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ABSTRACT: The dynamics of the PYP photocycle have been studied using time-resolved optical rotatory
dispersion (TRORD) spectroscopy in the visible and far-UV spectral regions to probe the changes in the
chromophore configuration and the protein secondary structure, respectively. The changes in the secondary
structure in PYP upon photoisomerization of the chromophore can be described by two exponential lifetimes
of 2 &£ 0.8 and 650+ 100 ms that correspond to unfolding and refolding processes, respectively. The
TRORD experiments that follow the dynamics of the chromophore report three exponential components,
with lifetimes of 10+ 3 us, 1.5+ 0.5 ms, and 515 110 ms. A comparison of the kinetic behaviors of

the chromophore and protein shows that during the decay @R initial relaxation that is localized

to the chromophore hydrophobic pocket precedes the formation of the chromophore and protein structures
found in pBss In contrast, the protein and chromophore processes occur with similar time constants
during inactivation of the signaling state.

Light receptors which act as photosensory transducers inis a relatively small cytosolic protein that is accessible for
living organisms monitor spectral and intensity changes in high-resolution X-ray diffraction and NMR structure deter-
environmental light conditions and initiate an appropriate minations, it serves as a model system for understanding
behavioral response. For example, the plant photoreceptorlight-triggered signal transduction.

phytochrome plays a regulatory role, based on its sensitivity pyp consists of 125 amino acids (14 kDa) with a
to environmental far-red and red light, in photomorphogenetic p-coumaric acid (4-hydroxycinnamyl) chromophore co-
processes such as flowering, seed germination, and chloro—v‘,:m_mﬂy linked through a thioester bond to Cys&9-6).
phyll gynthesis. In halqbacteria, sensory rhodopsins mOd‘j'lateAlthough thep-coumaric chromophore in PYP is distinctly
the direction of rotation of the cell's flagellar motor in  gigterent from the retinal chromophore found in rhodopsins,
response to light intensity and color, thus leading to a processq,me photophysical and photochemical properties of PYP
that is loosely termed phototaxis. In the phototropic bacte- ;.o notably similar to those of sensory rhodopsin. The
rium Ectothiorhodospira halophilaa negative phototactic e chanism of signal transduction in sensory rhodopsin, PYP
response appears to be mediat'ed by the blue light photore- phytochrome depends on an initially small confiéura-’
ceptor photoactive yellow protein (PYR)L). Because PYP  yjona change of the chromophore that leads to protein

conformational changes, which results in the alteration of
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interpretation of the results obtained by application of these mophore { = 250 us) was identified with time-resolved
various techniques, some widely accepted features haveFTIR spectroscopy26) and was suggested to be formed by
emerged. proton transfer from Glu46 to the chromophofl,(32).
There are up to four precursors to thesgfntermediate, Because this latter transition was not accompanied by
which forms within a few nanosecond45j. The most significant differences in the global protein structure, this
prominent of these is detected within a few picoseconds in State was assigned as an intermediaté)(@Btinct from and
transient absorption studies (alternatively termgat PYRs) preceding the pBs species, but with the same absorption
and is characterized by an absorption maximuB@0 nm) maximum. Large conformational changes have been ob-
that is red-shifted from that of pG (15 16). Recent  served on the time scale of 2 ms for the'pB pBass
femtosecond anisotropy measurements have shown that irfransition. These conformational changes can be observed
the | state the photoisomerization has already occurt@y) (  in solution and in well-hydrated films, but not in crystals or
while a number of subsequent relaxation steps of the in dry films (25, 26), which helps to explain the results of
chromophore and the neighboring amino acids occur during X-ray crystallography studies that show no large protein
pRsss formation. pRes decays multiexponentially within  conformational changes throughout the PYP photocycle.
milliseconds to the putative signaling statesp27—29). According to these FTIR studies, the charged Glu46 ih pB
Formation of pBss is accompanied by several structural that is buried in an energetically unfavorable, highly hydro-
events, including protonation of the chromophore and protein phobic cavity may trigger the large global conformational
conformational changes, and is best described by two highly changes that accompany the formation otB

temperature and pH dependent exponential terms, 250 The global conformational changes that are involved in
and 1.2 ms (19C, pH 7.5) £8). Assignment of the observed the formation of pBss are likely to be instrumental in the
proton uptake during the PYP photocycl80) to chro- mechanism of the negative phototactic response triggered
mophore protonation by Glu46 during the formation oggB by PYP @5, 26, 29, 34—39). Solvent hydrophobicity and
has been reported by several FTIR studigg, 31, 32). viscosity studies have suggested that during the photocycle

Although measurements of light-dependent pH changes inthe protein conformation changes, to temporarily expose a
wild-type PYP and two variants (H108F and E46Q) using hydrophobic patch to the solverzq, 37). In a recent study
transient absorption methods also support proton donationwith a polarity sensitive fluorescent probe, it was found that
to the chromophore by Glu46 at slightly alkaline pH (7.5  pBsss formation is accompanied by the exposure of a
8.5), the possibility of proton transfer from the solvent could hydrophobic surface on a time scale that is 8 times slower
not be ruled out §3). This is also offered as a possible than protonation of the chromopho@g]. This is supported
alternative interpretation in the time-resolved FTIR studies by an absorption study that suggests bromocresol purple
by Brudler et al. 84). In fact, the results of a time-resolved binds with a time constant of 3.2 ms to the hydrophobic
absorption study of psusing pH-indicator dyes with wild-  surface that is exposed during formation opR35). These
type PYP and E46Q and E46A variants suggest that theresults are consistent with time-resolved FTIR studies that
chromophore can directly be protonated by the solv@jt ( report chromophore protonation &t250 s and protein
The decay of pBss back to pGass occurs on a subsecond to  conformational changes at2 ms @6, 34). Because it was
seconds time scale and is also described by two exponentiashown that such an increase in hydrophobicity facilitates
processes, 150 ms and 2 s. binding of PYP to lipid bilayers36) and because pBs is

The pRiss intermediate is proposed to have a futlis the only intermediate with a lifetime that is sufficiently long
chromophore configuration, while maintaining a global to transmit the information of blue light absorption to a signal
protein structure similar to that of p&. From FT Raman  transduction partner protein, pB is believed to be the
and step scan FTIR spectroscopic studies, formation of abiologically significant “activated” signal transduction state.
pR (I/) intermediate £ = 113 us) was associated with Partial unfolding of the protein is proposed to accompany
movement of the protonated Glu46 into a hydrophobic formation of the signaling state, whereas protein refolding
environment and protonation of the chromophore phenolic facilitates the return of the chromophore to th@ns
group in~25% of the PYP molecule84). The formation  configuration of the pG&s (29). Chromophore-triggered
of pR from pRues was described in parallel with deproto-  protein conformational changes as a mechanism for activation
nation of Glu46 to form pBss in the remaining 75% PYP of signaling state formation have previously been proposed
molecules. An additional intermediate'jlwas proposed by  for the sensory rhodopsin | and Il photoreceptat) (and
Brudler et al. 84) but reportedly follows pBs (1) too closely ~ the phytochrome plant photorecepte¥l). For PYP too,
in time to allow definition of specific differences between several lines of evidence for such a mechanism have been
them. However, a state of PYP with a protonated chro- found, in the results of fluorescence and FTIR studis (

38). However, Brudler et al. have interpreted the FTIR

2A review of the literature shows that the PYP photocycle d_ynamcs of th? PYP photocycle along the lines of a parallel
intermediates have been identified by different nomenclatures. For Kinetic mechanism, where the chromophore, protonation, and
example, pRsand pBssare also known as br PYR and b or PYR, protein backbone events & 113 us and 1.5 ms) occur
respectively. Because new intermediates, which cannot be observedsynchronous|y34)_

by absorption techniques, have been identified with vibrational, . S .
photoacoustic, and photothermal metha2; @6; T. Gensch, A. Losi, We have studied PYP with time-resolved optical rotatory

J. Hendriks, K. J. Hellingwerf, and S. E. Braslavsky, unpublished dispersion (TRORD) spectroscopy in the far-UV and visible

results; M. Terazima, personal communication), a unified and systematicregions to probe the changes in the protein secondary
nomenclature would be beneficial. However, until one is available we ; ;

will use pRissto describe the red-shifted intermediate zpBo describe structure and in the ChromOphore’ regpectlvely, thrOl.JghOUt
the blue-shifted state, and pGto describe the dark state (or initial ~ the photocycle. TRORD, rather than time-resolved circular

state) species. dichroism (TRCD), spectroscopy is used to follow the
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kinetics of the PYP photocycle because optical rotatory Time-Resaled Optical Rotatory Dispersion and Absorp-
dispersion (ORD) detection provides a signal-to-noise ad- tion SystemsThe PYP photocycle was initiated with 6:4
vantage over circular dichroism (CD) measurements. How- 0.6 mJ, 7 ns pulse width (full width at half-maximum) light
ever, because CD spectra are more sensitive to secondargf 444 nm generated by a Quanta-Ray PDL-1 dye laser that
structure differences, equilibrium CD measurements are usedwas pumped by the third harmonic of a Quanta-Ray DCR-1
to provide a structural interpretation of the ORD data. To Nd:YAG laser (Spectra-Physics, Mountain View, CA).
demonstrate that our experimental conditions and results areSpectral changes induced by laser excitation were probed
comparable to those of previous spectroscopic studies, wewith a xenon flash lamp. The TRORD technique has been
have also performed time-resolved WVis absorption described by Shapiro et a#i®). Briefly, the sample cell was
(TROD) experiments. positioned between two MgFpolarizers oriented at 90
The results of these studies provide insight into the (crossed position) relative to each other. The initially
protein—chromophore interactions at each stage of the unpolarized probe light was first collimated with a fused
photocycle from microseconds to seconds. The changes insilica lens before it passed through the first polarizer, the
the secondary structure in PYP upon photoisomerization cansample, and then the second, analyzing polarizer. In these
be described by two exponential lifetimes oH#20.8 and ~ experiments, the first polarizer was rotated b (1.87)
650 4+ 100 ms that correspond to unfolding and refolding from the crossed position. The probe beam was focused onto
processes, respectively. Analysis of equilibrium CD spectra the slit of a spectrograph before it was dispersed by a grating
suggests that the secondary structure changes during forma(600 g/mm) that is blazed at 200 nm and detected by an
tion of pBsss are attributed largely to unfolding ef-helical optical multichannel analyzer (OMA) detector.
protein structure. The TRORD experiments that follow the =~ Recent modifications of the TRORD system, where
dynamics of the chromophore report three exponential mirrors are used to focus the probe beam down to a spot
components, with lifetimes of 1@ 3 us, 1.5+ 0.5ms, and  Wwith a diameter of~300 um, have allowed the use of
515+ 110 ms. The photocycle mechanism can be describedconsiderably smaller sample volumes. The pump beam was
by changes in the geometry of the chromophore that precedgfocused down to~2 mm in diameter and was overlapped
and facilitate the formation of the signaling state, whereas with the probe beam at the sample cell, entering5°
the structural changes in the chromophore and protein occurrelative to the probe light. The propagation axis of the probe
with the same time constant during re-formation of,pG beam was perpendicular to the face of the sample. Modifica-
tions of the original TRORD design to permit experiments
MATERIALS AND METHODS on these small sample volumes will be described elsewhere.
For TROD experiments, the TRORD configuration was
modified by removing the polarizers. The details of the
TROD system have been described previoudls).(
Time-Resaled Measurement§.he sample was recycled
with a peristaltic pump between the flow cell, which was
made with fused silica windows, and a sample reservoir. Data
were collected wh a 2 sdelay between each laser pulse so
that the irradiated sample could flow out of the pungpobe

Sample PreparatiorRecombinant apoPYP was produced
heterologously irEscherichia coli as described previously
(42). ApoPYP was reconstituted with a carbonyl diimidazole
(CDI) derivative ofp-coumaric acid (pCA) (adapted from
refs43 and44). The derivative was prepared by dissolving
equal amounts of pCA and CDI to a final concentration of
250 mM in dry N,N'-dimethylformamide and stirring it

overnight at #C. The PYP sample was used after cleavage o pefore the next laser flash would arrive. This precaution
and removal of its polyhistidine tail. was taken to avoid the buildup of photodegradation products
For TRORD experiments, PYP samples (9Bl) were  or |ong-lived photoproducts that could interfere with the
prepared by dilution of a concentrated PYP stock solution kinetics of the photocycle. Care was also taken to detect
into 5 mM TRIS buffer (pH 8). This solution has an gjgnificant fluctuations in temperature, laser power, and
absorbance of-1 in a 1.3 mm cell at 230 nm and an  ymp-probe geometry. The temperature of the sample-(24
absorbance 0f-0.8 in a 2 mncell at 446 nm for the TRORD 26 °C) and the laser power were measured several times
experiments, and an absorbance-@5inal.3mmcellat  throughout the experiment with an infrared temperature probe
446 nm for TROD experiments. (Fluke 80T-IR, Fluke Corp., Everett, WA) and an Ophir
For equilibrium CD and ORD measurements, PYP samples power meter (Ophir-Aryt Optronics, Ltd., Jerusalem, Israel),
(~20uM) were prepared by dilution of the concentrated PYP respectively. An absorption spectrum was measured periodi-
stock solution into deionized (DI) water. DI water, rather cally throughout the experiments to ensure the integrity of
than 5 mM TRIS buffer, was used so that data near 180 nmthe photoreceptor protein.
could be measured. The pH of the DI water was adjusted For TRORD experiments in the far-UV region, ap-
with 1 M HCI or 1 M NaOH to yield sample pH values of  proximately 300 averages at each of 20 delay times between
8, 6, 4, 3, and 1.5. In this study, the form of PYP at pH 1.5 50 4s and 2.1 s were collected after photoinitiation. In the
is termed the pR.« species. visible region (436-530 nm), 19 time points were measured
Equilibrium ORD signals were collected for pR& and between 500 ns and 800 ms after initiation of the photocycle.
for pBsss that was obtained by continuous illumination of At 500 ns and lus, ~1000 averages were recorded, while
PYP at pH 4 with a 12 V, 50 W tungsten halogen lamp (HLX ~594 averages were accumulated at all other times. The
64 610 BRL, Osram) and a 450 nm cutoff filter. The steady TROD spectra were often collected on the same sample used
state absorption spectra of PYP were measured on a UV for the far-UV TRORD experiments. For each set of TROD
vis spectrophotometer (UV-2101PC, Shimadzu, Columbia, data, two averages were collected at two to six logarithmic
MD), and PYP concentrations were calculated by using an delay times per decade betweenu& and 2 s after the
€446 Of 45500 Mt cmt (29, 45). photocycle was initiated. The data shown in this paper
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represent a total of 16 averages for each of the 30 time points 0
that were measured. The time resolution of the far-UV and
visible TRORD experiments was & and 500 ns, respec-
tively, whereas the time resolution for the TROD experiments
was lus.

Circular Dichroism Measurement€£D spectra of PYP
at different pH values were measured on an AVIV 60DS . .
spectrometer (AVIV Associates, Lakewood, NJ). Data were 210 20 230 240 250 260
accumulated for 16 s every 1 nm with a bandwidth of 1 nm
from 180 to 280 nm usim a 1 mmquartz cuvette. The
temperature in all experiments was maintained between 24
and 26°C.

SVD and Global AnalysisThe time-dependent behavior
of the TRORD and TROD data in both spectral regions was
analyzed using singular-value decomposition (SVD) and
global exponential fitting algorithms, which were written in
the mathematical software package Matlab (Pro-Matlab, The
Mathworks Inc., South Natick, MA). Two studies on the 2 1 0 1 R
plant photoreceptor phytochromd7 48) give details of log, time (ms)

SVD and global analysis methods, so they are notd|scusseq:IGURE 1 Far-UV TRORD data on the kinetics of the PYP
here. o photocycle The pGus ORD signal (black line) and the ORD signals

The OMA TRORD data from the visible and far-UV  measured 10 ms (gray circles)da® s (gray line) after initiation of
spectral regions were analyzed in the form of difference ORD the photocycle are shown in panel A. The difference ORD
signals, obtained by subtracting the initial state PYP ORD intensities (230 nm) measured at all time points are shown in panel
signal from the signal of PYP measured at various time points B &0"d With a two-exponential fit to the data.
after initiation of the photocycle. The OMA far-UV TRORD
data in the 216260 nm spectral range, as well as several

data sets that were truncated around 230 nm, were analyze ISVD algorithm that combines the ideas of many previous
The far-UV and visible TRORD spectra were also analyzed workersg to estimate the secondary structure of );ort)eins and
as single-wavelength difference TRORD data because the dary < P

uses the CD spectra of proteins with known structures as

photoinduced changes are small. The kinetic traces for thethe basis set. The CDsstr method dives a root-mean-square
far-UV and visible TRORD data were obtained by averaging : ' g qu
error of 4% or better for the secondary structures of an

the difference OMA data across the 22832 and 468472 _helix, 3irhelix, B-strand, turn, and polyfproline) Il type

nm wavelength regions at each time point. Consequently, g-helix, foor— the : roteins i’n thé basig slétp This errgrpis of

the exponential lifetimes reported in the Results for the far- ™% . P : : ; .
approximately the same size as the uncertainty in the

UV and visible TRORD data are averages of the values secondary structure determination that was reported with
reported separately by analysis of the OMA and kinetic data. X-ray diffraction for these proteins. The input files included

The far-UV TRORD data were offset near 270 nm because PYP and myoglobin CD data in the wavelength region of
the equilibrium OR spectra of & pBuan and pBssshowed 59 7564 0 rpe myoglobin data were provided as test

no optical activity from 265 to 270 nm and weak optical data by the CDsstr web site (randymacdonald.als.orst.edu)

activity from 275 to 300 nm. and were used to confirm that the CDsstr program was
The TRORD data obtained in the visible region showed . . e prog .
running according to specifications. Twenty-six protein

unusual structure at wavelengths greater than 500 nm, We”spectra were used as a basis set, and the resulting fits of

to the red of the wavelength maximum (460 nm) of theG
ORD signal. It was later determined that these features WerePYP were compared to t_he results of X-rajtf and NMR
(23) structure determinations.

caused by second-order diffraction from the spectrograph

grating. To correct for this artifact, equilibrium ORD signals resyLTs

for pGyss Were measured with and without a 320 nm cutoff

filter (O-54, Corning Glass Works, Corning, NY). The Far-UV TRORD Experimentdn Figure 1A, the OMA

difference signal of pGse without and with the filter was ~ TRORD spectra measured in the far-UV spectral region are

used to correct the TRORD signals. Cutoff filter measure- represented by the pg spectrum and time-resolved spectra

ments for pBss and pBiak Yielded similar baseline correc- measured 10 ms dn2 s after initiation of the photocycle.

tions. The ORD signal collected at 10 ms shows-at0% decrease
The OMA TROD data were also analyzed as difference in intensity (rotational strength) relative to the pg&spec-

spectra of PYP measured at various time delays aftertrum. Because the spectral changes in the ORD signal are

initiation of the photocycle minus PYP measured before small, only two time delays are shown.

photoinitiation. The TROD spectra were only analyzed in  Analysis of the OMA and the single-wavelength data best

the form of OMA data. However, the TROD data are also describes the dynamics of the PYP secondary structure with

presented as a kinetic trace by averaging the OMA data fromtwo exponential functions, Z 0.8 and 656G+ 100 ms. The

444 to 448 nm for comparison with the TRORD data. two-exponential fit is shown with the difference kinetic trace
CD Spectral AnalysisThe contributions of various ele- of the ORD data at all time delays in Figure 1B. Attempts

ments of secondary structure to the equilibrium CD spectra to fit the far-UV data to three exponentials generated either

-20

-40 10 ms

Optical Rotation (mdeg)

74
60 pad&2s A

Wavelength (nm)

6

A Optical Rotation (mdeg)

of PYP at different pH values were analyzed using the CDsstr
Jerogram described by JohnsofB). CDsstr implements an
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FiGure 2: Visible TRORD data on the kinetics of the PYP
photocycle. Four (500 ns, 15, 5 ms, and 800 ms) of 19 spectra
measured at different times are shown for the difference ORD data
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(A). A single-wavelength trace of all the difference ORD signals 4 3 2 1 0 1 2 3 4
(472 nm) is shown with a three-exponential fit to the data in .
panel B. log,  time (ms)

Ficure 3: Comparison of the ORD and OD kinetics of the PYP
a time constant faster than the time resolution of the Photocycle probed in different spectral regions. (A) Difference

; ; P TROD spectra measured at 14 (out of 30) time delays are shown.
experiment or two components with the same lifetime. The The spectra measured 1, 5, 100, 160, and 25@nd 5 ms after

improvement of the residuals in going from a two- jsitiation of the photocycle are shown in black, whereas the spectra
exponential to a three-exponential fit to the data is smaller obtained at 50, 100, 160, 400, and 500 ms anddL2as are shown
than the noise. in gray. In panel B, a single-wavelength trace (446 nm) of the

i ; i TROD data is shown with the corresponding four-exponential fit.
Visible TRORD Experimentsn visible (chromophore) (C) The absolute value of the data from Figures 1B and 2B are

TRORD experiments, we focus only on the positive signal ngrmalized with respect to the absolute value of the intensity in
near 460 nm, although the signal of PYP also shows a panel B for easier comparison of the difference in kinetics measured
negative ORD signal at380 nm. The negative OR band is  with the far-UV ORD (black line), the visible OD (gray line), and
extremely broad, with a full width at half-maximum 70 visible ORD (dotted line) probes.
nm, and is difficult to measure on the TRORD apparatus i
because the wavelength dispersion of the detection system>VD and global analyses fit the TROD data to four
was limited to ~100 nm by the grating used in the exponential processes with lifetimes ot51.5 us, 145+
spectrograph. 15us, 1.4+ 0.6 ms, and 30@: 20 ms. Thre_e of the time

To clearly represent the visible TRORD data, only four €onstants (14as, 1.4 ms, and 300 ms) for this TROD study
of the 19 time-resolved difference OR spectra (500 ns, 10 &€ consistent with those previously reported under similar
us, 5 ms, and 800 ms) that were collected are shown in Sample conditions by Meyer et al. (248, 2.8 ms, and 300
Figure 2A. The difference ORD signal for the earliest MS) €7) and Hoff et al. (25Qs, 1.2 ms, 150 ms, and 2 s)
measured time point, 500 ns, is negative with a minimum (28). In the kinetic studies by Meyer et al., the earlyu§)
near 470 nm. At 1@is, the intensity of the difference ORD and late (2 s) processes were not reported. This may be
signal is nearly half that of the signal at 500 ns, and at 800 because data at a limited number of wavelengths around 440
ms, the ORD signal exhibits the full rotational strength of Nnm were collected with a photomultiplier tube, which limits
the pGus state. The negative difference ORD signal at 5 ms the spectral resolution of the measurements. The absence of
shows a more pronounced decrease in magnitude at wavea@ 5us process in the study by Hoff et a8 may be due
lengths greater than 470 nm than at wavelengths shorter thario the time delays that were used in their experiments. Their
470 nm. These changes in the visible TRORD data can bemultichannel absorbance spectra were measured from 10 to
fit to three exponential processes with lifetimes of £(B 25 ns and from 1@s to 2 s, whereas their single-wavelength
us, 1.54+ 0.5 ms, and 515 110 ms. The three-exponential measurements used a gate of;# However, comparison
fit is shown with the kinetic trace of the TRORD data at all of their difference absorption spectra at 25 ns andu%0
time points in Figure 2B. shows changes that are similar to thesprocess reported

TROD data in the visible region were measured and here. A fifth exponential process with a time constant
analyzed to demonstrate that the experimental conditions andoetween 400 and 700 ms can be fit to our TROD data with
results are consistent with those reported by previous TRODa 3—8% improvement in the residuals. The inconsistency
studies 27—29). Figure 3A shows the difference TROD of this fifth exponential can be explained by the fact that
spectra of PYP measured at 14, from a total of 30, time our measurements did not focus on long times. Thus, with
delays so that it is easier to follow the spectral changes. Themore measurements between 1 and 5 s, the fifth exponential
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may approach # 2 s time constant reported by Hoff et al.
(28).

Comparison of Kinetics of Secondary Structure and of
Chromophore SignalsThe absolute value of the single-
wavelength traces from the difference far-UV (Figure 1B)
and visible (Figure 2B) TRORD data are overlaid with that
for the difference TROD signal at 446 nm (Figure 3B) in
Figure 3C. During the formation of pB, the visible TRORD
and TROD signals are considerably faster than the far-Uv
TRORD signal. However, the decay phase of the photocycle
shows kinetics in the far-UV region that are similar to those
in the visible region.

Secondary Structure Decompositi@@D spectra are used
in this part of the study because they are more sensitive to
differences in secondary structure than ORD signals. Re-
cently, we have shown that the same exponential processes,
regardless of the technique used to probe them (TRCD or
TRORD spectroscopy), can describe the folding of cyto-
chromec in the reduced state. Thus, in this study of PYP
kinetics, ORD detection is used primarily because it has a
signal-to-noise advantage over CIB), whereas equilibrium
CD measurements help to support the structural interpretation

Biochemistry, Vol. 42, No. 7, 2002067

of the ORD data.

Figure 4A shows a comparison of the ORD signals for
the kinetically observed ps intermediate measured at 10
ms, the pBss species present in photoequilibrium, and the
acid-induced pBss form (pBya, pH 1.5). The pBax the
equilibrium pBsss, and the kinetic pBs ORD signals are

13, 11, and 10% smaller in magnitude, respectively, than

the pGgssignal. In Figure 4A, the OR spectra are normalized
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at 230 nm to enhance any spectral differences in that band FIGURE 4: Analysis of the optical activity of PYP under different

The significant absorption of the probe light by the solvents,
especially at low pH, limits the reliability of the data below
220 nm. Because the equilibrium OR spectra ofip&an

be overlaid well with those of the equilibrium pBand pBss

experimental conditiondn panel A, the ORD signals for pBs
(measured at 10 ms, black line), gR (dotted line), and photo-
equilibrium pBss (gray line) are normalized at 230 nm and overlaid
to demonstrate the spectral similarity between the three species.
This comparison is the basis for analysis of the secondary structure

measured at 10 ms, it is possible to make inferences aboul’composition of the CD spectra for PYP. In panel B, the CD spectra

the secondary structure changes that occur in the kinetic form

of pBsss by analyzing the equilibrium CD spectra of the gB
and pBss species.

or PYP measured at pH 8, 4, and 3 (circles) and 1.5 (black line,
no circles) are shown. The reconstructed CD spectra (black lines)
generated by the CDsstr program are shown along with the
respective CD spectra at pH 8, 4, and 3. The percentages of

It might seem most reasonable to analyze the equilibrium Secondary structures reported by the CDsstr analysis are shown as

CD spectrum of pBssto understand the secondary structure
changes that occur in gi at 10 ms since both species are
induced by light. However, simultaneous illumination of the
PYP sample and collection of the CD data result in light

a function of pH in panel C. Data for each element of secondary
structure are connected through a line so that the trends may be
followed more easily.

percentages ai-helix, f-sheet, turn, and “other” structures,

saturation of the detector. On the other hand, reliable CD Where “other” refers to random coil, to be consistent with

data cannot be collected below 200 nm forgpB(pH 1.5)

the secondary structure reported by X-ray and NMR struc-

because of light absorption by the acid (Figure 4B). Because!ural data. The contents af-helix andj-sheet structures
of these limitations, CD spectra were measured at variousdecrease from 24 to 18% and from 20 to 19%, respectively,
pH values from 8 to 3 to follow the secondary structure UPON titration of PYP from pH 8 to 3, and there is an increase

changes from p&s t0 pByark Which is similar but not
identical to pBss (50). The secondary structure changes as

from 29 to 34% and from 12 to 14% for the random coil

and turn structures, respectively. The spectrum at pH 3, in

a function of pH were analyzed by using the CDsstr program contrast to the spectra at higher pH, is the only one that has

(49). In Figure 4B, the CD spectra for PYP at pH 8, 4, and

a significant relative concentration of pi& (~25%) @7,

3 are shown with the respective reconstructed CD spectra®l)- It is then likely that the secondary structure ofqp
that were generated by the CDsstr program. CD spectra forcan be inferred by a fa|r mltf—:-rpolatlon of the d@ta between
PYP at pH 6 were also collected and analyzed, but are notPH 8 and 3: pRhas a significantly reduceathelix content

shown in the figure. The CD spectrum for gRis shown,

and an increased amount of random coil, as compared to

but could not be analyzed due to the unreliable signal below PGass

200 nm.

The percentages of secondary structure reported by the

CDsstr program are shown as a function of pH in Figure

DISCUSSION

The results of analyses with various time-resolved structure

4C. The results of the analysis are reported in terms of the sensitive probes of the PYP photocycle have reported several
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conformational changes that accompany formation and the equilibrium CD spectra during the acid-titrated formation
relaxation of the signaling state. These include t(aphs— of the pBja« species. The CD spectrum for PYP at pH 1.5
cis isomerization of the chromophore on a sub-nanosecond(pBgai) exhibits greater decreases in the rotational strengths
time scale to form a red-shifted transient (pRy 3 NS, Amax at 208 and 222 nm than at 217 nm, which suggest that
= 465 nm), (2) an intramolecular proton transfer to the changes in the spectra can be attributed more to unfolding
anionic phenolic group of the chromophore to form a blue- of a-helical than of$-sheet structure. These changes are
shifted intermediate (PB7 ~ 250 us, Amax = 355 nm), (3) verified by using the CDsstr algorithm to decompose the CD
partial exposure of the chromophore phenolic oxygen and spectra measured at pH 8, 6, 4, and 3 into secondary structure
large protein conformational changes (exposure of a largecomponents. Decomposition of these spectra (Figure 4B)
hydrophobic surface area) to accommodate ¢fsechro- suggests that the major changes in the secondary structure
mophore structure and to form the putative signaling state of the protein occur in the-helical domains, with smaller
(pB, 7 ~ 2 ms,Amax= 355 nm), and finally (4) deprotonation changes taking place in thgsheet segments. Because a
andcis—transisomerization of the chromophore and protein calculation of complete unfolding of the N-terminal domain
refolding to re-form the initial PYP state (pG,~ 500 ms, of PYP would lead to a decrease in helix content-d’5%,
Amax = 446 nm). taking into account the fact that the secamdhelix in the

By probing the changes in the ORD signal from the crystal structure of PYR(-2, residue numbers 223) (21)
microsecond to seconds time scale, we have characterizeds relaxed into a poorly defined loop in solutioR3j, it is
the interaction of the chromophore with its protein environ- likely that a large part of the change in helical content is
ment (visible region) and the protein secondary structure (far- localized to the N-terminus. We are currently measuring the
UV region) during the PYP photocycle from photoinitiation CD spectra of the dark and light-activated state§-86 PYP
all the way through the recovery of the dark state. The optical (trunc-PYP) where the N-terminus is truncated. Spectral
activity in the 196-240 nm region is dominated by contribu- decomposition of these CD data into secondary structure
tions from both the Ax* and thex—x* transitions of the components will provide support for whether the changes
protein backbone structure. In contrast, the origin of a protein in helical content suggested by these ORD/CD studies are
chromophore ORD/CD visible spectrum, determined pre- indeed largely at the N-terminus. These results will be
dominantly from studies of heme proteins, is due largely to reported in a future publication.
the coupling of the asymmetrical electric dipoles of the  The structural flexibility of the N-terminal segment and
chromophore with the allowed—z* transitions of sur- the changes of the photocycle kinetics in the absence-a76
rounding aromatic amino acid residues. However, it is also amino acids of the N-terminus suggest an important func-
important to consider the inherent chirality of the chro- tional role for this domain39, 51, 59). The results of several
mophore and the distortion of the chromophore induced by structural probes of the photocycle of wild-type PY&0)(
the protein 52, 53). Because ORD signals in different and the Met100Leu mutant (M100L) of PYB1) suggest
spectral regions report on different parts of the protein that the signaling state is less compact than the initial state.
molecule, TRORD measurements will address the questionSAXS measurements on the M100L mutant report that there
of whether the chromophore and protein dynamics areis a 16% increase in molecular volume upon formation of
sequential or synchronized. the blue-shifted, signaling intermediat&l]. According to

Protein Structural Changed.he behavior of the TRORD  these authors, the expanded state, which shows a 40%
changes in the far-UV region can be described by two decrease imt-helical content, may have a domain-localized
exponential processes with lifetimes oft20.8 and 650+ protrusion of the protein that interacts with a receptor. An
100 ms. The 2 ms component is correlated to partial important role for the N-terminus, either in regulation of the
unfolding of the PYP protein to form the pg&intermediate, photocycle kinetics or in receptor binding of the signaling
and the 650 ms process reflects the refolding of the protein state, would be consistent with the results obtained with plant
in the last step of the photocycle. These assignments arephytochrome. The N-terminal segment of phytochrome has
consistent with the results from studies of heat capacity been proposed as a possible active site locaB@ng3) and
changesACy, during the PYP photocycle?§, 37). The changes its secondary structure also during the late stages
measured\C,* for re-formation of pGas from pBsssindicates of photoreceptor activatior64).
that this transition has the characteristics of a refolding Chromophore Structural Change$he behavior of the
process, whereas its numerical value~i30% of the value TRORD changes in the visible region can be described by
expected for complete unfolding of PYRS). This suggests  three exponential decays with lifetimes of 203 us, 1.5+
that~40 residues change conformation in the transition. The 0.5 ms, and 515 110 ms. The visible ORD signal of p&
far-UV TRORD results also support the FTIR studies that has significant intensity, suggesting that the chromophore is
associate a large conformational change with the formationin close contact with its neighboring amino acid residues.
of pBasss (26, 34). This is consistent with X-ray and NMR structural determina-

To assign the observed changes in the far-UV ORD signal tions that show the pfs transchromophore to be completely
to changes in secondary structure components, the opticaburied in the highly constraining, tightly packed major core
activity of pByak Was compared with that for pg (10 ms of PYP 21, 23). Within 500 ns of photoisomerization, the
time point). Because the ORD signals for {hesheet and difference ORD signal is approximately half the magnitude
o-helical conformations are nearly spectrally indiscriminate, of that for pGss Thus, the chromophore interaction with
with the ~205 and 230 nnp-sheet signals only slightly  the surrounding aromatic amino acids is still significant at
shifted and broader than thehelix signals at~198 and this time, although the negative intensity of this difference
233 nm 64—58), the changes observed in the TRORD data signal indicates that the distortion is in the opposite direction
are interpreted by examining the pH-dependent changes incompared to that for thérans geometry. This result is
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consistent with the observation of an early cryotrapped, pre- phytochrome and its photocycle intermediates are determined
pR intermediate where the thioester linkage has rotatel 166 by the protonation state of the tetrapyrrole chromophore, as
relative to the plane formed by the aromatic ring of the well as the interaction of the chromophore with the nearby
chromophoreg). Although Genick et al.&) report that the charged amino acid residuedsy.
thioester oxygen stays in the rotated position for only a few  The gifferent sensitivities of absorption and optical activity
nanqseconds, a time-resolved crystallographic molecular nethods explain why the chromophore protonation step
movie (1.8 A) of the PYP photocycle from nanoseconds t0 (hyndreds of microseconds) was detected in the TROD and
seconds shows that the thioester oxygen is rotated from its, ot in the TRORD studies. To detect this process in TRORD
original position from 1 ns unti~1 ms Q). The new  easurements, the protonation of the chromophore must also
environment of the flipped thioester oxygen is a hydrophobic jyfuence a change in the surrounding amino acid residues.
cavity comprising aromatic amino acids Phe62, Phe7s, pyring the analysis of the visible TRORD data, a fourth
Tyr94, Phe96, and the chromophore itself. process with a time constant of 16000 us could be fit to

The presence of a distorted chromophore in this hydro- some of the data sets. Although this process was unstable
phobic cavity at 500 ns is also supported by the far-UV gnq the residuals of a three-exponential fit showed no
TRORD data (Figure 1B), which show that the protein does jmprovement with the addition of a fourth exponential, it
not undergo S|gn|f|c§1nt global structura! changes at times suggests the possibility of a small process related to
faster than SQus. This suggests that ths chromophore  chromophore protonation. In addition, it follows that this
“sees” a protein environment similar to that observed by the process may be buried in the noise of the data and that

trans chromophore in pG@s It is reasonable that the rgtonation of the chromophore does not induce a large
difference ORD signal at 500 ns reflects a chromophore change in the chromophore chirality.

protein mismatch because the earliest significant structural

change detected within the 500 ns time resolution of the . The_ difference_ signal at 5 ms is asymmetric, with I_ess
TRORD experiments has a lifetime of 18. intensity at energies lower tham70 nm, but can be overlaid

To understand the proteirthromophore relationship in With_the difference_ ORD signal for ps generated by
the 10us process, the difference ORD signal observed at continuous illumination and p( at pH 8 (data not shown).
10 us is examined. When the 500 ns and,&Dsignals are This comparison indicates that the 1.5 ms process represents
normalized and overlaid, the difference observed at wave- the chromophore changes associated with the formation of
lengths greater than 490 nm is small enough that they arePBass According to X-ray crystallography studies, thesps3

considered to have the same spectral shape. This suggestJiérmediate is characterized byc chromophore where
that the chromophore has structurally reoriented to partially 1€ Phenolic oxygen is protonated and solvent-exposed. The
relax its mismatched interaction with the aromatic amino S€duence of these two events can be roughly mapped by
acids of the proximal hydrophobic cavity. In support of this Protonation within hundreds of microsecond$,(34) and

idea, time-resolved crystallographic studié} ¢f the Pyp Py movement of the chromophore that swings the guani-
photocycle show conformational changes correlated to the dinium group of Arg52, which serves as the gateway to the

proximal side of the chromophore, where Ala67, Pro68, and hydrophobic chromophore cavity, into its fully open position

Cys69 are part of a tight, S-shaped loop that is suggested tffter 1 ms 9). Because of the f[iming of the latter event and
undergo a series of structural changes from tens of nano-iN€ 1.5 s process observed in the TRORD data, the 1.5 ms

seconds to tens of microseconds in response to the chro£omponent is attributed to the movement of the phenolic

mophore isomerization. Additionally, in the time range of ©Xygen of the chromophore toward the solvent. This chro-
64 ns to 256us, overall protein structural changes are MOPhore process is accompanied by the large global con-

reportedly localized to the proximal (near Cys69) side of formational changes in the p_rotem secondary structure (
the chromophore. 2 ms) reported here and by time-resolved FTIR studié} (

Interestingly, the 1&s component in the visible TRORD The difference signal at 800 ms shows no significant
data has a counterpart in visible TROD datau6decay  feature, indicating that the 515 ms component accounts for
time). This 5us TROD process (mainly a loss of positive the re-formation of pGsfrom pBsss. These TRORD results
absorption around 470 nm) has not been reported previously,describe a photocycle mechanism where the chromophore
but can be deduced from the data presented in the studiesind protein change synchronously in the inactivation process,
by Hoff et al. 8). The absence of a 1@s process in the  but the signaling state is activated by a chromophore-
time-resolved FTIR data26, 34) may exist because the mediated change in secondary structure. This mechanism is
infrared studies focus on localized vibrations associated with largely in agreement with the results of FTIR studies by Xie
the chromophore protonation state and the peptide backboneet al. 6) and partially in agreement with those by Brudler
changes, whereas the changes in the visible ORD dataet al. 34). Because the visible TRORD data are noisy and
monitor the global changes in the coupling of the chro- limited in time points, further experiments are necessary to
mophore with its protein environment. Detection of the early define the inactivation stage of the photocycle, as well as to
microsecond process in both TRORD and TROD not only determine if chromophore protonation effects a change in
identifies relaxation of the chromophore interaction with local its chirality during signaling state activation. For the moment,
aromatic residues in the hydrophobic cavity but also suggeststhe TRORD data suggest that the chromophgm®tein
changes in the chromophore coupling with nearby chargedinteractions localized to the hydrophobic pocket are relaxed
residues. This suggestion follows from the proposal that the within 10 us of initiation of the photocycle, and that this
absorption spectrum provides information about the proxim- relaxation facilitates further changes in the chromophore (
ity of charged amino acid residues to the chromophore. = 1.5 ms) that are coupled closely with secondary structure
Specifically, it was shown that the absorption spectra of unfolding ¢ = 2 ms).
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