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ABSTRACT. The cDNAs encoding full-length type A and B phytochromes (phyA and phyB, respectively)
from potato were expressed in inducible yeast systé@as¢haromyces cerisiae andPichia pastori3.

In addition, a deletion mutant of phyB\{—74) was expressed. The apoproteins were reconstituted into
chromoproteins by incorporation of the native chromophore, phytochromobiB)Pand of phycocy-
anobilin (PCB). The incorporation of#B yielded chromoproteins with difference absorptidrgx at

660 and 712 nm (Pand R, respectively) for phyA, and at 665 and 723 nm for phyB. All difference
maxima of PCB phytochromes are blue-shifted by several nanometers with respect to those obtained with
the RPB chromophore. The deletion construct with PCB shows difference absorption maxima at 652
and 705 nm with the Pabsorbance considerably reduced. Time-resolved kinetic analysis of a phyB-
type phytochrome by nanosecond flash photolysis was performed for the first time. Recombinant full-
length phyB afforded transient absorbance changes similar (but not identical) to those of phyA from
Avena whereas the kinetic behavior of these intermediates was very different. Contrary to phyA from
Avena the koo intermediate from phyB reconstituted with either PCB drB?decayed following single
exponential kinetics with a lifetime of 87 or 84, respectively, at 10C. The formation of R of PCB-
containing recombinant phyB (phyB-PCB) could be fitted with three lifetimes of 9, 127, and 728 ms.
The corresponding lifetimes of phyBdB are 22.5, 343, and 2083 ms. Whereas for phyB-PCB all three
millisecond lifetimes are related to the formation @f Ehe 2 s component of phyB&B is concomitant

with a rapid recovery of P For recombinant potato phyA amil—74 phyB, no time-resolved data
could be obtained due to the limited quantities available. As described for phytochromes of other
dicotelydons, the f£forms of full-length phyA and phyB of potato underwent rapid dark conversion to
Pr.

Phytochromes comprise a family of photosensory chro- are fully characterized, and are therefore intensively studied.

moproteins of plants (Quail, 1991; Vierstra, 1993; Whitelam Phytochromes consist of a protein moietyoaf 125 kDa
& Harberd, 1994) which initiate and regulate a broad variety (about 1100 amino acid residues) to which the bilatriene
of photomorphogenic and physiologically important cellular phytochromobilin (®@B) is covalently bound. A sulfhydryl
processes as a function of light wavelength and intensity. group of a cysteine residue, located in the center of the
Phytochromes can adopt two stable, spectrally distinct _terminal half of the protein, is condensed to the C-3

forms: R*with Amaaround 665 nm andiRwith Amaxat 730 ethylidene double bond of the chromophore (see Figure 1).

nm, which can be interconverted by irradiation with light of | ihe pest studied phytochrome, phyA from oat, this position
the appropriate wavelength. The phytochrome system, P g 4 cysteine 321.

= P4, thus functions as a light-driven biological switch. h bundant inf , he f ) £ oh
Higher plants contain ensembles of phytochromes, which "€ most abundant information on the function of phy-

differ by ca. 50% of their amino acid sequences (Sharrock ochromes has been derived from the study of phyA, the
& Quail, 1989), and which are selectively responsible for predominant species in etiolated plants. Physiological func-
sensing of the various light qualite®.g, end-of-day tions have been localized in various protein domains of phyA
response, shade-avoidance, or high/low-irradiance-control.Py the study of truncated peptides and deletion mutants,

Neither the possibly different photochemical behavior nor ©Ptained either from proteolytic digestion or from recom-

the signal transduction pathways of the various phytochromesPinant DNA (Ridiger & Thimmler, 1991; Cherry & Vierstra,
1994). The photoinduced reactions responsible for the P

= Py interconversion are influenced selectively by the

T Dedicated to Professor Horst Senger on the occasion of his 65th

birthday. N-terminal half of the protein (Schaffner et al., 1991). Some
*To whom correspondence should be addressed. of the physiologically important domains have been identified
;'Ii/lilx'?'?}T‘;!(-ESt'tUtﬁledStf%hEnCh%”g?-I el by the generation of transgenic plants which expressed only
enrstu u Genell er universi lelereld. . :
® Abstract published il\dvance ACS Abstract®ecember 15, 1996. fragm?nts of phytochromes, or by the characterization of
1 Abbreviations: bp, base pair(s); DMSO, dimethyl sulfoxidgy | SPecific phenotypes traced back to the loss of phytochrome-

and b, intermediates of phytochrome photochemistry with maximal mediated functions. Expression of phytochrome fragments

absorption around 700 nmy¢) and with low absorption coefficient ; ; _ ; ;
(“bleached” intermediatey,), respectively; Pand R, red and far-red has allowed to identiy the C-terminal part of the protein

absorbing forms of phytochrome, respectively; PCB, phycocyanobilin; and & S_hort St_retCh at the very beginning of the N'Ferminus
P®B, phytochromobilin. (spanning amino acid residues 1da. 65) as essential for
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Arg-Ala- Pro- - Gly - Oys-His - e - Gin-Tyr - Wet- Ao .. phy B poato) chromoprotein by incubation with a chromophore analogue
-Ala-Pro-His- Tyr- - His - -Gin-Tyr-Met-Glu- ... phy A HA H
Arg - Ala- Pro- His - Ser Gys - His- Leu- Gin_ Tyr - Mot Gy~ ﬁhiAﬁﬁghm) (phycocyanobilin, PCB). A P- Py difference spectrum and

an analysis of the thermal stability of the fdrm have been
presented (Kunkel et al., 1993, 1995). TheaRd the R
difference absorption maxima of this phyB-PCB phyto-
chrome (at 658 and 712 nm, respectively) were very similar
to those of recombinant phyA-PCB phytochromes (Wahl-
eithner et al., 1991; Schmidt et al., 1996).

We here report on the cloning and expression of phyA
and phyB apoproteins from potato in an inducible yeast
COH  COLH expression system, the reconstitution of the apoproteins into

\ photoreversible chromoproteins by incubation of each with
the native chromophored®B and with PCB, and the time-
resolved investigation of the photochemical reactivities. In
addition to phyB full-length cDNA, also a deletion mutant,
(A1—74), has been expressed and analyzed. This fragment
was designed in analogy to large phyA phytochroma-{

65), for which differences in physiological (Cherry et al.,
1992) and spectroscopic (Cordonnier et al., 1985; Farrens
et al., 1992) properties have been reported.

CO,H  CO,H

Ficure 1: Structural formula of (top) the phytochrome chro-
mophore phytochromobilin,®B, covalently attached to a cysteine  MATERIALS AND METHODS
residue of the proteimia a thioether bond. The conformation of

the Chromophorednti,syn,anﬁ has been chosen arbltra”lyf[ Plasm|d Prepara“on phyBPhyB was expressed |n two

Schaffner et al., (1991) and Matysik et al., (1995)]. The only ; ) ;
structural difference betweerd®B and PCB (bottom) is the C-18 inducible yeast systems. Full-length cDNA encoding phyB

substitution in ring D (encircled). The-position of the ethylidene ~ Was cloned into the plasmid p& for expression irSac-
substituent of the free chromophore which is covalently attached charomyces cetgsiae, and into the plasmid pHIL-D2 for
to the protein during the reconstitution is indicated by an arrow. expression inPichia pastoris The cDNA encoding full-
Iysetelfi’gg'f‘e's?gg:‘?g&%r']”irghbeol‘g?;régyt;g;;‘?Ofggg“tgp;‘ﬁ;g'g':g'tr;]ge length phyB from potato was obtained from two originally
corresponding sequences for phyAs from potato and from oat areCIO,ned’ overlapping CD,NA fragments (Heyer & Gatz, 1992b)
also shown for comparison. Amino acids given in italics refer to Which encode the entire rear and most of the front part of
deviations from the consensus sequence. phyB except the very first 15 base pairs (bp). Ligation of
both cDNA fragments and the attachment of a PCR product
phytochrome activity (Quail et al., 1995; Jordan et al., 1995). completing the 5end resulted in full-length cDNA for phyB.
From studies withArabidopsis thaliana also a protein  Since cloning into th&. cereisiaevector requires 8anHl|
domain between positions 680 and 800 has recently beenrestriction site at the 'send of the cDNA, the same PCR
identified as being involved in signal transduction (Quail et was used to introduce such a site directly in front of the
al., 1995). For most of the proteolysis-derived studies and ATG-codon. This strategy allowed cloning intoBanHI/
for extensive kinetic analyses of the-P P; phototransfor- Kpnl-restricted p2G vector and induced expression.

mation [seeg.g, Zhang et al., (1992) and Scurlock et al.,  The vector pHIL-D2 for expression iR. pastorisin its
(1993b)], phytochromes from pea or from oat have been original form allows cloning only into a uniqugcdRl site.
employed. SinceEcaRI recognizes several sites within the phyB cDNA

The primary reaction products of the phototransformation, sequence, new restriction sites had to be introduced into the
I';00 are thermally unstable and convert with time constants vector. pHIL-D2 was digested wittEcoRIl, and two
of 8 and 80us (at 10°C) into an intermediate (or a set of complementary primers carryingBanmHI| and anXhd site
intermediates) possessing a low absorption coefficignt (I were ligated with the restricted pHIL-D2 vector. The
The final product of the photoreaction, the thermally stable sequences at both ends of the insertion primers were
Py form with Amax 730 Nm, is generated with complex kinetics complementary to thEcoRI-derived ends of the vector and
comprising components afa. 8, 40, and 270 ms at 1TC allowed ligation with it. However, both primers carried a
(Zhang et al., 1992). The presence of additional intermediatesmismatch at the last nucleotide of tl&dR| recognition
in the R — Py photoreaction and the detailed pathways motif (5 end of front primer, AATTG...; 5 end of rear
followed by the intermediates are still subject to debate primer, AATTA...) which upon successful ligation would
(Scurlock et al., 1993a,b). result in the loss of the originally preseBtaRl site. In

The low abundance of phytochromes other than phyA, in order to avoid multiple insertion of the new cloning-site
both etiolated and de-etiolated plants, has prevented so falDNA, dephosphorylated oligonucleotides were used, and the
any kinetic analysis of photoinduced changes. Apart from pPhosphorylation was maintained at the ends of the linearized
P, — P difference spectra for plant-extracted phyB (Abe et Vector. Thus, vectors which were ligated without insert could
al., 1985; Tokuhisha et al., 1985; Wagner et al., 1991), no be digested again witkcoRl, only leaving those vectors
spectroscopic data have been reported for any non_phyAintaCt which had received the insert and the alteedRl
phytochromes. In fact, kinetic studies of phyB phototrans- site. This plasmid was named pHIL-MCS. phyB-cDNA was
formations must recourse to recombinant DNA technology. then cloned into pHIL-MCSiia a BanmH1/Xha restriction.
Recently, phyB from tobacco has been expressed in yeast A1—74 phyB. The deletion of the first 74 codons from
and reconstituted into a functionale, photoreversible)  full-length cDNA (generation of the\1—74 mutant) was



Recombinant Potato Type A and B Phytochromes

Biochemistry, Vol. 36, No. 1, 1997105

performed by PCR. Primers were designed such that by thetrated by (NH),SO, precipitation, if required. This protein

forward primer aBanHl site was placed directly in front of
an ATG codon which preceded the codon for glutamine-75.
The reverse primer carried a restriction site fdpal
according to theHpal site located 726 bp downstream of
the ATG of the phyB gene. This strategy allowed the
replacement of the original full-leng®arnH|/Hpal front part
of phyB with the PCR product.

phyA The cDNA encoding full-length phyA from potato
was derived as BanHlI restriction fragment from the clone
for phyA, originally produced by Heyer and Gatz (1992a).
The cDNA was cloned into thBarrHI site of p2«G, yielding
the plasmid p2GphyA. This cloning resulted in 27 ad-
ditional bp in front of the ATG codonBanHI-site-(N),~
ATG) which reduced the expression yield (see Results). A
PCR was therefore performed with primers which carried
a BanHlI site directly in front of the ATG codon and de-

solution was used for the biochemical and kinetic experi-
ments without further purification. The amount of recom-
binant phytochrome was determined after reconstitution from
the absorption at 660 nm on the basis of an absorption
coefficient of 125x 10° M~1 cm* for full-length oat phyA
(Lagarias et al., 1987). Routine yields were on the order of
20—25 ugl/g of cell pellet.

An aliquot of the apoprotein mixture was loaded onto an
SDS—polyacrylamide gel and separated by electrophoresis,
followed by the identification of the proteins by Western
blot analysis. As a primary antibody, either a polyclonal
anti-phyA serum (Heyer et al.,, 1995) or a collection of
monoclonal anti-phyB antibodies (Somers et al., 1991) was
used. The antibody binding was visualized by a secondary
antibody, coupled to alkaline phosphatase.

Phytochrome Formation (Reconstitution) and Recording

leted these additional bp. The new plasmid was named of Absorption Difference Spectralhe final solution (typical

p2uGphyA2.

Apoprotein Expression, Isolation, and IdentificatioApo-
protein expression was accomplished in two different induc-
ible yeast systems. Work wits. cereisiae followed a

volumes were between 2 and 5 mL) in phosphate buffer,
100 mM, pH 8.0, supplemented with 2 mM EDTA, 2 mM
DTT, and 1 mM Pefabloc (Merck), was incubated in the
dark with either B or PCB at 4°C for ca.5 min. RDB

strategy outlined by Yamamoto and co-workers (Schena & had been prepared according to Cornejo et al. (1992), and
Yamamoto, 1988; Picard et al., 1990). Under this regime, PCB according to Kufer and Scheer (1979). Both com-
protein expression was induced by activating the co- pounds were purified by HPLC and stored in dried form at

transformed/co-expressed rat glucocorticoid receptor through—40°C in the dark. For reconstitutiondB and PCB were
the exogenous addition of glucocorticoid deoxycorticosterone dissolved in DMSO (1QL) to concentrations ofa. 1 mM.

(Sigma).

S. cereisiae cells [strain BJ2168, phenotypea3 trpl
(Sorger & Pelham, 1987)] were made competent for elec-
troporation (Ausubel et al., 1989), and then co-transformed
with a plasmid carrying the cDNA for the mammalian
glucocorticoid receptor [pG-N795 (Schena & Yamamoto,
1988)] and with the plasmid p& carrying the potato
phytochrome-encoding cDNA (phyA or phyB, as required).
The transformation was monitored by following the growth
of transformants which were able to survive on minimal
medium due to complementation [minimal medium: 5 g of
(NH4)2SO,, 1.7 g of yeast nitrogen base without amino acids
and ammonium sulfate, 0.7% solution of casein hydrolysate,
and 2% glucose per liter]. Routinglg L of medium was
inoculated with a culture of transformed cells, grown
overnight, and then allowed to grow up to a cell density with
an extinction of~0.7 at 600 nm, which took-56 h following
inoculation. At this state of growth, the cells were induced
by addition of deoxycorticosterone (dissolved in ethanol) to
a final concentration of xM. Under these conditions, the
cells were allowed to grow for another 2.5 h. This time
interval gave a maximal yield of expression. Cells were then
harvested by centrifugation (506010 min, 4°C).

In the alternative expression of phyB in the methylotrophic
yeastP. pastorisjnduction is achieved by cloning the cDNA
of choice under the control of the alcohol oxidase promoter
which becomes active wheRichia cells are grown in a
minimal medium with methanol as the sole carbon source.
The instructions of the manufacturer (Invitrogen) were
essentially followed for transformation, cell growth, and
induction.

The harvested fully grown cells were disrupted by either
of two methods: with an Ultra-Turrax under liquid nitrogen
as described recently (@mer et al., 1996) or by two

Addition of either of these solutions to the apoprotein
samples afforded a final chromophore concentrationaof

2 uM. In order to ensure exclusively the presence of the P
form, the reconstituted recombinant phytochrome samples
were irradiated first with far-red light (RG9 cut-off filter T;

A > 715 nm), then with light of 658 nm (interference filter,
bandwidth+7 nm) for 2-5 min, and again with far-red light

for another 2-5 min. Irradiation was always exhaustive,
i.e., until the sample had reached a photostationary state and
no further absorbance change was observed upon additional
irradiation. This irradiation protocol was repeated several
times and monitored by absorption spectroscopy. The
absorption spectra were always taken after complete termina-
tion of the thermal reactions.

Dark Corversion of B Forms. Samples of potato phyA
and phyB, reconstituted with either PCB oPbB, were
exhaustively irradiated with red light (IF 658 nm) at ambient
temperature and placed into a spectrophotometer. Spectra
were recorded after certain time intervals. The dark reversion
into the R form was monitored for 170 (phyA) and 120 min
(phyB), and a final spectrum was measured after 4 days in
the dark at £#C. No photochemistry was induced from the
recording of the absorption changes.

Flash Photolysis Apparatus, Transient Absorbance Mea-
surements, and Data Processing.he samples for nano-
second flash photolysis exhibitelA 0.04-0.1 (peak-to-
peak, P, P;) and were measured in 1 cm path length cuvettes.
The flash photolysis apparatus was based on a setup
described previously (Scurlock et al., 1993a). Due to the
limited amount of recombinant phytochromes, very small
absorbance changes had to be detected, which required
changes of several devices of the formerly described
instrumentation.

The apparatus had three light sources (for excitation,

passages through a French press (American Instruments) asbservation, and sample preparation) and a -dbehm

described by Hill et al. (1994). The solutions were clarified
by ultracentrifugation (1000@f) 15 min, 4°C) and concen-

detection system. Excitation pulses at 650 nm and 11 ns
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full width half-maximum from a Nd:YAG-pumped dye laser 4 1 2 3 4 5
(DCM) were employed. Energy and polarization (linear or _
circular) were controlled by optical elements. The pulse was —‘"“1 |
shaped to a circular spot of 2.5 cm diameter. The absence 200kDa — | o | ‘
of two-photon processes was verified by measuring the signal 3 —
amplitudes as a function of excitation fluence. A deviation & & & g '16kDa — B |
from linearity of less than 15% was selected as an upper = = = = 97 kDa — -ele '
limit for the excitation fluence €3 mJ/pulse). 66 kDa
The analyzing light (perpendicular to excitation) was i
delivered by a 100 W cw tungsten halogen lamp (for -~ 45kDa — “
detection in the millisecond-to-second range) and a 150 W -
pulsed xenon arc lamp (microsecond detection). Transient -
absorption measurements were performed under magic-angle
conditions to avoid artifacts due to rotational diffusion. 172345678
Filters, a shutter, and a monochromator in front of the sample = " —j -
..1

reduced light intensity and exposure time in order to avoid

secondary photochemistry. The bandwidth was set to 4 nm.
Sample preparation light to convert, Back to P was

provided by a second 100 W cw tungsten halogen lamp and

filtered by an 8 mm RG9A( >715 nm) and a water filter. |

The exposure time to this light was also controlled by a | — 66 kDa

shutter. A dual-beam detection arrangement compensated % __45kDa

fluctuations of the observation light intensity, especially |

critical for long-time measurements. Photomultiplier tubes Jlj

(Hamamatsu R3896) served as detectors in the ObservationFlGURE 2: Western blot analysis of heterologously expressed

and refergnce pathways. While th.e observation pathway forphytochromes of potato. They protein solutiogs ogtaingd from

the transient absorption change included a second mONOavested and lysed cells were separated on SDS electrophoresis

chromator in front of the photomultiplier, the reference gels. The separated proteins were transferred onto PVDF mem-

pathway utilized only filters. The photocurrents of the branes and visualized as described (see Materials and Methods).

photomultipliers were coupled to ground through resistors T0P, left Erléll-leng_th_ phlyB °£ pot?to; "1"‘”;)3 tl,ﬁapoprote|?tf|rtpm

of variabe values, depending on the time vindow analyzed. EXEIESSOn 1. coretias e 2 a5 e 1 bt atersconstuton,

The voltages were recorded with a dual-channel digital eek at—20 °C; lane 4, full-length phyB from expression

storage oscilloscope (Tektronix TDS 520a) and transferred pastoris Top, right: Deletion mutanh1—74 of phyB of potato in

to a Vax station 3100 for signal handling. For each comparison to full-length phyB; lane 1, molecular weight markers;

wavelength and time window, a data set composed of threelane 2, full-length phyB (exhibiting slight degradation); lané\3,-

. 74 phyB-PCB from expression B. cereisiae; lanes 4 and 5A1—
types of measurements was produdesl, the measurement 7, phyB-PCB from expression iP. pastoris two different

of the transient signal, of the base line, and of a prompt light preparations. Bottom: phyA of potato from expressionSn
(laser scatter and fluorescence) trace taken after firing thecerevisiaecompared to phyA from oat; lane 1, phyA from etiolated
laser only. From these measurements, the absorbanceat seediings; lane 2, phyA from vectory@PhyA-PCB; lanes 3
changes were calculated. For each time window andand 4. phyA from paGPhyA2-PCB; lane S, as lane 3, but
wavelenath. the data set was qgenerated by averaging 20 apoprotein; lane 6 as lane 3, but sample derived from a second

gth, 9 y giRg expression; lane 7, phyA®B; lane 8, molecular weight markers.
80 shots of every type of measurement. The low rate of the

back—ponyersion required ang far-red irradiation periods, \ith either phyA- or phyB-encoding plasmids, produced the
resulting in a delay o€a. 1 min between two laser flashes.  ¢qrresponding apoproteins of expected length after induction
Further data analysis was performed with a global fit \ih geoxycorticosterone according to Picard et al., (1990).
program (S.curlock. et al., 1993b) on a DEC-alpha wo.rksta— An optimal yield of apoprotein (from visual inspection of
gicr)::ﬁlt :r:(lec:lljz]le V%fﬂg%\avﬁct%nndu!'e%vs\lgggths were fitted antibody binding) was obtained for a final concentration of
y 5 uM glucocorticoid. As a control, cultures of transformed
; n PR cells were grown without glucocorticoid induction. No gene
AN D) = Y AAfe " + const. product was detected in these cells. The Western blots
= (Figure 2) show that gene products of expected size are
AAXY) is the observed absorption change at titnand obtained, although the apparent molecular weights are
wavelengthl and AA! is the absorption change associated somewhat lower, when compared with the marker bands.
with wavelengthl and with lifetime; (the 7; values are The samples were of the same apparent molecular mass,
assumed to be constant over the whole wavelength range)irrespective whether a chromophore was incorporated or not,
The constant (const) represents the absorption differenceand independent of the yeast used for expression. The loss
between a species of longer lifetime than the time window of ca. 7 kDa, due to the deletioh1—74, can readily be
and the ground state. identified in Figure 2 by comparison with a full-length phyB
reference. The identity of full-length potato phyA is evident
RESULTS in the lower part of Figure 2 which shows that phyA from
Apoprotein Preparation. (A) Expression in S. céséae oat and from potato migrate at identical positions and can
Fully grownS. cereisiaecells, which had been transformed be determined with the same set of antibodies.

— 200 kDa

L SR e e g

— 116 kDa
— 97 kDa
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estimate the extent of reconstitution which is on the order
of ca. 50%.

Absorption Difference Spectra of Recombinant Potato
Phytochromes. (A) Full-Length phyBncubation of apo-
proteins in the dark with either of the compound®® or
PCB yielded the Pform of the corresponding recombinant
phytochromes (phyB-PCB and phyBBB). The reconstitu-
tions usingca. 2 uM chromophore concentration were
complete at ambient temperature witlta. 5 min. The P
— Py difference spectra exhibit maxima of 665 and 723 nm
for P, and R, of phyB-RPB, respectively, and 658 and 714
nm for phyB-PCB (Figure 3 and Table 1). Identidalax
values of the reconstituted phytochromes were obtained with
the apoproteins derived from both expression systems. A

500 550 600 650 700 750 800 850
wavelength (nm)

recent report thalP. pastorisdoes produce biosynthetically
phytochromobilin in the dark (Wu & Lagarias, 1996) and
Ficure 3: Absorption difference spectra,(P Py) of all potato- forms holophytochrome when transformed with a phyto-
derived recombinant phytochromes with PCB (dashed curves) andchrome-encoding cDNA has led us to perform control
P®B (solid curves). Spectra 1 and 2, full-length phyB; spectra 3 eyperiments. In accordance to the observation cited, we only

and 4, full length phyA; spectrum 31—74 phyB-PCB (note that . - . L
the base line>750 nm is displaced). The spectra were recorded in find chromophore biosynthesis . pastorisin the dark.

a 1 cm path length cuvette. Since all samples were prepared fromLight-grown transformed cells (our routine conditions) did
1 L cell cultures, the different absorbance intensities reflect the not exhibit photoreversible properties without the exogenous
various expression and reconstitution yields. For irradiation condi- addition of the chromophore.
tions, see Materials and Methods. (B) N-Terminal Deletion Mutanh1—74 phyB-PCB.For

The yield of chromoprotein obtained by incubation with expression, the cDNA construct was prepared in the same
either RPB or PCB was estimated from the; P- Py way as the full-length phyB-cDNA with respect to the
difference spectra (Figure 3 and Table 1). Routinely, distance between promoter anttehid of the coding se-
incubation with either compound yielded volumes of ca52  quence. Although from the inspection of the Western blots
mL with concentrations o€a. 0.3 uM. quite comparable amounts of expressed apoprotein seemed

(B) Expression in P. pastorisOnly full-length phyB was  to be present (Figure 2), only a small amount of chromopro-
expressed irPichia cells. Induced expression of proteins tein was obtained from reconstitution. Furthermore, the
in the methylotropic yeas®. pastorisis accomplished only ~ absorption difference spectrum of this construct shows a
when a minimal medium containing methanol as a sole Nearly depleted Pabsorption {max = 652 andca. 705 nm
carbon source is supplied, since the cDNA is cloned under for Pr and for R, respectively; see Figure 3). The limited
the control of the alcohol oxidase promoter. Cloning of amount of material available did not permit a kinetic analysis
phyB-cDNA into the expression vector pHIL-D2 afforded {0 be performed.
an alternative strategy since only a singlecR| site can be (C) phyA from Potato Full-length phyA from potato was
used for insertion of the cDNA. SindEccRI recognizes @IS0 cloned and expressed # cereisiae Two cloning
several sites in the phyB-cDNA, a new cloning site was constructs, with respect to the distance between the promoter

constructed such that an oligonucleotide was designed which?d the 5end of the DNA, were prepared. Making use of
carried sites forBanHI and Xhd and mismatches at the the restriction sites already present in the original construct,

original EcoRI site (see Materials and Methods). This PCR 27 bp were _cloned upstream of the ATG sequence. The
product was inserted into @BcoRl-cut pHIL-D2 vector. expression yield from this construct was very low and did
not allow us to follow chromoprotein formation. Deletion

For both expression systems, the expression yields peryy pcR of the 27 noncoding bp upstream of the ATG codon
gram of cell pellet were similar with respect to reconstitutible (ggyited in a remarkably improved apoprotein expression
protein. However, since the cell density is higherRichia yield which now was ca. 40% of that of phyB expressions
than for Saccharomyceghe overall amount of apoprotein 34 thus allowed reconstitution with PCB an®B. Simi-
per liter of cell culture was-23 times higher foPichiacells. larly to the A1—74 phyB deletion mutant, a difference
For absolute amounts, see Table 1. It should be mentionedspectrum with a strongly reduceg &osorption resulted after
that the amount of phytochrome from these expressions isreconstitution with either chromophore. For phyA-PCB, the
below 1% of the total protein content in these samples. Still, difference spectra maxima were 649)(&nd 700 nm (P.
measurements of time-resolved absorption changes can berhe maxima of phyA-BB were red shifted bga. 11 nm
performed with such solutions with high confidence, as has (Figure 3). The Pabsorption maximum of the potato phyA
recently been demonstrated in two studies (Schmidt et al.,is at a shorter wavelength than that of other phyA-type
1996; Mozley et al., 1996). We have shown that (a) the phytochromes. The intensity of thg Band of phyA-PCB
kinetics of RPB-containing recombinant phyA of oat are s larger than that of phyA®B (the intensity ratios Py
nearly identical to those determined for plant-extracted are 2.1 for phyA-PCB anda.5 for phyA-RDB). Here again,
phytochrome, and that (b) the kinetics of an affinity-purified the amount of chromoprotein available was too low for any
recombinant phytochrome are identical before and after the quantitative kinetic analysis.
purification. From the latter study, one can exclude unspe- Dark Corversion of R, Forms. Samples of potato phyA
cific complex formation between recombinant phytochrome and phyB, reconstituted with either PCB orbB, were
and protein from the expression host, and one can alsoconverted into the fform and kept at constant temperature
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Table 1: Expression Yields and Absorption Parameters of Recombinant Potato Phytochromes

protein content,  protein concn (nM) in
sample (uglg of cell pellet} final solutior? AAA (10%°  Amax(nm) of phyB-PCB, R Py Amax(nm) of phyB-RPB, P, Py,

full-length phyB 22 320 40 658, 714 665, 723
A1-74 1 45 6 652, 705 nece
phyA’ 5 113 11 649, 700 nd
phyAZ 9 152 20 649, 700 660, 712

aThe amount of cells is higher iR. pastoristhan inS. cereisiae cell cultures, leading to a higher overall yieRdThese values do not strictly
correlate to those of the first column due to slightly different volumes of the final sanfiletermined from the P— P difference spectra for
phy-PCB.9 The R: absorption band of this construct is considerably weakerfau, not determined.phyA and phyA2 differ by (phyA) the
presence or (phyA2) the absence of 27 bp between promoter and ATG codon (see text for details).

100 T T T—"T T T T T T T T T 7
—o— phyB-PCB 0.08 |
80 —e—phyB-P®B | ]
—a&— phyA-PCB D
_ 60F —aA—phyA-POB | - 0.06 - E
o™ .
R 40 - o—_ 1 < -
\2\0 N :: 004k |
T ———
20 R 1
0.02 - 4
0 1 1 1 1 ] 1 1

.
0 20 40 60 80 100 120 140 160 180
time (min) 0.00 — L

Ficure 4: Dark reversion of the {Pforms of potato £, o) phyA

and ©, ®) phyB. Open symbols refer to PCB- and closed symbols
to P®B-reconstituted samples. The samples were converted into
the R, forms as described under Materials and Methods, and placed
into the spectrophotometer. Spectra were recorded at the given time
intervals (data points in the figure), and were normalized with laser fluence (a.u.)
respect to the amount of;Rvhich was initially present (100%).

% deviation

Ficure 5: Top: Energy dependence of ®rmation, presented as
in the dark. Spectra were recorded after certain time intervalsthe fraction of molecules converted by a single laser flasi4);
(see data points in Figure 4) in order to determine thermal éfexrcf;megg “Ft';{ /%ﬁbes fznﬁ%ﬁfzp)- ThE[lnon|gle;ar:/1;tt)l?9é(o)tt\évgs

; ; Wi uncti = — ex| 0] :
reversion Into. the ,Pfgrml. Both potfito phytochromes Deviation from linearity. Arrow: Fluence used for the kinetic
underwent rapid reversion into thedpecies when compared  casurements.

to the behavior of monocotyledonous phytochromes which

remain nearly stable for the observed time intervat&, calculate that the ratio of photons to phytochrome molecules

data not shown). Within the limits of detection, nearly s <1, Results with phyB-®B were similar (not shown).
identical reaction rates were determined irrespective of which Transient absorbance changes of phyB-PCB and phyB-

chromophore was used. After having reached values of ca. o
. . : PDB after laser excitation at 650 nm and 2C were
0,
30% of the initial R concentration, the reaction became very monitored at selected wavelengths in the range-6D nm.

slow, but led to complete conversion into thefétms after The absorption changes in the micrasecond time domain (I

4 days. For the long-time incubations, the samples were keptOI P oll g the ti ndow-B00 _r;’?m

at 4 °C after the firs 3 h of observation. ecay).were oowed In the time windo cuswitha
resolution of 200 ns per data point. Absorption changes in

Flash Photolysis. Two-photon processes, which result the millisecond time domain {Prise) were observed with
from high photon densities, may produce erroneous data.two time windows, from 6-180 ms with 40us resolution

Fi h h f ion f h : : ; .
lgure 5 shows the dependence gffBrmation from the g Per point and from Od 4 s with 1 ms resolution per point.

laser fluence in phyB-PCB. Kinetic traces were recorde . . : .
at 720 nm for increasing excitation fluencés, and then The absorpthn_ differences thus determined were subjected
to a global fitting (Scurlock et al., 1993b). Each of the

simultaneously fitted with the global analysis program. The IR . ; :
data points at the top of Figure 5 refer to the laser-induced resulting lifetime-associated difference spectra is correlated

absorption change determined. 4 s after the laser flash toa particula_r Iifetime. For a mathe_matical description, refer
(delay related to the “constant” term in the equation). It can [©© the equation given under Materials and Methods.

be seen that they coincide with the values obtained from the The lifetime-associated spectra of both recombinant phyBs
fitting routine as a function of laser fluenck, i.e., f[F] = are very similar @), including the }oo decays (insets in
A1 — exp(F/Fg)]. At the bottom of Figure 5, the Figure 6), which are monoexponential with a lifetimecat
percentage of deviation of the exponential funci@f) from 85 us (Figure 6). Although the low S/N ratio did not allow
the linear function g[F]) is plotted against the fluence of an unambiguous evaluation of the data, the statement of a
the laser pulse. The fluence used for all further experiments monoexponential decay is supported from the observation
(indicated by the arrow) yields a nonlinearity efl5% at that addition of a second decay component to either data set
an overall R— P conversion of 5% (see scaling of the did not improve they? value. We have recently shown
ordinate of Figure 5). This presentation, together with the (Schmidt et al., 1996) that mono- and biexponential decays
quantum efficiencydetermined for the phytochrome photo- of recombinant phytochromes can readily be differentiated
reaction fp = 0.15 (Kelly & Lagarias, 1985)], allows us to  and analyzed under comparable experimental conditions.



Recombinant Potato Type A and B Phytochromes

Biochemistry, Vol. 36, No. 1, 1997109

T T T T T

1.00 | i 2.0 - phyB-PCB ~
| e \
0.50 | ST AR - | R a
A / .\ o—ao—&
m N A ] a 00 _
©0.00 Fac - ° a—8—10
- oo 7 8 J X 40} A\ v
x -0.50 | , 0 3 a —o—8ms
g g os ] 2ok \ —o—125ms
0.0 ) —v—730
-1.00 i/‘ 3 00 1 4 A const
. T T T T T T T
-1.50 e ™ 10| PhyB-P®B
0.75 F } +—— ————————1 ' A/A\
: A
/ 05} A
0.50 | R 1 o 2 oo/ | A
L e .< A\ ] 2 o0 ,4°~6;6/'
0.25} S o * N
P f .\.\\—’e E 05 \ a—"
o 000 — A —0—23ms
e ."\n g.a 1 10k \A —D—345ms
=< -0.25} A Of . - a_eems
< 0.2} ] 1.5k, 4 1 1 1 PP n
3 0.50 3 o,o ] 620 640 660 680 700 720 740 760
0.2]
-0.75 F 2 A 04555 00 B0 500 - o .Wavelehgth (nm)
ool v T L . Ficure 8: Lifetime-associated difference spectra for phyB-PCB

0
620 640 660 680 700 720 740 760
wavelength (nm)

FIGURE 6: Lifetime-associated difference spect®) (©f recombi-
nant potato phytochromes in the microsecond rang€ClQey. =

650 nm). @) Constant absorbance difference at the end of the
experiment; {) calculated difference spectrur® (+ a) between
lzo0and R. Top, phyB-PCB; bottom, phyB®B. The insets show
single traces recorded at 690 nm.

(top) and phyB-B (bottom) in the millisecond range.

even clearer from the detailed analysis of the result of the
global fit procedure exemplified in Figure 8, that much
slower kinetics are involved in phyBiHormation than in
phyA. The corresponding kinetics for native phyA were
recently determined as266 ms (Zhang et al., 1992).

Contrary to the similarities in thedy decay, the Prise

T - T T - exhibits striking differences with respect to the chromophore
15 used. These differences become evident only in the transient-
- associated spectra (Figure 8). The 8, 125, and 730 ms
e ror phyB-PCB | lifetimes of phyB-PCB all correlated with the formation of
< o5k | P: (negative absorbance changes in the wavelength range
< around 720 nm). The transient-associated spectra for the
0.0 three components showed only slight differences in the
' + — ' position of the absorption maxima and exhibited the same
10fF isosbestic point (Figure 8, top).
. O08F A different picture emerges for phyB®#B (Figure 8,
S o6l bottom). Again three lifetimes resulted from the fit. The
2 o4 phyB-P®B 23 and 345 ms components correlate indeed with a rise at
< 02 ] 730 nm and a concomitant decrease at 660 nm, whereas the
0.0 third component ofta. 2 s (#) exhibits a recovery at ca.
. T s 660 nm without a corresponding loss of absorbance around
0 1 2 8 4 730 nm (Figure 8, bottom).
time (s)

FIGURE 7: Time course of absorbance changes at 720 nm for DISCUSSION
recombinant potato phytochrome in the ms time range. Tgp, P ) ) .
rise of phyB-PCB; bottom, {Prise of phyB-RbB. For experimental For the first time, recombinant phytochromes of potato,
conditions, see Figure 5. phyA and phyB of various molecular sizes, and each with
Besides the lifetime-associated spectru®), (also the  either of the @B and PCB chromophores, were prepared
absorbance differences which remain constant at the end oftnd investigated by flash photolysis.
the experiment are showm). This difference spectrum In the case of full-length phyB-PCB, the P P difference
represents the constant term at the end of the monitoringmaxima (Figure 3 and Table 1: 658 and 714 nm fpaid
time window, in this case to the,|— P difference. It Pi, respectively) are identical from potato (this work) and
exhibits the same shape for both samples and a 12 nm blugfrom tobacco which had also been expressed in yeast (Kunkel
shift for phyB-PCB. The addition of both traces yields the et al., 1993). Furthermore, they are quite similar also to the
difference spectrum at time= 0 after the flash £) and values of recombinant oat phyA-PCB (651 and 715 nm).
represents the difference spectrum betwegp dnd R. The bathochromic absorption shifts of potato phy®®s
Inspection of the traces from both chromophores reveals aare somewhat more different (Figure 3 and Table 1: 660
slight blue shift for the 4o intermediate of PCB-phyB. and 712 nm) from those reported for other recombinant
Figure 7 shows the time course of Pormation at 720 phyA-PDBs [e.g.,666 and 730 nm (Cornejo et al., 1992),
nm for phyB-PCB and for phyB-®B. Itis already evident 663 and 728 nm (Schmidt et al., 1996)], and the amplitude
from the traces of the absorbance changes, and it becomesatios are very different.
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The finding that the Pforms of both full-length recom-  during which the flash photolysis is performed, a thermal
binant potato phyA and phyB, irrespective of the chro- reversion to Pcompetes with Pformation. Moreover, the
mophore, undergo rapihark reversion to Pto ca. 30% after  rise of the Rlike absorption is not accompanied by a loss
3 h of the initial R, followed by continued slower reversion of absorption in the spectral range of. fthe lifetime-
of the remainder within several days, concurs with analogous associated spectrum for these kineti®g {s nearly zero
observations with tobacco phyB extracted both from tissue around 720 nm]. This result suggests that theeGeneration
and with recombinant material (Mancinelli, 1994; Kunkel does not take place after the formation @f But starts from
et al., 1995; Lamparter et al., 1995). The fact that also phyA an intermediate. Such a reaction scheme would then indicate
from potate—in contrast to oat phyAreverts to Pin the a kinetic competition between two pathways.
dark is in line with the proposal that the, P~ P, dark Sequence differences in the chromophore-binding protein
reversion is an inherent property of dicotyledons and is region probably have a strong influence on the PP, dark
independent of the phytochrome type (phy#phyB). We reversion. Thus, in phyB phytochromes, a glycine residue
should note, however, that a perusual of the published datareplaces either a serine or a tyrosine residue which precedes
suggests that the capability of. P~ P, dark reversion is  the chromophore-binding cysteine in most phyA phyto-
strongly influenced by the sample integrity and buffer chromes. In addition, a neutral alanine (or a serine in phyC
conditions (Mumford & Jenner, 1971; Tokuhisha et al., of Arabidopsis thalianareplaces the glutamic acid located
1985). six positions further toward the C terminal. These changes

To date, the only studies of time-resolved absorbancein the amino acid sequence may well contribute to a faster
changes of phytochromes have been performed with nativedark reversion in the dicotyledons than in the monocotyle-
phyA and phyA-derived smaller chromopeptides, and with dons, and to a kinetic differentiation between phy®#
recombinant full-length and truncated oat phyA expressed and phyB-PCB due to different chromophetgrotein in-
in Escherichia coliand inP. pastoris(Schmidt et al., 1996).  teractions. Further differences between at least two phyB
The results obtained here for phyB from potato are the first alleles with respect to four amino acid residues, N687T,
time-resolved data reported for any phyB-type chromopro- K696N, R793K, and P838T (M. Herold, personal com-
tein. munication), in a region essential for signal transduction

In earlier studies of oat phyA, we have attributed the (Quail et al., 1995) may have an additional influence on the
microsecond biexponential decay of the intermediate to kinetics. It remains to be seen whether the kinetic differences
two—probably paralletfirst relaxation steps of the chro- between recombinant potato phyB (Figures8) and oat
mophore and the surrounding protein domain in this primary phyA reflect inherent properties of the phytochromes from
photoproduct (Heihoff et al.,, 1987). The kinetics are green plants or are due to their origin from either mono- or
apparently more simple in the case of potato phyBBrand dicotyledons, as has been discussed also in connection with
phyB-PCB: Here, thesbo decay times of both phytochromes P, — P. dark reversion (see above).
are identical and appear to be monoexponential (Figure 6). The recombinanA1—74 deletion mutant of phyB-PCB
Although the quality of the kinetic traces suffered from a reveals an interesting facet of functionality of the N-terminal
relatively poor S/N ratio, the inclusion of a second compo- domain, the composition and length of which differ in phyA
nent into the fit procedure did not improve the quality of and phyB (an additional 1520 amino acid residues are
the fit, giving good evidence for the proposal of a monoex- inserted into the phyB sequence compared to the phyA
ponential decay (one has to keep in mind that the lack of consensus sequence). Since in the recombinant mutant
the second component does not exclude the presence of sucfragment this domain is missing, the photophysical properties
a component with low amplitude or, alternatively, with a of A1—74 phyB-PCB and 118-kDa phyAdrB (the so-called
much faster time constant which would escape detection).large phytochrome obtained by proteolytic removal of the
This is quite in contrast to the situation encountered in the N-terminal domain from native phyA) were expected to be
case of oat phyA. Here, the native and recombinagt |  similar. However, contrary to this expectation, thé—74
P®B forms decay with biexponential kinetics{8 andca. chromoprotein exhibits a comparatively very weak P
90 us), and only the recombinanteyPCB exhibits a absorption band. Furthermore, the apoprotein fragment on
monoexponential decay ei. 90 us (Schmidt et al., 1996).  reconstitution merely afforded very small amounts of the
Evidently, the interactions between chromophore and protein A1—74 chromoprotein, although the apoprotein expression
regulating the 4oo decay are different in oat phyA and in yield was comparable to that of full-length phyB (Figure 2).
potato phyB. All this suggests that in phyB the N-terminal part is of even

Throughout the later steps of, Formation in the mil- greater importance for protein conformation and interaction
lisecond time range, the nature of the chromophore has anwith the chromophore than in phyA, and probably the
even better visible impact on the kinetics than in the deletion leads to a less than optimal polypeptide folding of
microsecond events. Three rise terms were fitted 40 P A1—74. Such an argument of impaired folding is supported
formation in potato phyB-PCB, with a time constant of 728 by the observation that the “poor” difference spectrum of
ms for the longest component. This is clearly longer than this phyB-PCB construct resembles the equally poor spec-
the corresponding value o& 270 ms in native phyA (Zhang  trum of recombinant 118-kDa phyA-PCB when expressed
et al., 1992), and in recombinant phyA (Schmidt et al., in E. coliin the absence of chaperonins, which occurs with
personal communication). Three millisecond-to-second com-imperfect folding (Hill et al., 1994).
ponents ¢a. 20, 340, and 2000 ms) were also found for At the time of this study, literature data on recombinant
potato phyB-B. However, the lifetime-associated spectra phyA kinetics had been restricted to information on oat phyA
of this phytochrome reveal that the longest lifetime correlates (Schmidt et al., 1996). In addition, a direct comparison of
with the formation of a species which is spectrally similar data sets from oat and potato faces the difficulty that it has
to P, (see Figure 8). Itis possible that already in the period, to take into account also the differences between mono- and
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dicotyledonous phytochromes. Recombinant potato phyA- Farrens, D. L., Cordonnier, M.-M., Pratt, L. H., & Song, P.-S.

P®B and phyA-PCB were therefore prepared as well and _ (1992) Photochem. Photobiol. 5625.

characterized for reference purposes. The expression yield$atner, W, Hill, C., Worm, K., Braslavsky, S. E., & Schaffner,
- K. (1996) Eur. J. Biochem. 236978.

for both samples were quite low (Table 1). Moreover, the

Pr absorption bands are relatively poor and blue-shifted with Heégoqhg'z’.BraSIaVSky’ S. E., & Schaffner, K. (1988jochemistry

respect to .the fPspgctra of other phyA phytochrome_s .(see Heyer, A., & Gatz, C. (1992aplant Mol. Biol. 18 535.

above). Itis questionable whether the “uncharacteristic” P Heyer, A., & Gatz, C. (1992bPlant Mol. Biol. 2Q 589.

data of potato phyA correlate with differences in the amino Heyer, A. G., Mozley, D., Landschutze, V., Thomas, B., & Gatz,
acid sequence. Thus, a simple sequence alignment of the C. (1995)Plant Physiol. 10953.

potato and tobacco phyAs does not reveal readily any Hill, C., Gatner, W., Towner, P., Braslavsky, S. E., & Schaffner,
differences expected to exert a strong impact on structure K. (1994)Eur. J. Biochem. 22369.

or function. In particular, highly charged or polar domains Jordan, E.T., Cherry, J. R., Walker, J. M., & Vierstra, R. D. (1995)
are not involved, and there is a satisfactory N-terminal Plant J. 9 243.

Kelly, J. M., & Lagarias, J. C. (1983iochemistry 246003.
consensus sequence for potato phyA and all other phyA Kufer, W., & Scheer, H. (197%loppe-Seyler's Z. Physiol. Chem.

phytochromes. 360, 935.
Kunkel, T., Tomizawa, K.-I., Kern, R., Furuya, M., Chua, N.-H.,
CONCLUSION & Schder, E. (1993)Eur. J. Biochem. 21,587.

L . Kunkel, T., Speth, V., Bche, C., & Schter, E. (1995)J. Biol.
Investigation of a phyB phytochrome by time-resolved = chem. 27020193.

absorption spectroscopy has been rendered possible for thg agarias, J. C., Kelly, J. M., Cyr, K. L., & Smith, J. W. O. (1987)
first time by providing sufficient quantities of material in Photochem. Photobiol. 46.
the form of recombinant potato phytochrome. The most Lamparter, T., Podlowski, S., Mittmann, F., Schneider-Poetsch, H.
noteworthy results are significant differences between the A gv., Hartmann, E., & Hughes, J. (1998)Plant Physiol. 147
flrj]"_leng.th phyAdf'alnd phyB regardlngfthethhca)rl] kmetlchs of Mancinelli, A. L. (1994) inPhotomorphogenesis in Plantgen-
the koo intermediates, irrespective of which chromophore ™ yrick RE., & Kronenberg, G. H. M., Eds.) pp 24269, Kluwer
(P®B and PCB) the two recombinant chromoproteins had  Academic Publishers, Dordrecht.
been reconstituted with. AlsoP—~ P, dark reversion is  Mozley, D., Remberg, A., & Ganer, W. (1996)Photochem.
more pronounced in potato than in oat phytochrome. In  Photobiol. (submitted for publication). _
conclusion, the photophysical and photochemical character-Mumford, F. E., & Jenner, E. L. (197Biochemistry 1098.
istics of phyB (potato), as they have emerged so far, appearPicard, D., Schena, M., & Yamamoto, K. R. (199B¢ne 86257.
in general to be qualitatively similar to those of phyA (oat). Quail, P. H. (1991Annu. Re. Genet. 25389.
Differences are found only with regard to kinetic details, Qw|' P. H-vDBo{gg‘é M.T., Pazrlgsé%M., Short, T. W, Xu, Y., &
and in the thermal stability of the various Forms. An _yvagner, . ( . Bcience 268675.

. . . Rudiger, W., & Thimmler, F. (1991Angew. Chem., Int. Ed. Engl.
eventual evaluation of these differences in terms of molecular 3577546’
connectivities will require considerably more detailed struc- Schaffner, K., Braslavsky, S. E., & Holzwarth, A. R. (1991) in

tural knowledge about the chromophetfgrotein complex Frontiers in Supramolecular Organic Chemistry and Photo-

than is available at present. chemistry(Schneider, H.-J., & Du, H., Eds.) pp 421452, VCH
Verlagsges., Weinheim.
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