.

Van Brederode et al2@) suggested that the formation of
PYPRy is similar to an unfolding reaction and that the decay
of PYRy is close to a refolding reaction. We also have several

lines of evidence from mutation studies that RYB in a
partially unfolded state (unpublished results). TeGpH-C

value, 3.4-3.7 kcal/mol, would thus be related to the
difference in stability between the folded and partially
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