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ABSTRACT. A phytochrome-encoding cDNA from the cyanobacteri@ynechocystibas been heterolo-
gously expressed iBscherichia coliand reconstituted into functional chromoproteins by incubation with
either phycocyanobilin (PCB) or phytochromobilin®B). These materials were studied by Raman
spectroscopy and nanosecond flash photolysis. The Raman spectra suggest far-reaching similarities in
chromophore configuration and conformation between théoBns of Synechocystiphytochrome and

the plant phytochromes (e.g. phyA from oat), but some differences, such as torsions around methine
bridges and in hydrogen bonding interactions, in thetéte. Synechocystighytochrome (PCB) undergoes

a multistep photoconversion reminiscent of the phyA-PP;, transformation but with different kinetics.

The first process resolved is the decay of an intermediate with red-shifted absorption (relative to parent
state) and a 2@ms lifetime. The next observable intermediate grows in with 380%) us and decays

with 6—8 ms. The final state ¢} is formed biexponentially (450 ms, 1 s). When reconstituted with
P®B, the first decay of thiSynechocystiphytochrome is biexponential (5 and 25). The growth of

the second intermediate is slower (7€) than that in the PCB adduct whereas the decays of both species
are similar. The formation of thexHorm required fitting with three components (350 ms, 2.5 s, and 11

s). H/D Exchange irSynechocystiphytochrome (PCB) delays, by an isotope effect of 2.7, both growth
(300us) and decay rates{@® ms) of the second intermediate. This effect is larger than values determined
for phyA (ca 1.2) and is characteristic of a rate-limiting proton transfer. The formation of {hetaPe

of the PCB adduct oBynechocystiphytochrome shows a deuterium effect similar as phga (.2).
Activation energies of the second intermediate in the rang&8FC are 44 (in HO/buffer) and 48 kJ

mol~! (D;0), with essentially identical pre-exponential factors.

The phytochrome family of chromoproteins act as light Quail et al., 1995). While for the phytochromes from higher
detectors in probably all higher plants and have also beenplants a variety of interacting proteins and signal transduction
identified in various lower plants (Wada & Kadota, 1989; pathways have been proposed, for phytochromes from lower
Quail et al., 1994). Phytochromes consist of some 1100 plants a signal transduction mechanism involving a kinase
amino acid residues which are arranged in two relatively well activity of the receptor has been discussed on the basis of
separated domains. The front half (up to around position sequence alignments (Schneider-Poetsch, 1992mier
600) contains the chromophore, phytochromobili),* etal., 1995). This type of signal transduction, accomplished
and enables the protein to convert from the red-absorbingpy transphosphorylation to an interacting protein, is widely
P form (Amaxca 665 nm) into the far-red-absorbing Rrm distributed among prokaryotes (two-component systems)

(Zmaxca. 730 nm) upon light absorption. This conversionis (parkinson & Kofoid, 1992; Chang, 1996).
complete within several milliseconds and is driven by the

energy stored in the primary process, a double-bond E
photoisomerization of the®B chromophore (Schaffner et
al., 1990; Braslavsky et al., 1997). The C-terminal portion
of phytochrome is essential for the transduction of the light-

Recently, open reading frames (ORFs) in the cyanobacteria
Fremyella and Synechocystisp. (PCC 6803) have been
reported encoding proteins with similarities to phytochromes
and bacterial sensor kinases (Kehoe & Grossmann, 1996;

generated signal, which presumably is accomplished viaHughes et al_., 1997; Kaneko et al., 1996_)' The R_saE and
protein—protein interaction with a hitherto unknown reaction PIPA genes inFremyellaand Synechocystisrespectively,

partner (Cherry & Vierstra, 1994; Elich & Chory, 1994: show restricted homologies in the N-terminal region, in
’ ' ’ " particular lacking the highly conserved chromophore-binding

* To whom correspondence and reprint requests should be addressedmOtif' The ORF sIr0473 fronsynechocystiganeko et al.,
FAX: +49-208-306 3951. E-mail: gaertner@dsa.mpi-muelheim.mpg. 1996) on the other hand shows cjose similarities in this and
de. numerous other regions. Accordingly, heterologous expres-

;:Vla?tﬂ'?_nc:g}llnstitut TE St,féllhl‘%ncge”gﬁ- Berii sion of the latter sequence Igscherichia coliyielded an

nstitut Tur anzenpnysiologie aer erln. H H H HH

® Abstract published irAdvance ACS Abstract©ctober 1, 1997. apoprotein which blnds.phycocyanobllln .(PCB) to become

1 Abbreviations: FT, Fourier transform; HOOP, hydrogen out-of- red/far-red photoreversible, very much in the manner of
plane; koo, first intermediate of the P~ Py transformation; LADS, phytochrome from higher plants (Hughes et al., 1997). We

lifetime-associated difference spectrum; ORF, open reading frame; P ; ; iz ati
and B, red and far-red light absorbing forms of plant phytoshromes: report here the spectral and kinetic characterization of such

PCB, phycocyanobilin; @B, phytochromobilin; RR, resonance Raman: recombinanSynechocystishromoproteins, containing either
RT, room temperature. PCB or RPB as a chromophore.

S0006-2960(97)01563-8 CCC: $14.00 © 1997 American Chemical Society




13390 Biochemistry, Vol. 36, No. 43, 1997 Remberg et al.

MATERIALS AND METHODS 0.5 — T T
Cloning and Expression of Syn phy cDNRecombinant A

plasmid pF10.His was used to overexpress C-terminally- His 0.4 T

taggedSynechocystighytochrome apoprotein . coli. The ) ,

soluble lysate was purified and concentrated by ammonium 2 03} . \ =

sulfate precipitation and nickel-affinity chromatography as _‘é’ T

described (Lamparter et al., 1997). S ook W P J
Chromophore Preparation, Protein Purification, and g "\ /

Chromophore Binding PCB and @B, which were used | o o\

for the reconstitution of th&ynechocystishytochrome, were 01 e A
prepared as described (Kufer & Scheer, 1979; Cornejo et I
al., 1992) and crystallized from chloroforanexane. Au- 0.0
toassembly was performed at room temperature in the 02
darkness with either chromophore. r B
Deuterium Exchange Fully reconstituted samples of 0.1F

Synechocystiphytochrome were placed onto a Centricon-

30 cartridge (Amicon) and washed with 5 vols of deuterated S 00
buffer (50 mM Tris, 5 mM EDTA, 2 mM DTT, 2 mM
Pefabloc, Merck).

Difference SpectroscopySamples ofSynechocystighy-
tochrome were irradiated with far-red light (cutoff filtet,
= 715 nm). The sample was then irradiated with red light '0'2300 00 500 800 700 800
(interference filter A = 658 £ 7 nm) for the formation of h
the R, state. Irradiation with far-red light regenerated the wavelength (nm)

P, state. Absorption spectra, recorded with a Shimadzu FIGURE1: (A) Prand R absorption and (B) absorption difference
spectrophotometer (UV 2102-PC) after each irradiation, were Sp‘é‘:tra oSSynechocystighytochrome, reconstituted with-§ PCB.

: . (- - -) RbB. The samples were autoassembled and irradiated
subtracted from each other in order to generate the differencejih tar-red light in order to generate quantitatively theférm.
spectra. Subsequently, the samples were irradiated Witk 658 = 7 nm

Flash Photolysis and Data HandlingDouble-beam flash ~ and with far-red light (cutoff filter 715 nm). The difference spectra
photolysis was performed as described (Ruddat et al., 1997).were generated from the difference of the absorption spectra
Briefly, samples were adjusted to maximum absorbance of "écorded after each irradiation.

0.1-0.3. Laser flashes of 15 ns duration/at= 650 nm  conyerted to the Pand R forms by irradiation with 730-
and a repetition rate of 0.02 Hz were chosen. Re-irradiation gng 667-nm light, respectively. The concentration of the

of the sample withi > 715 nm between the flashes samples corresponded to optical densities (660 ninpfP
quantitatively recovered the form prior to each new pulse.  ¢a 1.0 and 0.6 for oat phytochrome (phyA) and the
Transient absorption changes were detected in the wavelengtisy nechocystishytochrome-PCB adducts, respectively, and
range 626-740 nm. The temperature was 1Q, except  f 0.1 in the case of thed®B-assembled chromoprotein. The
for the determination of the activation parameters (see text) ager power focused onto the sample was 360 mW. The
which was performed between 0 and 8. At least ten  gpectral resolution was 4 crh and the total accumulation
single transient absorption traces at each wavelength wergjme for each spectrum was between 40 and 320 min,
averaged for data evaluation. Lifetime-associated difference gepending on the spectral quality of the sample. A triangular
spectra (LADS) were generated by the global fit function fynction was used for apodization of the interferograms. The
(Scurlock et al., 1993; Ruddat et al., 1997) raw spectra were corrected for the instrumental response as
described in Hendra et al. (1991).

-0.1

n
AN (t) = S AA* e " + constarlt
= RESULTS
where AAX(t) is the observed absorption change at time Preparation of Chromoproteins.C-terminally tagged
and wavelengthi, and AA* is the absorption change Synechocystiphytochrome apoprotein was expresseé&in
associated witht and lifetime z; (which was assumed to  coli and prepared as described (Lampagtesl., 1997). The
remain constant over the whole wavelength range). Ac- wild-type protein without a His-tag was enriched frden
cording to the algorithm used, a negative amplitude refers coli extracts by ammonium sulfate precipitation. Holoprotein
to a growth of absorbance (i.e. a rise term), whereas awas autoassembled vitro with either PCB or @B. The
positive amplitude reflects a decay of an intermediate. The samples exhibited .« values of 654 and 668 nm:Q nm)
constant represents the absorption difference between thdor the R states with PCB and®B chromophore, respec-
ground state and a transient with a lifetime longer than the tively, and of 706 and 717 nm+2 nm) after photoconversion
time window. with red light to the R states (Figure 1). Except for a higher
Fourier Transform (FT)-Resonance Raman (RR) Measure- background for the untagged sample, the absorption maxima
ments. FT-RR spectra were measured with a Bio-Rad FT- were identical for the tagged and untagged sampliefoth
Raman spectrometer equipped with a Nd:YAG laser (Spectracases, the photocearsions were fully reersible.
Physics, FC-106V, bandwidth 1 cntl). The samples were Resonance Raman Spectrosco@ys shown previously
cooled down to-140°C in a cryostat as described previously (Matysik et al., 1995; Hildebrandt et al., 1992), excitation
(Matysik et al., 1995). Prior to cooling, the samples were with 1064 nm provides a sufficient (pre)resonance enhance-
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FIGURE 2: RR spectra of the [Btates of (A)Synechocystiphy- Ficure 3: RR spectra of thePstates of (A)Synechocystiphy-

PCB, (B)Synechocystighy-RPB, and (C) native oat phyA, excited  PCB, (B)Synechocystighy-RbB, and (C) native oat phyA, excited
at 1064 nm. Impurities due to contaminating protein are indicated at 1064 nm. Impurities due to contaminating protein are indicated
by asterisks. by asterisks.

ment ensuring that the spectra of phyA are dominated by The G=C stretching region between 1500 and 1650 tim
the RR bands of the chromophore (Figures 2C and 3C). Thesensitive to changes in the conjugatedlectron system and,
only band which can be assigned unambiguously to a Ramarthus, should reflect changes of the configuration and
band of the protein is the 1002-cfband originating from  conformation as well as of the protonation state of the
the symmetric ring stretching of the phenylalanine residues tetrapyrrole (Matysik et al., 1995; Fodor et al., 1990).
(Hendra et al., 1991). All other bands can be assigned to In P, this region is dominated by a doublet with the
the RPB chromophore. This also holds for the RR spectra strongest component at 1624 chand the somewhat weaker
of the R and R forms of the Synechocysti®CB adduct  one at ca. 1640 cni for both, Synechocysti®®B adduct
(Figures 2A and 3A) except for the 980-chband which and phyA (Figure 2). In the PCB form, the low-frequency
stems from residual ammonium sulfate used for precipitation component is slightly shifted to higher wavenumbers so that
in the protein purification (Matysik et al., 1995). Inthe case the doublet is only poorly resolved. This frequency differ-
of the RbB-adduct, however, the RR spectra ofdpd R ence can readily be attributed to the missing vinylic double
(Figures 2B and 3B) display additional broad and poorly bond on ring D in PCB. Below 1610 crhall spectra exhibit
structured peaks (marked by asterisks) which arise fromthree minor bands with similar RR intensities but some
background scattering including Raman bands of the buffer. frequency differences. In particular, we note that the 1572-
These features are generally observed in dilute phy samplesm~! band of phyA shifts down to 1566 crhin the RDB-
(as in the @B adducts here), whereas their relative andthe PCBSynechocystishytochromes. This band disap-
intensities are weak in RR spectra of samples of sufficiently pears in phyA upon H/D exchange (Matysik et al., 1995). A
high concentration (phyA and PCB adductSyfnechocystis  variety of H/D sensitive bands, which include-M in-plane
phytochrome). These spurious peaks do not obscure thosehending vibrations, are identified in the region between 1200
spectral regions which include the most important RR bands and 1400 cm!. In particular, the 1321-cn band of phyA,
of the chromophore. In all cases, His-tagged samples werewhich also disappears upon H/D exchange, shifts to 1313
used for the Raman spectroscopy. cm™tin the RR spectra of both®B and PCB adducts.
Restricting the comparison of the spectra in Figures 2 and The region between 850 and 750 chincludes bands
3 to the RR bands of the chromophores, we note striking which result from C-H out-of-plane (HOOP) bending modes
similarities in the overall vibrational band pattern of the PCB of the methine bridges. The RR intensities of these modes
and the B adducts, and phyA in both the &d R, states. are known to be a measure for the torsion of the correspond-
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ing C—C single bonds so that this part of the spectra includes
further information about the tetrapyrrole conformation (i.e.
the coplanarity of the pyrrole rings). In all three spectra three
bands of considerable intensity indicate that there are
substantial torsions of the various methine bridges. In phyA,
these are the strong band at 799 érand the weaker ones
at 793 and 766 cmi. In the Synechocystiphytochrome,
however, these bands reveal distinct frequency shifts (805,
787, and 758 cmt) and a redistribution of the RR intensities
which appear to be largely independent of the constitution
of the chromophore, inasmuch as the spectra of g P
and PCB adducts are very similar in this region.

Also in the R state, the main RR spectroscopic features
are similar for phyA and botBynechocystishytochromes.

In the C=C stretching region, the spectra are dominated by
a band at 1598 (phyA) and at 1599 thiSynechocystiB®B
adducts) which, due to different chromophore constitution,
is upshifted to 1608 cnt in PCB adducts. Particularly
interesting is the fact that the 1553 chband of phyA can
be found at very similar frequencies in both recombinant
Synechocystiphytochromes. This band disappears upon
H/D exchange in phyA (Matysik et al., 1995). Apparently
it has the same origin as the 1572-¢nband of P of phyA
which shows distinct frequency shifts in tiSynechocystis
phytochromes. In addition, the RR spectra of thesfates

do not reveal any of the significant spectral differences in
the N—H in-plane bending region observed for thesites.

On the other hand, the HOOP region displays a remarkable
difference since the prominent band at 817 &rfwith a
shoulder ata. 805 cnt?) shifts down by 14 and 18 cmiin
the Synechocystis®B and PCB adducts, respectively.
Apparently, in all cases there is a large torsion around a
particular methine bridge, although conformational details
may be different in phyA and th&ynechocystiphyto-
chromes.

Flash Photolysis of PCB AdductsAbsorbance changes
in the microsecond time range (performed with a His-tagged
Synechocystiphytochrome) revealed the rapittcayof a
first intermediate with a lifetime of 2&s. This process was
followed by a slowrise of a species with red-shifted
absorption (Figure 4A) and kinetics of 30@25) us. This
second observable intermediate had a lifetime eBéns
(Figure 4B). On the millisecond-to-second time scale, the
formation of the R form, which was found to be thermally
stable for long periods, was observed with a biexponential
kinetics of 450 £40) ms and 1 s (Figure 4C; see also first
row of Table 1) although the latter component was rather
weak.

The corresponding lifetime-associated difference spectra
(LADS) in the wavelength range 62040 nm (Figure 5)
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Ficure 4: Kinetic behavior ofSynechocystiphy-PCB, detected
at (A) Aobs= 690 nm, and at (B, C}ops= 700 nm. (A) Absorption
changes in the time range of up to 708. For comparison, the
decay of the 4o intermediate of recombinant phyA-PCB from oat
with a lifetime of 90us is also shown (- - -); (B) as A, but up to 90
ms; (C) as A, but up to 9 s.
of a strong deuterium effect in a phytochrome. In contrast
to this considerable effect, the subsequent formation of the
P; state (450 ms ahl s at 10°C) was only moderately
affected (similarly to oat phyA) by a factor of +2.4.

The Arrhenius plot of the rise kinetics (Ik) »s the
temperature yielded linear fits (Figure 6). A value of lag
= 11.6 s and an activation energy &, = 44 kJ moi?
were determined for (H)-phytochrome (PCB), while for the
(D)-phytochrome a nearly identical lofy value (11.8 s%)
but a higher activation energ¥{ = 48 kJ mol?) resulted.

In order to investigate a putative influence of the His-tag
on the kinetics, a wild-typeSynechocystiphytochrome

were derived from a global fit. The first intermediate (25- apoprotein without His-tag was also expressed, purified by
us decay) absorbs maximally around 670 nm, whereas theammonium sulfate precipitation, and incubated with PCB.
second species formed within 30@s has a maximal  Owing to its high expression yield (Hughes et al., 1997),
difference absorption around 700 nm. The final rise, i.e., this protein was already rather pure, and it could readily be
the formation of the P state, shows a maximum between concentrated té = 0.15 at itSimax. Flash photolysis of the
710 and 720 nm. apoprotein reconstituted with PCB was performed at the few

The dynamics of the phototransformation were further wavelengths which had proved analytically significant in the
explored by H/D exchange and by the determination of the former experiments (660, 680, and 700 nm), and inike
Arrhenius parameters. The kinetics of the second componentto early ms time window. A decay component of Z6with
(300-us rise and 6-8-ms decay at 10C) changed strongly ~ small amplitude was followed by a rise term of 548 (at
with temperature between 0 and B (Table 2). Even more 10 °C). The decay of this species, determined to b&6
remarkable, both processes were slowed down by a factorms for the His-tagged sample, was only slightly retarded and
of 2.7 in the deuterated sample. This is the first observation took place within 10 ms.
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Table 1: Kinetics of Flash Photolysis at 2@ of Reconstitutedynechocysti®hytochrome (PCB) and #B)?

sample early:s time range lat@s time range early ms time range late ms and s time range
PCB adduct 25 (d) 30& 25 (r) 6-8 (d) 4504 40 (r), cals) (r)
PCB adduct without (Hig)tag 26 (d) 540 (r) 10 (d) nd
P®B adduct (5) (d), 25 (d) 750 (r) 8 (d) 350 (r), 2.5s(r),11s(r)

a2 Rise and decay type kinetic processes are indicated by (r) and (d), respectively. Small amplitudes are in parentheses. nd, not determined.
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4 B LN _ FIGUre 6: Arrhenius plot of the rise component (determined as
= 300 us at 10 °C in H,O/buffer) between 0 and 18C for
) \ Synechocystiphy-PCB in @) H,O/buffer and &) D,O/buffer.
™ r u T
o - / .. us. This intermediate decayed with a lifetime of 8 ms
x 0L 2‘\6- S pp—c (Figure 7B), a kinetics which is nearly identical to the PCB-
3 \?SQ\ o~ /‘ containing phytochrome. Differences between the PCB and
2 A—a—a 1 the RPB adducts became again evident in the long mil-
. / A 450ms lisecond-to-second rise terms. For th@B-containing
4F \ . —o0—1s sample, the fit afforded three kinetic components of 350 ms,
r % —m— const. 2.5 s, and 11 s, and again, the latter was of only small
-6 PR | 1 1 " | n A .
620 640 660 680 700 720 740 amplitude.
wavelength (nm) DISCUSSION
Ficure 5: Lifetime-associated difference spectra (LADS) of An open reading frame from the cyanobacteri®yn-

Synechocystiphy-PCB. (A) Intermediates in thes and early ms : . ; e i
time range; (B) intermediates in the ms-to-s time range. It should echocystisexhibiting peptide motifs similar to phytochromes

be kept in mind that, except for the constant term, a negative throughOL_Jt its length and to the histidine kinase domain of
amplitude indicates a rise in absorbance whereas a positive Prokaryotic two-component sensor systems, has been ex-
amplitude refers to a decay. pressed irE. coli. The purified protein was autoassembled
in vitro into a chromoprotein upon incubation with either of
the open tetrapyrroles, PCB odB. The chromoproteins
exhibit a photochromicity similar to that known for phyto-

Table 2: Effects of Temperature and Deuterium Exchange on the
Kinetics of the 306-us Rise Component of th8ynechocysti®CB

Adduct chromes from higher plants, with a-kke form absorbing
temperature H-0 D0 at around 654 (PCB) and 668 nmd&B), and a thermally
(°C) th(us)  Inka(s™) to(us) Inko(s™) kuko stable photoproduct (reminiscent of thg fate) absorbing
g 731 7.22 2050 6.19 2.8 at around 706 and 717 nm, respectively. The general spectral
4 558 7.49 1500 6.5 2.7 shifts of 1114 nm, depending on the chromophore used,
ﬁ gggi 40 77.'973?—8.183 nﬁw ng'77 n§'7 are cor_nparable to the absorption shifts encountereq in
12 393 784 1080  6.83 27 recombinant phyA from oat (Cornejo et al., 1992; Schmidt
18 227 8.39 575 7.46 2.5 etal., 1996). Compared to recombinant phytochromes from
1¢° 7ms - 22ms  — 3.1 plants (e.g. phyA from oat), the absorption maximum of the

P, form is found at expected position for both chromophores
whereas the {f maximum is clearly hypsochromic. No
explanation for this result can be given. However, the overall
difference of the protein sequence (despite the discussed
islands of high similarity) readily can be suggested to lead
to a change of the chromopherprotein interactions in the

P state. Despite this smaller red shift betwegrafd R

2Values of the rise kinetic$.Values from the global fits of the flash
photolysis data at 10C. ¢ Values of the decay kineticdnd, not
determined.

Flash Photolysis of Synechocysti®B Adducts Flash
photolysis of this Synechocystigpphytochrome revealed,
similarly to the PCB adduct, a first intermediate with a
lifetime of 25 us (Figure 7A). The fit of this decay was states, the P£form was found to be thermally stable in the
slightly improved when an even faster component ofs5 dark over several hours at ambient temperature (Lamparter
albeit with very small amplitude was added. The subsequentet al., 1997).
rise, observed to occur in 30 in the PCB adduct, was The capability ofSynechocystigpophytochrome to in-
found here to be much slower, with a time constant of 750 corporate the same chromophores which bind to recombinant
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Ficure 7: Kinetic behavior ofSynechocystiphy-RDPB, A.,s = 700 nm. (A) Absorption changes up to 706; (B) as A, but up to 90 ms;

(C, D) as A, but up to 4.5 and 90 s, respectively.

apophytochromes from higher plants, and the far-reaching Flash photolysis of the phytochrome &ynechocystis

similarities of phyA and phytochrome froi8ynechocystis
with respect to spectra and+ Py photoreversibility make
the protein fromSynechocystian excellent model for the
study of photochromic, protein-bound tetrapyrroles.

The RR spectra of phyA from oat and both PCB aideEP
adducts of Synechocystiglearly suggest that the gross

revealed some similarities but also important differences from
the photoconversion of phyA, illustrating that, as outlined
recently (Braslavsky et al., 1997), a detailed description of
the photochromic cycle of such chromoproteins requires a
kinetic analysis of the light-induced conversions supplemen-
tary to the absorption spectra of the parent and intermediate

chromophore structures are similar, while the RR spectra of States. As recently pointed out, and as shown here, the His

the two Synechocystipreparations differ in some aspects
from those of phyA, irrespective of the chromophore

incorporated. These differences which probably indicate

slight structural differences of the chromophore-binding site
of the protein are more pronounced for thdd®ms. Here,

an altered band pattern in the HOOP region apparently

tag does not interfere significantly with the kinetics, thus
allowing the affinity-purified material to remain in use as
an authentic sample. Bynechocystighytochrome (PCB),
the first intermediate that can be observed decays with 25

us, whereas the corresponding intermediate of phyé, |

decays with a lifetime of 9@s (Figure 4A). The rapid decay

reflects modified torsions around the methine bridges induced " Synechocystishytochrome is followed by an intermediate

by changes in the chromopherprotein interactions. Also,
the frequency shifts of H/D sensitive bands suggest differ-
ences between tt&ynechocystighytochromes and oat phyA
in hydrogen bonding. In thesHorms, such differences are
not apparent, i.e., thegPstates ofSynechocystignd oat
phytochrome (phyA) are more similar than the Seates,
except for a frequency shift of the prominent HOOP mode.

with rise kinetics of 300 (PCB) and even 758 (RDB) and

an 8-ms decay time. This second intermediate has no
equivalent to any other known intermediate of phyA.
Whereas the putative;sh of Synechocystiphytochrome
decays faster than the possibly relategh bf phyA, the
formation of the R form is slower.

Despite the faster rates, the course of the early decay

In phyA this mode has been attributed to the isomerization kinetics of both PCB and®B adducts are somewhat similar

site (Matysik et al., 1995; Fodor et al., 1990), implying that
this part of the chromophore differs in conformational details
in the Synechocystiphytochromes. The conclusion of
apparently different conformations of the chromophore in
the plant and th&ynechocystiphytochromes is supported
from data recently reported by Andel et al. (1996). In this
work, strong conformational distortions of the chromophore
in particular for the R state have been identified from an

to recombinant oat phyA (Schmidt et al., 1996) which decays
with unambiguously biphasic kinetics of 8 and&9(phyA—
P®B), whereas the phyAPCB sample decays monoexpo-
nentially with 90us. InSynechocystigshytochrome (PCB),

a putative additional shorter component than the observed
25 us kinetics would have to be considerably faster or of
much lower intensity in order to have escaped detection.

The second intermediate has no equivalent to any inter-

analysis of the same low-frequency range of the Ramanmediate in the phyA’s. Itis all the more intriguing through
spectrum of native oat phyA which is used here to propose its isotope effectiu/kp) of 2.7 (found for its rise and decay),

the different chromophore conformation 8inechocystis
phytochrome with respect to that of native oat phyA. A more

a far higher value than any previously reported for the
processes in the,P~ P; conversion. A value of this size

detailed analysis of the differences between plant and results from a direct proton transfer step as the rate-limiting
cyanobacterial phytochrome will add further information to process in this conversion (Northrop, 1997). The subsequent
the chromophore conformation and conformatioal changesprocesses of fPformation are subject to moderate isotope
(Kneip et al., 1997). effects only, with a ratio ota. 1.2 similar to that reported



Recombinant Phytochrome froBynechocystis Biochemistry, Vol. 36, No. 43, 1993395

for oat phyA (Aramend et al., 1987, Westphal, 1994; Chang, C. (1996]rends Biochem. Sci. 2129. o
Lindemann et al., 1993). In contrast to a direct proton Cherry, J. R., & Vierstra, R. D. (1994) iRhotomorphogenesis in

: P on. Plants 2nd Ed. (Kendrick, R. E., & Kronenberg, G. H. M. Eds.)
transfer process, such a change in the kinetics by ca. 20% bp 271297, Kluwer Academic Publishers, Dordrecht.

could well reflect.an overall change of the interactions Cornejo, J., Beale, S. I, Terry, M. J., & Lagarias, J. C. (1982)
between the protein and solvent. Biol. Chem. 26714790.

For an inspection of the shape of the LADS, one has to Elich, T. D., & Chory, J. (1994pPlant Mol. Biol. 26 1315.
keep in mind that the LADS are constructed from apparent FogicgéhghiifryAé'g l'—flgfl”asv J. C., & Mathies, R. A. (1990)
kinetic constants Wlthout_the application 01_‘ any modeling Hendra, P., Jones, C.. & Warnes, G. (1991Furier Transform
procedure and thereby simply represent difference spectra  Raman Spectroscopfgllis Horwood, New York.
between the preceding and the following intermediate. Hildebrandt, P., Hoffmann, A., Lindemann, P., Heibel, G., Braslavsky,
Changes in shape and maximum for rise and decay LADS S. E., Schaffner, K., & Schrader, B. (199B)ochemistry 31

.g. Figure 5A ra of nd 6-ms componen 7957.
(eg gure 5A, spectra of 3205 and 6-ms components) Hughes, J., Mittmann, F., Wilde, A., @aer, W., Boner, T.,

are thus t_o be expected. . . Hartmann, E., & Lamparter, T. (199Nature 386 663.
Interestingly, the deuterium exchange Synechocystis  kaneko, T., Sato, S., Kotani, H., Tanaka, A., Asamizu, E.,

phytochrome only perturbs the value of the activation energy, Nakamura, Y., Miyajima, N., Hirosawa, M., Sugiura, M.,

leaving the pre-exponential factor unchanged. This is in  Sasamoto, S., Kimura, T., Hosouchi, T., Matsuno, A., Muraki,

ntr rmined for h hrome kineti r A, Nakazaki, N., Naruo, K., Okumura, S., Shimpo, S., Takeuchi,
cont qst to tdellta d.et? ed ho oatd%'tytoc fo ,? et ﬁs afte C., Wada, T., Watanabe, A., Yamada, M., Yasuda, M., & Taba,
experimental variation, such as addition or cations, changes S. (1996)DNA Res. 3109.

in viscosity, or antibody binding. In all these cases, the kehoe, D. M., & Grossmann, A. R. (1996cience 2731409.
preexponential factors and the activation energies changedneip, C., Mozley, D., Hildebrandt, P., @aer, W., Braslavsky,
in the same direction, thus leading to a compensation of the S. E., & Schaffner, K. (1997FEBS Lett. 41423.

disturbances (Aramefaliet al., 1987; Westphal, 1994). K”:‘;%ngévs& Scheer, H. (197%ioppe-Seyler's Z. Physiol. Chem.

In-summary, recombinansyne_ChOCyStisjhytOChrome Lamparter, T., Mittmann, F., Gtoer, W., Baner, T., Hartmann,
resembles plant phytochrome with regard to Raman and E_, & Hughes, J. (1997roc. Natl. Acad. Sci. U.S.Ain press).
visible spectral properties of the &d R, states. However,  Lindemann, P., Braslavsky, S. E., Cordonnier, M.-M., Pratt, L. H.,
although the phytochrome d®ynechocystisindergoes a & Schaffner, K. (1993)Photochem. Photobiol. 5817.

; ; - Matysik, J., Hildebrandt, P., Schlamann, W., Braslavsky, S. E., &
photorevgrsmle conversion _remm@cent of Fhe:P Pi Schaffner, K. (1995Biochemistry 3410497,
process, time-resolved analysis of this conversion reveals red'Northrop D. B. (1997Annu. Re. Biochem. 50103.

shifted intermediates (compared to the absorption of the parkinson, J. S., & Kofoid, E. C. (1992nnu. Re. Genet. 2671.
parent state) with kinetics different from those determined Quail, P. H., Boylan, M. T., Dehesh, K., Nieto-Sotelo, J., Parks,
for the phytochrome intermediates. In contrast to all other  B. M., Tepperman, J. M., Somers, D. E., & Wagner, D. (1994)
phytochromes, in a novel intermediate 8§nechocystis in Plant Molecular Biology(Coruzzi, G., & Puigdomenech, P.,

. Eds. 39%+400, Spri -Verlag, Heidelberg.
phytochrome a strong deuterium effect of 2.7 has been Quansl);_pﬁ' Boylan'M?#f‘gsgrkirg?hﬂ_egh%rte;? W Xu. Y. &

determined for the rise (occurring within ca. 3@6) and Wagner, D. (19955cience 268675.
decay (within 6-8 ms) processes. Ruddat, A., Schmidt, P., Gatz, C., Braslavsky, S. ExtGa, W.,

& Schaffner, K. (1997Biochemistry 36103.
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