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ABSTRACT. Photoactive yellow protein (PYP) is photoconverted to its putative active form gP¥iRh

global conformational change(s). The changes in the secondary structure were studied by far-UV circular
dichroism (CD) and Fourier transform infrared (FTIR) spectroscopy using PYP, which lacks N-terminal
6, 15, or 23 amino acid residues (T6, T15, and T23, respectively). Irradiation of truncated PYPs induced
the loss of the CD signal, where the maximal difference was located at 222 nm. The reduction of the CD
signal was significantly larger than the calculated CD of the N-terminal helices, indicating that it is mainly
accounted for by the unfolding and/or structural change of the helices located outside the N-terminal
region. The difference FTIR spectra between dark and photosteady states recorded using the solution
samples demonstrated that large absorbance changes in the amide mode-stfi¢le¢ were reduced and
downshifted by truncation. The structural change of fheheet is therefore closely correlated with the
N-terminal loop. NaCl decelerates the decay of intact 2¥dRd T&, at low concentrations<{500 mM)

but accelerates decay at high concentrations000 mM). For T1§ and T23;, NaCl accelerates their
decay at>100 mM but never decelerates their decay, suggesting that the electrostatic interaction, which
plays an important role for the recovery of PYP from RyYFs lost by removing positions—715. The
electrostatic interaction between this region andAkexaffold is likely to promote the conformational
change of PYR for recovery of PYP.

Since the interconversion between the inactive form and distinct intermediates are formedH8). The lifetimes as well
the active form of the receptor protein is driven by a global as the spectral shifts of PYP intermediates are similar to those
conformational change induced by the stimulus, study of the of bacterial retinal proteins, such as sensory rhodogin (
structural change is essential in elucidating the transduction10) and phoborhodopsin (sensory rhodopsin 11))( while
mechanism for receptor proteins. Photoreceptor proteins arethe chromophore of PYP is gcoumaric acid bound to a
widely subjected to this kind of study, and photoactive yellow cysteine residue by a thioester bond. Despite the strikingly
protein (PYP)is one of the most-characterized photoreceptor different properties of the protein moiety and chromophore,

proteins. the long-lived intermediate, PXf(also called pB or 12), is
PYP is a soluble photoreceptor protein found in the purple thought to correspond to M (meta) intermediates of bacterial
phototropic bacteriunEctothiorhodospira halophilg1). It ~ retinal proteins in a spectroscopic analogy. They have the
consists of four segments called an N-terminal cap (contain- following common features: (i) they are relatively stable
ing a1 anda2 helices), a PAS core (strands, 52, a3, o4, intermediates in their photocycle, with lifetimes of 6.1 s.
and}3), a helical connector), and g3-scaffold (34, /5, (i) Their chromophores are electronically neutral, while in

andf6) (2). On the basis of its sequential homology, PYP dark states they are charged (positive for retinal proteins and
is thought to be a prototype of the PAS domain superfamily, negative for PYP). (iii) Their absorption spectra are located
which is widely involved in the signal transduction system. in the near-UV region. (iv) They have chromophores in cis
PYP has been proposed to be the photoreceptor for photoforms, unlike their dark states.
phobic reactions in bacteri&) For photon absorption, PYP The transducer has not been identified in the PYP system,
undergoes a photocycle, in which several spectroscopicallybut PYR, is thought to be the active form. Structural analysis
of PYRy is thus essential to revealing the activation

T This work was supported in part by a Grant-in-Aid for Scientific mechanism fo.r PYP. The tertiary structure of R,W?as first
Research from the Ministry of Education, Culture, Sports, Science and Proposed by time-resolved crystallograpfig)( This model
Technology of Japan and by a grant from Sekisui Integrated Researchproposed that the chromophore and nearby amino acid side
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1 Abbreviations: PYP, photoactive yellow protein frofctothio- distribution was confirmed in solution by problng the surface
rhodospira halophila PAS, per-arnt-sim; SAXS, small-angle X-ray  of PYPRy using multivalent organic acids such as citrét8)(
scattering;Ry, radius of gyration; FTIR, Fourier transform infrared, Since then, the mechanism for formation of RyiRas been
CD, circular dichroism; MOPS, N-morpholino)propanesulfonic acid; . T .
iPYP, intact PYP; T, PYP in which N-terminah amino acid residues ~ Studied extensively, and a lot of spectroscopic data has been

were truncated. accumulated. It has been shown that RYIEB formed by
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proton transfer from Glu46 to the phenolic oxygen of the iPYR,, ho E46Q was accumulated in our experimental con-
chromophoreX4, 15), followed by a global conformational  ditions. These CD spectra were identical, indicating that no
change in the protein moietyl§—19). The protein confor- spectral artifact was produced by the filter or the actinic light.
mational change is so large that RYRs in a partially The CD produced by eaadh-helix andS-sheet of PYP
denatured state2(0—22). These findings clearly show that was calculated on the basis of its crystal structure (PDB entry
the structural change in solution is significantly larger than 2PHY). The molar ellipticity ofa-helix of n peptide units
that in the crystal 18); therefore, analysis of P¥Punder at 222 nm is empirically represented as follov2s)(
physiological conditions is required.

Our recent SAXS experiments have demonstrated that the [0]220= CDpa(1 — ki)
Ry of PYPy is 0.4-1.1 A larger than that of PYP (15.2 A)
(13, 23). This dimensional increase is reduced, and the
lifetime of PYR, is markedly prolonged when several
N-terminal amino acid residues are cleav@8<25), sug-
gesting that the N-terminal region has crucial roles in the ; .
conformational changes for the formation and decay of 2ccording to the length of helixk = 2.8 forn =4,k = 3.5
PYR,. However, FTIR studies in solution demonstrated that 0F N = 8, andk = 4.0 forn = 11 (thusk for n = 7 is
a large absorbance change in the amide | region is observed€duced to be 3.3). In the present analysis, the value of 2.8
in the PYR,/PYP spectrum, and it is partially attributable was used fora_l, 02, anda4; 3.3 fora3; and 4.0 forod.
to the antiparallelg-structure {8). These observations CDrax was estimated to be-43 000 9).

suggest that th8-sheet and N-terminal region are involved hThﬁ.EI.I'pt'C'?’;:(;hg random c0|I'\\//|vas neglc;;tzed because
together in the conformational change. The next question is the ellipticity o enaturedyd M urea at nm was

what interactions are present between fhsheet and the less than 3% of the native PYP (data not shown). The molar
N-terminal region and how they are rearranged in RYIR ellipticity of the -strands was estimated to bel5 000 by

the present study, the role of the N-terminal region for the the k2d program30).

. : FTIR SpectroscopyETIR spectra were recorded using a
changes in secondary structure was studied by CD and FTIR _. . .
spectroscopy, using PYPs with enzymatically truncated BioRad FTS-6000 Fourier transform infrared spectropho-

: : : : : - tometer. The temperature of the sample was maintained at
N-terminal regions (623 amino acid residues). In addition, . . ;
the effect of the salt concentration on the decay of RyP 293 K Dby an Oxford Optistat DN optical cryostat (Witney,

was studied to examine what kind of interaction promotes Oxford;hire, UK). The s_ample cell was compos:ed of two
the decay of PYR. Cak, windows (18 mm diameter) and a Capton film spacer

(7.2 um thickness; Dupont-Toray, Tokyo, Japan), in which
MATERIALS AND METHODS 5 uL of the sample £160 mg/mL protein, 10 mM MOPS,
200 mM NacCl, pH 7.0) was placed. The sample cell was set
Sample Preparationintact PYP {PYP) was prepared at an angle of 45 and irradiated perpendicularly to the
using a heterologous overexpression systerasoherichia monitoring beam for excitation. The irradiation light at 436
coli (26, 27). Truncated PYPs, which lack N-terminal 6, 15, nm (fwhm= 10 nm) was obtained by an optical interference
and 23 residues (T6, T15, and T23, respectively), were filter (43161; Edmund Scientific, Barrington, NJ) and a 150
prepared by partial digestion with chymotrypsin followed W cold light source (HL150; Hoya-Schott, Tokyo, Japan).
by isolation using DEAE-Sepharose column chromatography UV—Vis Absorption Spectroscopyhe decay of PYRy,
(24). T6wm, T15y, and T23 in 10 mM MOPS buffer (pH 7.0) was
CD SpectroscopyCD spectra were measured with a J-725 monitored by the absorbance change at 350 nm after
circular dichroism spectropolarimeter (Jasco, Tokyo, Japan).photoexcitation at 293 KiPYP and T6 were excited by
The sample{1 uM protein, 10 mM MOPS, 200 mM NaCl, ~ >410-nm light, obtained by a short-arc xenon flash lamp
pH 7.0) was put into a quartz cell wita 1 cmlight path (SA200; Eagle, Kanagawa, Japan) with a glass optical filter
length. The temperature of the sample was kept at 283 K (Y43; Asahi Techno Glass, Chiba, Japan). The absorbance
with a Peltier temperature controller (PYC-347WI; Jasco, changes were recorded with a multichannel CCD/fiber optic
Tokyo, Japan). CD spectra for M intermediates were Spectroscopy system (S2000 system; Ocean Optics, Dunedin,
measured under continuous illumination with yellow light FL). As the lifetimes of T1f and T23 are extremely long
(>410 nm) obtained using a 100-W optical fiber illuminator (2—20 min), the absorbance changes for l&nd T23,
(Megalight 100, Hoya-Schott, Tokyo, Japan) and a glass Were precisely measured using a Shimadzu UV2400PC
optical filter (Y43, Asahi Techno Glass, Chiba, Japan). As double-beam spectrophotometer (Kyoto, Japan). T15 and T23
the penetration of actinic light into the detector causes an Wwere excited by illumination fo2 s using a 60-W cold light
inaccuracy in the CD signal, it was protected with a band- fiber optical illumination system (Luminar Ace LA-60Me,

Where CDhax andk are the molar ellipticity of thex-helix
of infinite length and the empilical constant, respectively.
However, it was recently reported that the ellipticity of the
short helix does not obey this rul2g). The values ok vary

pass filter (maximum transmittanee 220 nm, fwhm= 40 Hayashi Watch-Works, Osaka, Japan) and a glass optical
nm) (BP-0220-040-A; Spectrogon, By Sweden). The filter (Y43, Asahi Techno Glass). The absorbance decrease
voltage of the photomultiplier was not fluctuated by il- Wwas fitted by a single-exponential function by IGOR Pro
luminating the sample, indicating that the actinic light is Vversion 3.1 (WaveMetrics, Lake Oswego, OR) to estimate
practically blocked by this filter. decay rate constants.

As the control experiments, CD spectra of E46Q (pH 8.0) RESULTS
were measured in the dark without the band-pass filter, in
the dark with the filter, and under illumination with the filter. CD SpectroscopyPYP has two shorti-helices in the
Because the lifetime of E4G£is much shorter than that of  N-terminal cap ¢1 anda2), two in the PAS cored3 and
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Ficure 1: Far-UV CD spectra of truncated PYPs and their M
intermediates. CD spectra of T6 (a), T15 (b), and T23 (c) were
measured in the dark and under continuous illumination with yellow
light (=410 nm) at 283 K. Ellipticity was converted to molar
ellipticity per protein. (d) CD spectra @PYP, T6, T15, T23, Tf,
T15y, and T23, as compared to each other.

a4), and one in the helical connectod) (2). All a-helices

are conserved in T6, T15 lackel, and T23 lackst1l and

o2. Thea-helices and thg-sheet produce the negative CD
signal at 222 nm. It has been reported that the intensity of
the CD signal is reduced upon the formation of RY[R1,

22). This is explained by the partial loss of secondary
structure, but site-specific information has not been reported.
The far-UV CD spectra ofPYP, T6, T15, and T23 were
measured in the dark (Figure 1). Then spectra fax, TEL5y,

and T23; were measured under continuous illumination with
>410 nm light (Figure 1). The CD signals were converted
to molar ellipticity per protein. Under these experimental
conditions, 14% ofPYP was converted td®YPRy, whereas
>90% of T6, T15, and T23 was converted to their respective
M intermediates (data not shown). As the reduction of CD
at 222 nm was 3.8% foiPYP in this condition (data not
shown), the molar ellipticity ofiPYPRy at 222 nm was
calculated to be—1.00 x 10 deg cn? dmol ™t The
ellipticities at 222 nm are presented in Figure 2. The fractions
of secondary structures could not be estimated solely from
the ellipticity at 222 nm, but ellipticity can be accurately
estimated from the protein structure. To speculate the
composition of the CD signal ofPYP, the CD signal
produced by eachu-helix and g-sheet derived from the
crystal structure was calculated (see Materials and Methods)
It is also presented in Figure 2 for comparison.

The far-UV CD signal in the dark was only slightly
reduced by truncation becausd and a2 have a small
ellipticity at 222 nm due to their shortness. The calculated
ellipticity of iPYP is significantly smaller than that experi-

and 984 ) cm™
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FiGUrRe 2: Molar ellipticity at 222 nm for the dark states (hatched
bars) and M intermediates (open bars). The ellipticity of dark state
iPYP calculated on the basis of the crystal structure (PDB entry
2PHY) is shown for comparison.

mentally obtained. A shortr-helix (Asn61-Ala67) might
account for this difference (see Discussion).

The irradiation caused a blue-shift of the CD peak along
with a reduction in intensity by 27% faPYP, 25% for T6
and T15, and 21% for T23. The molar ellipticitiesiBfY Ry,
T6m, T15y, and T2% were identical, indicating that the
contribution of the N-terminal loop to far-UV CD spectra
was negligible. Maximal difference between dark and light
conditions was located at 222 nm, which agrees with the
CD peak of ama-helix (222 nm) but is different from that
of a3-sheet (217 nm). Hence, the difference in the CD signal
by illumination is mainly attributable to thex-helices,
although thes-sheet may have a small contribution. The large
decrease of CD suggests that the significant portiondf
and/oro5 (and possibly ar-helix and/orj-sheet) would
undergo the unfolding and/or structural change (Figure 2).

FTIR Spectroscopyl.he absorbance change of the amide
I mode in the difference FTIR spectrum between R\énd
PYP (PYR/PYP spectrum) shows a protein structural change
upon PYP— PYR, conversion {7, 18). However, the
intensity of this mode in the crystal or frozen sample is much
weaker than that in solutiori4, 18, 31), indicating that the
crystallization or freezing of the sample inhibits the protein
structural change of PYP. Therefore, the solution sample
(~160 mg/mL) was used in the present FTIR experiments.

The FTIR spectra of T6, T15, or T23 in the dark and in
the photosteady state mixture produced by 436 nm light were
measured (pH 7.0, 293 K). Then the difference FTIR spectra
of Téw/T6, T154/T15, and T2g/T23 were calculated by
subtraction (positive signals for intermediates, negative
signals for dark states) (Figure 3). As the control,iPéR,/
iPYP spectrum was also measured, which was in good
agreement with that recorded by the time-resolved measure-
ment (7).

First, theiPYPR/iPYP spectrum measured at 293 K was
compared with that at 233 KL4, 31). Both had a cis/trans
marker of the chromophore at 1286/1301¢éni31), con-
firming that both M intermediates have a cis chromophore.
A protonated Glu46 band at 1737 cm™%; deprotonated-
chromophore bands at 143%), 1301 (), and 1163 {)
cm™%; and other chromophore bands at 1058,(1042 ),

L were also observed in the frozen sample.
However, the intensities of the bands at 1699, (1646 ),
1530 (), 1673 (+), 1625 (+), 1608 (), and 1574¢) cm
in solution were markedly larger than that in the frozen
sample. On the other hand, the bands at 14871193 (t),
and 1004 ¢) cm ! were located at 1482, 1177, and 994
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Ficure 4: Difference FTIR spectra (a) and the second derivative
spectra (b) in the amide mode region. Intensity was normalized by
1163 cnt! bands. ThéPYPRy/iPYP spectra are represented with
dotted lines. Note thatd?A/dv? was plotted in panel b so that the
directions of the peaks in panels a and b are identical.
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Wavenumber em ) 1646 and 1635 cmi. It is clear that the 1646) cm™* band

Ficure 3: Difference FTIR spectra aPYRy/iPYP, T6/T6, T154/ ; ; ;

T15, and T2g/T23. Calculated by subtracting FTIR spectra in the OEIPYZ (ilgggpearedillnbtrugcated P\t(PS._fI_nztead, thet_1655
dark from those under continuous illumination with 436 nm light. (—) an ) cm™ bands are intensified, suggesting
Temperature of the measurements was 293 K. Scale bars represerihat the 1646 cm' band ofiPYP is the sum of two bands,
0.0002 foriPYP and 0.005 for T6, T15, and T23. each of which shifted to 1655 or 1635 chby truncation.

These values agree with the typical amide | modes for the
cm! in the frozen sample, respectively. Most of the o-helix and antiparallel3-sheet (1653 and 1632 cf
chromophore bands in the dark state were not affected byrespectively 82, 33)). As the 1625 cm' band ofiPYPRy has
freezing, but the chromophore bands of Ryydhd the amide  previously been assigned to the amide | mode of the
mode band were shifted or reduced. This can be explainedantiparalle|s-structure 18), pairs of bands at 1625/1635 and
by the difference between the structures of RYtPsolution 1625/1646 cm' of iPYP would demonstrate a structural
and in the frozen sample. change of thgg-sheet. The 1673 cm band ofiPYP, which

By truncation, the intensities as well as the locations of was upshifted in truncated PYPs, would be complementary
negative bands at 1736, 1437, 1301, 1163, 1058, 1042, ando the 1646 (1655) crt band. An upshift suggests structural
984 cn1?, ascribed to Glu46 or chromophore, were not disorder of theo-helices of PYR. The wavenumber of the
shifted, suggesting that the chromophore structure was not1530 cnm* band foriPYP agrees with that of the amide I
affected by truncation. However, the intensities of the amide mode of theS-sheet 83). The 1697 cm® band has been
mode bands were reduced as the number of truncated amin@ssigned to an NH group of the side chal®)(
acid residues increased. Effect of Salt on the Reeery of PYP.To examine for

An expanded view of the amide mode region is shown in what kind of interaction the N-terminal region is responsible,
Figure 4a. The amide | mode at 1625/1646 ¢émf the the effect of salt concentration on the recovery of truncated
iPYRu/iPYP spectrum was slightly downshifted, and the PYPs from their M intermediates was studieBYP, T6,
intensity was reduced in the 66 spectrum. The intensity ~ T15, and T23 were excited by light, and the decays of their
and wavenumber of the 1625 cm™® band of T¢ was M intermediates were monitored by an absorbance decrease
comparable to those of T§5and T23,. However, the 1646  at 350 nm. The decay curves were fitted by single-
(=) cm™* band foriPYP was completely separated into two exponential functions, and decay rate constants were esti-
bands in T15 and T23. The bands at 1697 é&nd 1530 {) mated. They were plotted against the NaCl concentration in

cm ! were reduced in truncated PYPs. The 1673 ¢m! the sample (Figure 5).
band ofiPYRy was 7 cm* upshifted in T and reduced in The rate constants were reduced as the number of truncated
T15y and T23. amino acid residues increased, as reported previo@d)y (

To separate several bands, which may overlap in this In addition, NaCl dependence of the decayshR¥PR, and
region, second derivative spectra are shown (Figure 4b). TheT6y were different from that of Tlp and T23. NacCl
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10 = ¥ reduced by light. Nowadays, the fractions of secondary
r ] structures are widely estimated by fitting the CD spectra over

o ] a broad wavelength range. It is useful to predict the secondary
: Intact . structure of unknown protein, but it does not perfectly
- . reproduce the secondary structure of PYP at present. For
example, the CDsstr program gave the values of 24% for
the a-helix and 20% for thgg-sheet 84). However, fractions
of a-helices angB-sheets in the crystal structure are 28 and
T6 34%, respectively. We also analyzed our CD data using the
programs available now, but the similar tendency was
\\// observed (not shown).
On the other hand, the relation between ellipticity at 222
nm and secondary structure is well-investigatd8),(and
0.01 | E the ellipticity can be accurately estimated from the tertiary
3 ] structure. In the present study, the CD at 222 nm produced
[ 1 by eacha-helix andS-sheet was calculated using up-to-date
L e 0 ] parameters29) and compared with the experimental data
(Figure 2).
The molar ellipticity ofiPYP was significantly larger than
0.001 |- E that calculated on the basis of the crystal structure. PYP has
: ] a shortz-helix composed of seven amino acid residues
(Asn61-Ala67) close to the chromophore-binding site (Cys69).
A m-helix is a rare secondary structure, but its significance
for function has been propose8dj. The CD spectrum of a

Ficure 5: Effect of salt concentration on the decay rate constant 7-helix has not been characterized, but the molar ellipticity
of M intermediates. The decay rate constants were estimated b

fitting the absorbance change at 350 nm in 10 mM MOPS bufferyOf IPYP is consistent with the calculated one, on the
(pH 7.0, 293 K) with single-exponential functions. Decay rates are assumption that the CD spectrum ofelix is comparable
plotted against the concentration of NaCl. to that of ana-helix.

] Illumination reduced the CD signal at 222 nm by-21
decelerates the decay B¥YRy and T at <500 mM but 2794 The maximal difference was located at 222 nm, which
accelerates decay atl M. The minima of decay rate  agrees with the CD peak of am-helix (222 nm) but is
constants were located a600 mM NaCl, where they were  gjfferent from that of aB-sheet (217 nm). Hence, the

2—3 times smaller than those at 0 mM NaCl. However, salt gjfference in the CD signal is mainly attributable to the
dependent deceleration was not observed fopTdid T2%.  .helices. In fact, it was reported that the change in CD of
Their decays were accelerated at NaCl concentrations ofihe B-sheet upon acidification of PYP, which mimics the
>100 mM, and their rate constants ®M NaCl were~4 PYP— PYR, transition, is much smaller than that@fhelix

times greater than those at 0 mM. It should be noted that (34). NMR study proposes the structural change of the
the effect of truncation was prominent at low salt concentra- chromophore-containing loop as well@3, a4, and the first

tions: at<50 mM NaCl, decays of ¢ T15q, and T23 turn of o5 (19), suggesting that the CD signal from these

-
T T
dop d

e
N

Rate Constant (sec '1)

L 1 gl v vl 0wl
0 10 100 1000

NaCl [mM]

were 100, 2000, and 6000 times slower thi#VYPy,  helices and/or ther-helix would be reduced. The simplest
respectively, while at 3 M, they were 50, 300, and 800 times gyp|anation for the loss of the CD signal is the (partial)
slower. unfold. Shortening of the helix simultaneously reduces the

molar ellipticity of the rest of thex-helix (28). In addition,
DISCUSSION changes in dihedral angles also alter the CD sig88l. (

To characterize PY{ in detail, we have developed The light-induced reduction of ellipticity at 222 nm has
methods to stabilize PYjPby truncating N-terminal amino  been investigated previously. When a high accumulation of
acid residues. In these kinds of experiments, the nature ofthe M intermediate was achieved by acidification of the wild
PYPu that is altered by stabilization should be noted. We type (pH 4.0) 21) or use of the M100L mutant2@), the
have reported that the absorption spectrum of PYP and,PYP loss of CD was 19 and 40%, respectively. The present
is not largely affected by truncatio24). SAXS experiments  experiment showed a 27% loss fd?YP (pH 7.0). The
have shown that thé&y values of T6, T15, and T23 in  difference from the former is explained by the pH depend-
solution agree with those calculated from the crystal structure ence (manuscript in preparation). On the other hand, the far-
of iPYP (PDB entry 2PHY), in which atoms for N-terminal UV CD peak of M100L shifted from 222 to 223 nm by light
6, 15, and 23 amino acid residues were deleg3). (These unlike that of the wild type. Therefore, it appears that the
observations show that the disorder of protein structure by secondary structure of M10@Ls significantly different from
truncation is within the detection limit of SAXS experiments the wild type.

(23), and the chromophore/protein interaction is conserved Large absorbance changes that suggest global conforma-
in truncated PYPs. tional change were observed in the amide mode region of

In the present study, the secondary structural change uporthe difference FTIR spectra for truncated PYPs (Figures 3
the PYP— PYRy transition was examined by CD and FTIR and 4). However, absorbance changes attributable to the
using truncated PYPs. The far-UV CD signal was only structural change of thg-sheet for truncated PYPs were
slightly reduced by truncation in the dark but significantly smaller than that foiPYP, suggesting that the structural
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FiGure 6: Electrostatic interaction between the N-terminal cap angstheaffold derived from the crystal structure (PDB code 2PHY).
Water molecules are represented in blue. The salt linkage and hydrogen bonds (green) are present between the N-terminal cap (pink) and
B5-56 (yellow).

change of thes-sheet is closely correlated with the N- of the dark state was observed for the M intermediate. As

terminal loop. the 1646 cm? band shifted to 1635 cmin truncated PYPs,
The present experiment, along with our previous wa ( the B-strand(s) for this mode are likely to interact with the

24), narrows down the possible amino acid residues respon-N-terminal region. There is ng-sheet structure in the

sible for the conformational change of PYP. Truncation of N-terminal region, but positions-115 are located close to

positions 16 (T6) results in a marked difference in amide thep-scaffold segmeny¥4-36), suggesting that the structural

I modes of the FTIR spectra (Figure 4) and00-fold longer change of thg-scaffold accounts for the change in the amide

lifetime of the M intermediate (Figure 5). Additional mode of the FTIR spectra. FTIR and CD spectroscopies also

truncation of positions 715 results in a rather smaller shift demonstrated structural disorder of thehelices, even for

in amide | modes and-15-fold longer lifetime than T. T23, which lacksal anda2, indicating the disorder a3,

Truncation of positions 1623 has little effect on FTIR a4, and/ora5. In fact, a molecular dynamics simulation

spectra and-4-fold longer lifetime than T1%. The increase  predicted structural changes around Thr56.&wand Met100

of Ry upon the formation of PYRis 1.1 A for T6 and 0.7  betweens4 andf5 (37).

A for T15 and T23 23). These observations indicate that The difference absorbance at 1625 ¢raccounts for one

positions 15 are important for the conformational change to two amide bond(s). However, the quantitative analysis

that causes the absorbance change of the amide mode andsing the difference spectra would not make sense because

dimensional increase. it is likely that the amide bands of the dark state and M
The most prominent amide | mode at 1625 ¢ror iPYPy intermediates are significantly overlapping.
(Figure 4) has been assigned to the antipar@Histructure The decay of PYR was affected by salt concentration.

mode (L8). Thus, its complementary bands at 1635 and 1646 We have reported that the effect of the inorganic ion on the
cm* could be assigned to the antiparaffestructure mode.  decay of PYR depends on the ionic strength, whereas that
Note that these difference FTIR spectra do not indicate the of the organic ion such as citrate has the specificity).(It
unfolding of thes-sheet because the pairfestructure mode  suggests that the mechanism of stabilization of R¥i the
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inorganic ion is different from that of the organic ion. The and thef-scaffold. These residues are conservecEnt
most plausible acceptor of citrate is Arg52, located near the tothiorhodospira halophilaRhodothalassium salexige(g9),
chromophore. However, because the effect of NaCl is Rhodobacter sphaeroid¢40), Rhodobacter capsulatgl),
different from citrate, NaCl does not necessarily affect the and Halochromatium salexigen§42), except for Glul2.
electrostatic interaction near the chromophore. However, as Asp is substituted into position 12 Rf

The dependency of the decay rate constariPafR, on sphaeroidegindR. capsulatusthe electrostatic property of
the NaCl concentration was qualitatively similar toyf6  this position is conserved. These high conservations suggest
NaCl decelerates the decay of M intermediates up+8 2  that interaction between the N-terminal cap andaseaffold
times at<500 mM but accelerates it at1 M. However, promotes the structural changes of RyYP
for T15y and T23;, NaCl accelerated their decays=at00 Our previous SAXS experiments suggested that the
mM but never decelerated decay. In general, electrostaticN-terminal loop is detached from the main part on the
interactions, such as hydrogen bonds or salt linkages, areformation of PYR, (23). In this model, the interactions
weakened by salt. The Debye lengths at 100 and 1000 mMbetween Gly7-Glul2 and5-36 are broken in PYR. Thus,
NaCl were calculated to be 10 and 3 A, respectively. Becauseconversion from PYR to PYP involves the reformation of
they are comparable to the hydrogen-bond length, it is these interactions. However, chromophore bands in the FTIR
reasonable to speculate that the effect of NaCl is the shieldingspectra including cis/trans markers (1286/1301%{8&1) and
of the polar residue(s) and/or the charged residue(s). There-1004/1058 cm® (43)) were observed in all truncated PYPs,
fore, for iPYP and T6 at low salt concentrations, the suggesting that restoration of the dark state chromophore
electrostatic interaction accelerates the recovery of the darkincluding cis— trans isomerization and deprotonation is not
states by 23 times. It is weakened by salt at 260800 mM, independent of restoration of the protein moiety. Namely,
resulting in salt-dependent stabilization of R¥FAs this the N-terminal region also promotes protein structural
interaction is lost by truncating Metl-Leul5, the amino acid change, as well as isomerization and/or the deprotonation
residues in this region would be involved in this interaction. of the chromophore. It seems to be curious that the rate-
However, the NaCl dependent acceleration of decay ofPYP limiting factor is present far from the chromophore. However,
at high concentration was observed in all PYPs. At high salt the protein conformational change and chromophore change
concentration, the hydration shell of the protein surface is take place cooperatively. Most of the HSQC cross-peaks are
broken, and the water molecule in the protein is pulled out. lost in PYR, (19), suggesting that the structure of RYB
As a result, electrostatic attractions that have been disturbedn equilibrium among the multiple substates. Therefore, some
by water grow stronger, resulting in a fast recovery of PYP. substates would have interaction between Gly7-Glul12 and
Alternatively, electrostatic repulsion is weakened by salt at 35-66 and effectively restore the chromophore to the dark

high concentrations, and the hydrophobic interaction grows
relatively strong. Since this phase was seen in all samples,
amino acid residues in the main part of PYP should be
responsible for this reaction.

The observations described previously suggest that the
recovery of PYP from PYR is partially promoted by
electrostatic interactions between positionslb and the
[-scaffold. Electrostatic interactions between the N-terminal
cap and th¢s-scaffold derived from the crystal structur@sf
are shown in Figure 6. The N-terminal loop lies in parallel
to the plane of thg-sheet. A salt linkage is present between
the side chains of Glul2 and Lys110. The amide oxygen of
Glu9 is directly hydrogen bonded to the amino group of
Lys110. A water molecule mediates the hydrogen bond
between the amide nitrogen of Gly7 and the imidazole
nitrogen of His108. The amide oxygen of Glul2, amide
nitrogen of Leull3, and indole nitrogen of Trpl11l9 are

hydrogen bonded by sharing a single water molecule. These

interactions are localized to the region conserved in T6 but
lost in T15 (Gly7-Leul5). These differences are consistent
with the significant difference in nature between T6 and T15.
The truncation of Metl-Phe6 has the greatest effect on the
lifetime of PYR, and the amide mode of the difference FTIR
spectra. Unexpectedly, the direct electrostatic interaction
between Metl-Phe6 anglscaffold was not found in the
crystal structure. Instead, the amide nitrogen of Glu2 and
amide oxygen of Gly25 is hydrogen bonded to form the
N-terminal loop. Lack of this hydrogen bond would cause a
disorder of the N-terminal loop, which would weaken the
interactions between Gly7-Glul2 ap8-36.

The side chains of Glul2, His108, Lys110, and Trp119
are involved in the interactions between the N-terminal cap

State.
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