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ABSTRACT. We investigated the dimerization of phytochrome Cphl from the cyanobact&sguaethocystis

by fluorescence resonance energy transfer (FRET). As donor we used the chromophore analogue
phycoerythrobilin (PEB) and as acceptor either the natural chromophore phycocyanobilin (PCB; hetero
transfer) or PEB (homo transfer). Both chromophores bind in a 1:1 stoichiometry to apo-monomers
expressed ifEscherichia coli Energy transfer was characterized by time-resolved fluorescence intensity
and anisotropy decay after excitation of PEB by picosecond pulses from a tunable Ti-sapphire laser system.
ApoCphl was first assembled with PEB at a low stoichiometry of 0.1. The remaining sites were then
sequentially titrated with PCB. In the course of this titration, the mean lifetime of PEB decreased from
3.33 to 1.25 ns in the ;Horm of Cphl, whereas the anisotropy decay was unaffected. In & P
photoequilibrium (about 65% p, the mean lifetime decreased significantly less, to 1.67 ns. These
observations provide strong support for inter-chromophore hetero energy transfer in mixed PEB/PCB
dimers. The reduced energy transfer infRay be due to a structural difference but is at least in part due

to the difference in spectral overlap, which was 41107 and 1.6 x 1072 cm® M~1in P, and R,,
respectively. From the changes in the mean lifetime, rates of hetero energy transfer of 0.68 and'0.37 ns
were calculated for the,RPorm and the R/P: photoequilibrium, respectively. Sequential titration of apo
Cph1 with PEB alone to full occupancy did not affect the intensity decay but led to a substantial increase
in depolarization. This is the experimental signhature of homo energy transfer. Values for the rate of energy
transferkyr (0.47 ns) and the angle 2 between the transition dipole moment direction8 €245 4= 5°)

were determined from an analysis of the concentration dependence of the anisotropy at five different
PEB/Cphl stoichiometries. The independently determined rates of hetero and homo energy transfer are
thus of comparable magnitude and consistent with the energy transfer interpretation. Using these results
and exploiting the 2-fold symmetry of the dimer, the chromophat@omophore distancB,a was
calculated and found to be in the range 4%ARpa < 63 A. Further evidence for energy transfer in Cphl
dimers was obtained from dilution experiments with PEB/PEB dimers: the lifetime was unchanged, but
the anisotropy increased as the dimers dissociated with increasing dilution. These experiments allowed a
rough estimate of 5 3 uM for the dimer dissociation constant. With the deletion mutant Qyhthat

lacks the carboxy terminal histidine kinase domain less energy transfer was observed suggesting that in
this mutant dimerization is much weaker. The carboxy terminal domain of Cphl that is involved in
intersubunit trans-phosphorylation and signal transduction thus plays a dominant role in the dimerization.
The FRET method provides a sensitive assay to monitor the association of Cphl monomers.

Phytochromes are photoreceptors of plants but haveUpon autocatalytic assembly with PCB, iB formed with
recently also been discovered in prokaryotes%). Here, an absorption maximum at 656 nm; this form photoconverts
we investigated the phytochrome Cphl from the cyanobac-into Py, which absorbs maximally at 702 nn¥)( The
teriumSynechocystiBCC 6803 (for a review see réf. The transition between Fand R is photoreversible with about
apo protein was expressedischerichia coland assembled  65% R; in the photoequilibrium induced by red light 650
in vitro with the linear tetrapyrroles phycocyanobilin (PCB), nm) and is associated with an isomerization around tlze=C
phycoerythrobilin (PEB), and phytochromobilin $mB). Ci6 double bond of the bilin chromophore. The holo protein
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has been characterized by flash spectrosc88)(resonance In the homo energy transfer experiments, apo Cphl was
Raman spectroscopyB); Fourier transform infrared spec- titrated with increasing amounts of PEB. As the concentration
troscopy (0), and fluorescence spectroscofi,(12). These of doubly occupied PEB/PEB dimers increased, the fluores-
experiments indicate that there are substantial similarities cence lifetime was unaltered, but the anisotropy progressively
between Cphl and plant phytochromes. The transition decreased, the experimental hallmark of homo energy transfer
between Pand R is also accompanied by light-induced (23—26). Energy transfer leads to depolarization if the
release and uptake of protons, which is probably dug<to p transition dipole moments are not parallel in the two subunits.
changes induced by structural chang®s Cphl is a light- The angle between these two directions was determined from
regulated histidine kinase of the two-component type ( the amplitude of the contribution of the energy transfer to
which interacts with the response regulator Rcgl The the depolarization23). Using this information and the 2-fold
histidine kinase activity is greater in #an in R (2). Cphl symmetry of the dimer it was shown that the angular factor
can be expressed . coli at high yield and is an excellent  «? ranges between narrow limits and never approaches zero.
model system to study the mechanism of signal transductionThis allowed a precise estimate of the inter-chromophore
within the phytochrome molecule. The natural chromophore distance from the measured rate of homo energy traksfer

of Cph1lis PCB {3). As in plant phytochromeld, 15), the Currently, no structural information is available on Cphi,
PCB adduct of Cph1 only fluoresces in thefém and with and only low resolution results for plant phytochrome
low quantum yield 11, 12). Autoassembly with PEB leads (27, 28).

to a Cph1 adduct that does not photoconvert sinc_e PEB lacks | the hetero energy transfer experiments apo Cph1l was
the Gs=C, double bond between the C and D rings of the i titrated to low occupancy with PEB (to minimize the

tetrapyrrole chain. Instead, PEB adducts have a very high qqntibytion from homo energy transfer) and then titrated to
fluorescence quantum yield§ 17). full occupancy with the acceptor PCB. As the concentration

It is generally believed that plant phytochromes occur as ot mixed PEB/PCB dimers increased the anisotropy was
homo dimers and that the PAS and carboxy terminal domainsunaﬁected, but the intensity decay became progressively

are involved in the intersubunit interaction8, (L8). The  ¢aqier Moreover, the decrease in lifetime was larger for the
cyanobacterial phytochrome Cphl frdBynechocystibas acceptor in the Form as compared to the,#, photoequi-

a lower molecular weight than plant phytochrome (85 vs 124 jipiym  These results provide unequivocal evidence for

kDay), consisting of the N-terminal sensor module and the peterg energy transfer. From the change in mean fluores-
C-terminal transmitter modules but lacking k800 residue cence lifetimes, the rate of hetero energy transfer was

EAS module §). Itis, however, likely thﬁt CF;]hl ?Is_o forms  oqtimated and found to be of the same magnitude as the more
_omodlmers since intersubunit transphosp ory ation oCcurs . rate value obtained from the homo energy transfer
in the R form and to a smaller extent also in the férm experiments

(2). Evidence from size-exclusion chromatography suggests _. . ,
that Cph1 indeed forms dimerg, (19, 20). These results ~ Direct evidence for the existence of a Cphl monomer/
are however contradictory and inconclusive. Here, we intro- dimer equilibrium was obtained from the increase in ani-
duce a very sensitive fluorescence assay to detect Cph1 asscOlropy when PEB/PEB homo dimers were diluted. Dilution
ciation by fluorescence resonance energy transfer (FRET)Will ultimately lead to dissociation. These experiments
(21, 22). This method is well-established in monitoring allowed a first estimate of the dissociation constant.
protein association2@), can be used in aqueous solution  To investigate the role of the transmitter module in the
under native conditions, and does not suffer from possible dimerization, additional experiments were performed with
artifacts associated with chromatographic methods. In favor- the deletion mutant Cpl2, which consists of the first 513
able cases, FRET has also been used to measure chroma@mino acids from the N-terminus. The chromophore module
phore-chromophore distances. We use time-resolved fluo- is included in this sequence, but the C-terminal histidine
rescence with ps-excitation to measure the intensity andkinase transmitter module is absent.
anisotropy decay of the PEB adduct of Cphl. This is an
exceptionally sensitive fluorophore with an extinction coef- MATERIALS AND METHODS
ficient of 85400 Mt cm™! (17) and a quantum yield of 0.72 , o -
(17). As the acceptor we chose either PEB (homo transfer) Cphl Expression and P_ur|f|cat|on, Bilin Chromophores.
or the natural chromophore PCB (hetero transfer). Since eachRécombinaniSynechocysti®CC 6803 Cphl (85 kDa) as
Cph1 monomer has only one chromophore binding site, it Well as a 58-kDa truncated fragment CA#l, lacking the
has only one fluorescent donor (PEB) or acceptor (PCB or C-terminal histidine kinase domain, were expressed with
PEB, respectively). Energy transfer thus only occurs in Cph1 C-terminal (His) tags inE. coli, purified on NF*-NTA
dimers. (Qiagen) and autoassembled with PCB or PEB as described
In this paper, we use two different experimental strategies (1 7)- PCB and PEB were extracted frdpirulina geitlerie
to detect intersubunit energy transfer in the Cph1 dimer. In @ndPorphyridium cruentumrespectively, and purified via
the first approach evidence for homo energy transfer was HPLC as describedf). Bilin stock solutions were prepared
obtained with PEB/PEB homodimers. In the second set of in methanol, and concentrations of stock solutions were
complementary experiments evidence for hetero energy®sStimated spectroscopicall§q).
transfer was gathered using mixed PEB/PCB heterodimers. Time-Resaled Fluorescence Intensity and Anisotropy.
In either case the time-resolved fluorescence intensity andTime-resolved fluorescence was measured using a home-
anisotropy were measured with samples that were sequenbuilt single-photon counting apparatus with picosecond time
tially titrated with PEB alone or with PEB and PCB, resolution. The samples were excited at 569 nm by pulses
respectively. from a mode-locked Ti-sapphire laser (Millenia Vs and
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Tsunami, Spectra Physics) that synchronously pumped amoleculesna. Definexp andxa as the fractions of binding
KTP-Ring OPO (optical parametrical oscillator) with intra- sites occupied with D and A, respectively
cavity frequency doubling with a LBO crystal (OPO Basic,

APE). The initial repetition rate of the Ti-sapphire laser of Y = o (4)

82 MHz was reduced to 4 MHz by synchronized pulse DT 2N

selection (Pulse Select, APE) of the frequency-doubled OPO

output. The pulse-width was 2.0 ps (fwhm). The plane _ & 5
o X Xy = (5)

of polarization was rotated by an achromatic Fresnel rhomb. 2N

To achieve proper counting statistics, the excitation light
pulse was attenuated by neutral density filters, resulting in
typical excitation energies in the nanowatt range. The plane
of polarization was set by a GlaiThompson polarizer, and
the beam was expanded to 5 mm diameter by a disperging
lens. The fluorescence was collected at right angles to the
excitation beam. A scattering suspension (LUDOX, Grace) _ _ v

was used to measure the instrumental response function (IRF!D(D'D) N XZD’ P(D.0)=26(1 =% = X,),

typical width 60 ps) at the excitation wavelength. The PEB P(D,A) = 2xpx, (6)
fluorescence emission passed through a band-pass filter

consisting of a cut-on color glass filter (OG 590) and a cutoff P(AA) = Xa, P(A,0) = 2x,(1 — X5 — X,),

color filter (SP 640 nm, Coherent), a collimating lens and a P0,0)= (1 — X5 — X,)° (7)
sheet polarizer (Pol. UV2, Linos) and was detected by a

microchannel plate photomultiplier (R3809U, Hamamatsu).  These six probabilities add up to one. Since only the PEB
The intensitied,(t) andl(t) were detected successively by fluorescence is measured, only the probabilit®,D),
orienting the sheet polarizer parallel and perpendicular with P(D,0), andP(D,A) come into play. Suppose there is hetero
respect to the excitation polarizer. The G-factor was mea- energy transfer from D to A as well as homo transfer from
sured as describe@9, 30). A time window of about 20 ns D to D. Homo energy transfer does not affect the lifetime
was selected with a time resolution of-230 ps per channel.  zp, and hetero energy transfer leads to a shorter lifetigae

The fluorescence intensity decay; ¢ 2I) and time-  For the mean lifetim@ we then have
resolved anisotropy decayt) defined by _ [2P(D,D) + P(D,0)]ty + P(D,A)Ton
L) — 1500 T T 2PD.D)+PD.O)+PDA)]
rt) = OEERG) 1) (1 — Xa)Tp + XaTpa (8)

Let P(X,Y) be the probability that the two binding sites are
occupied withX andY. P(X,Y) is then also the fraction of
dimers withX andY bound. Assuming that the binding of
PEB and PCB is noncooperative, random, and of equal
strength, the probabilities are given by

. . . We substituted for the Ps from eq®dwill thus be a linearly
were analyzed with a software using a nonlinear least Sq“aresdecreasing function of, and §oa — 7o) may be determined
iterative convolution method based on the Levenberg fom the slope. '

Marquardt algorithmZ9). The time courses of the fluores-  aAnajysis of the Anisotropy Decay Data in the Presence of
cence intensity and anisotropy decays were fitted with sums om0 Energy TransfefThe effect of homo energy transfer

of exponentials on the anisotropy was recently treat@8)( These authors
e proposed that for two identical donors (here: PEB) the
I(t) = Zaie § ) anisotropy is given by
I
_1 1 _
rt) = z ﬁie_ﬂ¢i 3) Mop(t) = Z(rl(t) +r,(0))pt) + Z(rlz(t) +1,(1))(1 — p(t))
' 9)

wherer(t) = ry(t) is the anisotropy in the absence of energy

Samples that were assembled with PCB were switched . .
transfer, which we will callpg

between the Pand the R/P. photoequilibrium using ap-

propriate light sources. Cphl could be converted almost _ — vt —t/gpy

completely to the Pstate by illuminating the sample with a roo(t) = ry(t) = (r, — ple ™™ + fe (10)

3 mW LED (Quantum Devices) at 735 nm for 20 s. The |, eq 10,1, is the initial anisotropyg: is the rotational

Py/P; photoequilibrium was reached ugira 1 mWlaser  correlation time of the chromophore in its binding pocket,

pointer at 650 nm for 1 min. The.spectral state Qf the PCB andg, represents the rotation of the whole dimg(t) is the

sample was controlled by recording the absorption spectra.gycitation probability, withkyr the rate constant for homo
Statistical Analysis of the Occupancies of the Chro- energy transfer

mophore Binding Sites in the Cphl Diméwith two

chromophore binding sites per dimer that may be empty (0) p(t) = 1-(1 + f(kyrt)) (11)

or occupied by PEB (D, donor) or PCB (A, acceptor), there 2

are six possible species: (D, D), (D, 0), (D, A), (A, A), (A, 1R\

0), and (0, 0). Let the number of dimers bethe number Kyr = _(_) (12)

of bound PEB molecules, and the number of bound PCB 75\Rop
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f(kutt) is usually a single exponentiad) or a powerlaw
(31

flgrt) = e 24 (13)
o = 1+ 2" (14)

Eq 14 reduces to eq 13 in the limit— c. Powerlaws are
more appropriate in the presence of structural or spectral
heterogeneity, which leads to a distribution of rates.

R, is the Faoster distance for homo energy transfer, and
Rop is the donofr-donor distancer.;, andr,; are the transfer
anisotropies given by2Q)

F1p= o = Py(COSO)rpo(t) (15)
Here, P, is the second Legendre polynomial, afds the
angle between the two transition dipole moments. Substitut-
ing eqgs 10, 11, and 15 in eq 9, we obtain

) [(1+ Pz(cosé))
- (5
(l P,(cos ))f(kH N

Eq 16 shows thatpp can be factorized inrpo, which

roo(t) (16)

describes the depolarization in the absence of energy transfer

and the first factor that contains the information on the rate
kat and on the angular changeof the transition dipole
moment. In the absence of energy transkgf,— 0, f — 1,
andrpp reduces tapo. The amplitude of the second time-
dependent term in the first factor, the contribution from homo
energy transfer, is proportional to (X P,). When the two
transition dipoles are parallel, this factor is zero, as it should
be. The transfer of excitation to a transition dipole with the
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Ficure 1: Absorption spectra of PCB and PEB bound to Cphl
(—) and the emission spectrum of PEB bound to Cphl (- - -). The
absorption spectrum of PCB depends on whether phytochrome is
in the R or B, form. The spectral overlap between PEB emission
and PCB absorption is clearly larger in theskate.

ments (labeled by i) with different fractions= xp,; of the
binding sites occupied we have

ri(t) = (1 = x)rpe(t) + %rpp()

With more than two values of, eq 19 is an overdetermined
system of linear equations for the time tracggt) andrpp(t).
We may write eq 19 in matrix form as

r=MR

(19)

(20)

with Ryt = rpo(t), Rex = rpp(t), and M the x-containing

coefficient matrix. The purepy andrpp traces may now be

calculated using the pseudo-invelde? in eq 20
R=M"r (21)

Fitting rpo(t) to eq 10 andpp/rpo to eq 16 with exponentials

or powerlaws then allows us to determine the rotational

correlation times and the homo energy transfer parameters

same orientation does not lead to depolarization. From eq(kyr, n, ando). Using eq 19 fit curves; can be constructed

16 we see that measurementrgf(t) not only allows us to
determine the rate of energy transfla-{) but also provides
information on the structural paramet&ro in turn enters
the orientational factot?, which plays an important role in
the interpretation ofkyr in terms of the donoerdonor
distance.

When not all of the chromophore binding sites are filled,
we have a mixture of dimers with two, one, or zero
chromophores. Only those with at least one chromophore
will fluoresce. Using eq 1, we can calculate the observed
anisotropyr(t) of the mixture

_ P(D,0)r po(t) Spo(t) + 2P(D,D)rpp(t) Sop(t)
S(t) is the total fluorescence intensity(t) + 2l(t). Since
homo transfer does not affect the decay cu®,(So =

o, and theSfactors drop out. Substituting fé#(D,0) and
P(D,D) from eq 6, we obtain the simple expression

r(t) = (1 = Xp)rpo(t) + Xprpp(t)

r(t) (17)

(18)

r(t) is thus a linear superposition of the anisotropigsand
roo With weights (1— xp) andxp, respectively. For experi-

for eachx; and may be compared with the data

RESULTS

Hetero Energy Transfer in Mixed PEB/PCB Dimeket
us first estimate whether the range of energy transfer for the
donor/acceptor pairs PEB/PEB and PEB/PCB as measured
by the Faoster radiusR, is large enough to make energy
transfer between the subunits of Cphl likely. The absorption
and emission spectra of Cph1l regenerated with PEB and PCB
are shown in Figure 1. The spectrum of the pujeskte
was constructed from the measured spectra cdirfel the
P«/P. photoequilibrium, in good agreement with the P
spectrum published in re?. From these data and the
extinction coefficients at the absorption maxima of PEB) (
and PCB 19) bound to Cph1, the spectral overlap integrals
J were calculated by numerical integration. In this way, we
found J = 3.6 x 10713 cm® M1 for the donor-acceptor
pair PEB/PEBJ = 4.1 x 1013 cm?® M~ for the pair PEB/
PCBs, andJ = 1.6 x 10713 cm® M~ for the pair PEB/
PCBst. The reduced value in the,RBtate is due to the red
shift of the R absorption spectrum with respect to that of P
and its smaller extinction coefficient (see Figure 1). These
results indicate that if the transition dipole moment orienta-
tions are approximately the same in the PEB/PEB and PEB/
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Ficure 3: Mean lifetime7 of PEB (xp = 0.1) as a function oXa,
., 030 the fraction of binding sites occupied with PCBwas calculated
2 from the data in Figure 2A®: P (illumination at 735 nm);a:
5 o o5 Px/P: photoequilibrium (illumination at 650 nm).
§ 0% PCB -
020}F - 90% PCB, P, /P, 10° A 3
U 90% PCB, P, — 5
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Time (ns) ‘a 3
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FiGuRe 2: Hetero energy transfer in mixed PEB/PCB Cphl dimers. c I ... 64% PEB
Apo Cphl was assembled at low PEB concentratign=¢ 0.1) s Z
and then titrated with PCB fromxa = 0.06 to xa = 0.90. 100F o 100% PEB 3
Measurements were performedxat= 0.0, 0.06, 0.32, 0.56, and
0.90 both in Pand in R/P; photoequilibrium. For clarity, only the . \ . . , ;
time traces ak, = 0.0 and 0.90 are shown. Conditions: Cphl . I . . . .
monomer concentration 8, pH 7.8, 50 mM Tris, 5 mM EDTA, 0.35 B.
15°C. (A) Intensity decay. (B) Anisotropy decay. )
> 1
PCB dimers, the rates for energy transfer should also be about & 0.30 .
the same. Since the chromophores are expected to be tightly 5
bound in their binding pockets (born out by the high 'E 0.25 .
anisotropy values for PEB, see Figure 2B below), we have .
no a priori knowledge about the orientational fastbr\When 020 F 4
we make the assumptio? = %3, ¢ppeg = 0.72 (17), andn* b----- 64% PEB

= 4, we obtain for the Fster radii values of 58.0, 59.3, 015 L 100%,PEB ,
and 50.7 A for PEB/PEB, PEB/PGBand PEB/PCRB, "o 5 10 15
respectively. This calculation shows thHat is quite large. Time (ns)

In view of the est_lmates OT 76150 A for the chromophore Ficure 4: Homo energy transfer in PEB/PEB Cphl dimers. Apo
chromophore distance in plant phytochrome from low cph1 was assembled with PERs, the fraction of binding sites
resolution structural method27, 28), we conclude that both  occupied with PEB was varied between 0.10 and 1.00. Measure-
homo and hetero energy transfer may well occur in Cphl ments were performed ab = 0.11, 0.20, 0.41, 0.64, and 1.00.
dimers unless? is close to zero. Since we can exclude this E%Lg'%ﬂ%’s’_o'gy ;qeggﬁgfnae? :og'clelr{t?a%hafg N:;.OOHarYe g‘hg(‘;"“-
possibility (see eq 22 and Figure 6 below), we expect 10 1y 'riic 5 mMpEDTA, 15°C. (A) Intensity decay. (‘B?Aniso’tropy
observe energy transfer. decay.

To investigate hetero energy transfer from PEB to PCB
in the absence of PEB/PEB homo transfer, apo Cphl wasfilled, and most of the bound PEB was in mixed PEB/PCB
first assembled with 10% PEB (as determined from the dimers. With increasing PCB, the PEB fluorescence intensity
absorption spectrum). At this low level of occupangy € decay became faster. Figure 2A shows the data for 0% PCB
0.1) and assuming noncooperative binding, the fraction of and the end value of 90% PCB. Using far-red or red
Cphl dimers with both binding sites occupied by PEB is illumination, the PCB monomers were converted between
expected to be rather small ((,19ee eq 6). The contribution  the R state and the photoequilibrium of thedhd R, states
from PEB/PEB homo transfer, which does not affect the (about 65% B). At every percentage PCB, the decay in the
lifetime, is therefore small. This sample was then further P state was faster than in the/® mixture obtained by red
titrated with PCB. The fluorescence intensity decay was light illumination. This effect is shown for 90% PCB in
measured at PCB percentages that varied from 0 to 90%. InFigure 2A (for clarity the decay curves at 6, 32, and 56%
terms ofxa of eq 5,x, was varied from 0.0 to 0.9. With PCB in R and R are not shown, their time courses being
increasing PCB percentage, the number of mixed PEB/PCBintermediate). Even at 10% PEB in the absence of acceptor
dimers increased linearlyP(D,A) = 2xpXa, €q 6). In the the decay was not monoexponential but biexponential with
final state (10% PEB/90% PCB) all the binding sites were 7 = 3.33 ns. At 90% PCB, four exponentials were required
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Ficure 5: Global analysis of the anisotropy data of Figure 4B.
(A) Expanded anisotropy data with from top to bottepr= 0.11,
0.20, 0.41, 0.64, and 1.00. (B) The ratish/rpo obtained from eq
21 and its fit to eq 16. (C) Fit afpg to eq 10 and of pp according

to eq 16. (D) Fits of the five;(t)-traces in panel A according to eq
19 using the fittedpp andrpp traces and the experimentalvalues.
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FicUrRe 6: Contour plot of«? (6,¢) for the chromophores of the
Cph1 PEB homo dimer according to eq 22and¢ are the spherical
polar coordinates of one chromophore in its local coordinate system
defined in the text«? = 4 at the upper right corner and 1 at the
other three cornerg? = 0 along the curve in the upper left corner.
From the amplitude of the contribution of homo transfer to the
anisotropy # was found to be 22% The dashed horizontal line at

6 = 22.5° shows that? increases from a minimum of 0.500 ¢t

= 0° to a maximal value of 1.313 at = 90°.

for a good fit. Under these conditiorswas 1.25 ns for P

and 1.67 for the PP, mixture. In Figure X is plotted versus

the fraction PCB X»). T decreases linearly with PCB both
for P, (®) and the R/P; photoequilibrium 4). This linear
dependence is expected if, due to energy transfer, the lifetime
of PEB is shorter in the mixed PEB/PCB hetero dimer than
in the PEB/empty dimer (see eq 8). From the slopes of the
fit curves of Figure 3 we obtained values®fy = 1.02 ns

for P andzpa = 1.49 ns for the PP, photoequilibrium. We

can obtain a rough estimate of the efficiency of energy
transfer fromE = 1 — 7pa/Tp using the mean lifetime of the
donor alone (3.33 ns) and of the donor in the presence of
the acceptor (1.02 ns in the Btate and 1.49 in the /P
photoequilibrium). In this way, we obtaiB = 0.69 in R
andE = 0.55 in the HPy mixture. Since the photostationary
mixture consists of approximately 65% Bnd 35% P, the
actual difference in energy transfer efficiency between the
pure R and the R states is substantially larger than these
numbers suggest. The stronger energy transfer, icoBld

be explained by the larger spectral overlap if we assume that
«? is the same. This assumption is however weak since due
to the isomerization of PCB the orientation of the acceptor
transition dipole moment will differ in Fand R.. Using the
difference in the mean lifetimes we could calculate a rate of
energy transfer and from this estimate the deremceptor
distance. Such an analysis is questionable however on two
counts: the use of the mean lifetime and the lack of
information aboutc?.

The anisotropy (t) did not vary with the percentage PCB.
The traces for 0 and 90% PCB are shown in Figure 2B. With
r(0) = 0.34 the initial anisotropy is quite high. An initial
rapid phased; ~0.8 ns) of small amplitude is followed by
a very slow decay witlp, ~95 ns, which is presumably due
to the slow rotation of the whole Cphl dimer. For PEB/
PCB hetero energy transfer the PEB anisotropy is not
expected to depend on the amount of energy transfer.

Homo Energy Transfer in PEB/PEB Dimerk these
experiments, apo Cphl was titrated with PEB, and at each

(E) Residuals between the five data sets (A) and the correspondingconcentration(t) andr(t) were measured. At low percentage

fit curves (D). The five sets of residuals are offset by 0.1.

regeneration only one of the two binding pockets of the dimer
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is occupied with PEB. At higher percentages of regeneration well-defined fixed but unknown orientations. Taking the
the fraction of dimers with both binding sites occupied with orientational average af is certainly unjustified«? depends
PEB starts to increaseP(D,D) = xp?) and with it the on the cosines of three angles: between the two transition
occurrence of PEB/PEB homo energy transfer. The hallmark dipole moment directions and between each of the transition
of homo energy transfer is that the lifetime is unaffected dipole moments and the vector connecting the two chro-
but that, unless the two transition dipoles are parallel, mophores. Above, we determined the first angle from the
additional depolarization occurs. This is exactly what was amplitude of the depolarization due to homo transfer. This
observed. The intensity traces in Figure 4A show that the puts a great constraint on the possible valueg.of further
decay remains the same with increasing regeneration. Of theconstraint is due to the fact that in the homo transfer we are
measurements at 11, 20, 41, 64, and 100% PEB, only threedealing with identical PEB chromophores that are excited
traces are shown. All(t) traces coincided and hadzaof and emit in the same (Sransition. The absorption and
3.22 ns, close to that for the case of no PCB in Figure 2A. emission dipoles are thus identical leading to the higl)

As is apparent from Figure 4B, large effects were observed value of 0.34-0.36 observed. Let(¢) be the spherical polar

in the anisotropy decay with a significant and systematic coordinates of one transition dipole moment in a rectangular
decrease in anisotropy with increasing concentration of PEB/ coordinate systenx(y,z) that is fixed with its origin at this
PEB dimers. For clarity the traces at 20 and 41% PEB, which chromophore position and oriented with respect to the vector
lie between the traces at 11, 64, and 100% PEB, are notconnecting the two chromophores in such a way tha
shown. At low percentage regeneratioxp (= 0.1), the parallel to the connecting vector, anis parallel to the 2-fold
fraction of double occupied dimePD,D) is (0.1f and thus symmetry axis of the dimer (perpendicular to the connecting
quite low. The observed fluorescence, however, is due to vector). Because of the 2-fold symmetry, the spherical polar
those dimers with bound PEB. The fraction of doubly coordinates of the other transition dipole moment are then
occupied dimers is about 10%; thus, their contribution cannot (0,¢ + ). The expression fok? now only depends of

be neglected. The trace in Figure 4Bxgt= 0.1 therefore and¢ and takes the simple form

still contains a substantial contribution from homo energy

transfer and cannot be identified with the state (D,0). To «%(0,¢) = [cos D + 3 sirf 0 sin¢]* =

extrapolate to the(t) traces for the two states with no homo : : _ ;12

energy transferpy and with complete energy transfaip, [+ S|n20{3 szd) A1 (22)

we use the scheme described in eqS‘ZB of Materials and A contour p|0t OfK2 iS Shown in Figure 6. Of particu'ar

Methods. Each of the(t) traces at the fivep values can be  jnterest is the curve defined w? = 0. As long as we are
written as a linear superposition according to eq 19. The gyfficiently far away from this valley, the error Roa Will
overdetermined system of linear equations rfgs andrpo be small sinceRoa is proportional to the sixth root of2.
can be solved according to eq 21. The resulting time tracessince we actually determined the andle= 20 between the
for the ratiorpp/rpp andrpp, rpg are shown in panels B and o transition dipole moments to be 455°, § = 22.5+

C of Figure 5 together with their fits according to eqs 10 2.5 Wwithout further knowledge about the value ¢of we
and 16.rpo describes the rotational dynamics of chromophore now have according to eq 22

and phytochrome in the absence of homo energy transfer.

The fit parameters werg, = 0.47 ns ang, = 105 ns. These K%(22.5,¢) = [0.707+ 0.439 sif ¢]?

numbers are in good agreement with those obtained from

the hetero energy transfer data of Figure 2B. The chro- Thus,«? increases monotonically along the horizontal line
mophore thus executes a rapid wobbling motion of small atd = 22.5 (dashed line in Figure 6) from the minimum of
amplitude within the binding pocket). ¢, is due to the 0.500 atg = 0 to the maximal value of 1.313 &t = /2
slow tumbling of the dimer. The fit ofpp/rpo to €q 16 was and is always well-removed from 0. Taking the sixth root,
also satisfactory (see Figure 5B). The powerlaw fit led to we find 0.89 atp = 0 and 1.05 atp = n/2. Thus,Rpa is at

the fit parameter$,(cos ) = 0.2445, kqr)! = 2.15 ns, most 5% larger or 11% smaller than the value calculated
andn = 0.34. Multiplying the fit-curve forrpo by the fit- with «? = 1.
curve forrpp/rpo, We also have the fit forpp. Using these To calculateRpa, we need the rat&r of homo energy

fits for rpp andrpo, the corresponding fits for the(t) traces transfer that we determined from the fit to the data of Figure
were constructed using the valuesxpin eq 19. These fits ~ 5A. The result waskr)™* = 2.15 ns. Usingl = 3.6 x 10713
are shown in Figure 5D and should be compared with cm® M1 n* =4, ¢peg = 0.72,k2 = 2/3, andt = 3.33 ns in
corresponding experimental time traces in Figure 5A. eq 12, we findRpa = 53.8 A. Using the bounds ost derived
Because of the large number of closely spaced and noisyaboveRo, is resticted to the range 51.2 A Roa < 60.4 A.
curves, we refrained from superimposing the data and theThis estimate only takes into account the uncertainty?in
fits in one panel. Instead, we show the residuals in Figure and does not include the experimental error®jrkyr, J,
5E. These indicate that a satisfactory fit was achieved with andz. The error inf is the most important source of error
the three above parameters. Wits{cosd) = 0.245, we find since it determines how closé& can get to zero. From eq
0 =45+ 5°. 22 and Figure 6, we note thet can only become zero when
Chromophore-Chromophore Distance in PEB/PEB Dimers 6 > 45°. Taking all error sources into account we arrive at
Distance calculations based on energy transfer are oftenthe range 49 A< Rpa < 63 A.
associated with large errors due to uncertainty about the Dimer Dissociation by DilutionFully reconstituted PEB/
angular facton? (21, 22). This is in particular so in cases PEB dimers were diluted with buffer. If the dimers do not
such as the phytochrome dimers considered here where thalissociate upon dilutiorl(t) andr(t) should be unaffected.
chromophore transition dipole moments are expected to havelf, however, the dimerization equilibrium is shifted to the
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Ficure 7: Effect of dilution-induced dimer dissociation on homo
energy transfer. Cphl was completely regenerated with PEB and Time (ns)

then diluted from 11 to 0.18M. Conditions: pH 7.8, 50 mM Tris, ] . .
5 mM EDTA, 15°C. (A) Intensity decays at the seven concentra- FIGURE 8: Energy transfer in the deletion mutant Cp2l (A)
tions 11, 6.7, 3.9, 2.0, 1.1, 0.49, and 0:29. B. Anisotropy decays. ~ Anisotropy decay(t). Conditions: pH 7.8, 50 mM Tris, 5 mM

From bottom to top the traces are at the concentrations 11, 3.9,EPTA, 15 °C. The molar PEB/CpM2 ratios and CphA2
and 0.19uM. concentrations are from top to bottom traces: 1.0 and QM5

0.12 and 12.5M; 0.53 and 12.5M; and 1.0 and 12.%M. B.

. . Intensity decay(t). Conditions: 12.%M CphlA2, pH 7.8, 50 mM
side of PEB monomers, there will be less homo transfer. Tris, 5tymM Eivj('le, 15°C. The m%lar FE)EB/CpFﬁZ and PCB/

This should be reflected in unalterddt) traces and a  CphilA2 ratios for the three traces are from top to bottom: 0.13
progressive increase in the anisotropy with decreasingand 0.0; 0.13 and 0.72 in;Pand 0.13 and 0.72 in
concentration of dimers. The concentration of PEB mono- Photoequilibrium.

mers was varied approximately 50-fold between 11 and 0.19the chromophore-bearing sensory module and has absorption
uM. I(t) andr(t) were measured at the seven concentrations spectra and photocycle kinetic8) (similar to those of the
11, 6.7, 3.9, 2.0, 1.1, 0.49, and 0.AM. Figure 7A shows  fyll-length protein. It lacks the transmitter module, compris-
that the lifetime is virtually unaffected, with the mean lifetime |ng the kinase domain, the H538 phosphoaccep[or subdo-
varying between 3.34 and 3.53 ns. The anisotropy (Figure main, and the response-regulator-binding domain. The
7B) on the other hand is clearly affected by the dilution. transmitter module is thought to be largely responsible for
With decreasing concentration the anisotropy increases, aghe dimerization necessary for the mutual transphosphory-
expected for decreasing homo energy transfer. For clarity, |ation seen in the sensory histidine kinase family.
only the traces at 11, 3.9, and 0,48 are shown in Figure Apo Cph]AZ was regenerated with PEB at molar chro-
7B. At the lower concentrations, the experimental effect of mophore/monomer ratios of 0.12, 0.53, and 1.00 (determined
an increase inr(t) saturated, suggesting that at these spectroscopically) at a protein concentration of 1&6 The
concentrations the dissociation is complete. From these datapgB intensity decay was virtually unaffected, and the mean
we estimated the dissociation const&itin the following lifetime varied between 3.11 and 3.25 ns in these three
way. The concentration dependence of the effect in the samples. The anisotropy decay showed qualitatively the same
anisotropy was plotted, and th&, was set equal to the  effect as with full-length Cphl (Figure 4B). As shown in
concentration at which the effect was half saturated. In this Figure 8A the anisotropy C|ear|y decreased with increasing
way, we obtained the rough estimatg = 5 & 3 uM. We PEB binding, suggesting some homo energy transfer. Dilu-
note that the trace at 3/8M is about halfway between the  tion from 12.5 to 0.25:M at a 1.0 ratio PEB/CpM2 led
traces at 11uM (mostly dimers) and 0.1%M (mostly moreover to complete abolishment of this depolarization
monomers). For a quantitative evaluation more accurate dataeffect (Figure 8A, top trace), suggesting dissociation of
over a wider concentration range are required and a moredimers with concomitant loss of energy transfer. Under these
elaborate data analysis based on the dimerization model. Wezonditions, the deletion mutant is thus predominantly in the
note that the slowest rotational correlation time in the trace monomeric state. The measured rotational correlation time
at 0.19uM in Figure 7B is 62 ns and therefore represents \as 50 ns, which is thus that of a Cpkd monomer (MW
the overall tumbling time of the Cph1l monomer. 58 kDa).

Deletion Mutant CphA2. This mutant protein consists of Further support for dimerization of the deletion mutant
the first 513 amino acids from the N-terminus. It contains was obtained from the corresponding hetero energy transfer
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experiments. After reconstitution with low amount of PEB
(PEB/CphIA2 = 0.13) to avoid homo transfer, a large
amount of PCB was added (PCB/C@#= 0.72). This had

Biochemistry, Vol. 42, No. 19, 2003$893

a correspondingly narrow range of 49ARpa < 63 A for
the PEB-PEB distance from the measured rate of energy
transfer.

no effect on the anisotropy (data not shown) but had a Figure 2 shows that when Cphl dimers that were first

significant effect on the intensity decay (Figure 8B). The

reconstituted with 10% PEB are further titrated with the

mean lifetime decreased from 3.38 ns with 0.13 PEB and acceptor PCB, the lifetime becomes faster (Figure 2A), but

0.0 PCB to 2.85 ns with 0.13 PEB and 0.72 PCB in the P
state. In the photostationary® mixture (65% R), the mean

lifetime decreased further to 2.67 ns. In the deletion mutant,

hetero energy transfer is thus stronger intRan in R, in

the anisotropy decay is unaffected (Figure 2B). This is the
hallmark of hetero energy transfer. These experiments were
performed in the pure Pform as well as in the #P
photoequilibrium {65% R;). Figure 3 shows that the mean

contrast to full-length Cphl, where the opposite effect was lifetimes in these two states decrease linearly with increasing

observed. Repeated switching between tharRl the R
states showed that this difference #nwas reproducible.

fraction of binding sites that are occupied by the acceptor
PCB. This is in accordance with eq 8 for hetero energy

These results clearly suggest hetero energy transfer in mixedransfer and allowed us to determine mean lifetimes of 1.02

PEB/PCB dimers, in agreement with the conclusions from

and 1.49 ns for the PEB/PCB hetero dimers jmraRd the

homo transfer. These experiments were performed at aP;/P, photoequilibrium, respectively.

protein concentration of 12/aM. Experiments with the full-

The dilution assay provided direct evidence for dimeriza-

length protein were performed at the lower concentration of tion but required the use of time-resolved fluorescence

8.4 uM and led to much larger decreasesti(Figure 2A):
from 3.33 nsto 1.25 and 1.67 ns indhd R/Py, respectively.

depolarization equipment. The question arises whether these
effects could not also be observed with steady-state fluo-

Comparing the results of homo transfer between the deletionrescence depolarization methods that are more readily

mutant Cph2A2 (Figure 8A) and full-length Cphl (Figure
4B), we also conclude that the effect is smaller in CpR1
Removal of the C-terminal domain in Cph2 thus probably
leads to a reduction in dimerization.

DISCUSSION

The dimerization of phytochrome is of considerable
biological significance. In Cphl it allows for the efficient
intersubunit trans-phosphorylation that differs inaRd R
and is regulated by light. Moreover, dimerization modulates
the kinetics of dark reversion from;Ro P, (32) and most

likely also affects the interaction with the response regulator.

available and would allow routine tests of the effect of
mutations on phytochrome dimerization. Rather than measure
the steady-state anisotropy valu@§] we calculated them
from the measured time-dependence (®f andI(t). This is

a routine and reliable procedure for which we used the fit
parametersy, i, ¢i, andz; of egs 2 and 3. In this way, we
found that in the dilution experiments of Figure 7B the
corresponding steady-state anisotropy valiiésncreased
from 0.27 at 11uM to 0.31 at 0.1%M. The reason that the
effect inCs less than in(t) is due to the weighting af(t)

by I(t). In this way, the small lifetime of bound PEB reduces
the effect. At present it seems therefore that the steady-state

It is thus useful to have available a fluorescence assay toeffect is probably too small since the absolute valueSiaf

monitor the dimerization with high sensitivity. In this paper,

in different samples of wild type and mutants need to be

we showed that homo and hetero energy transfer betweencompared.

the chromophores of each dimer subunit of Cphl provide

Only low resolution structural information is available for

such an assay. We could interpret the homo energy transfeipea photochrome2{, 28). These data led to a quaternary
data in terms of the distance and the angle between thestructure model with a 2-fold symmetry axis, with the
chromophore transition dipole moments. The hetero energy C-terminal domains involved in subunit interactions and the
transfer data indicated that the rate of energy transfer is largerN-terminal chromophore domains separated by distances

in P, than in R.. This may be due to the closer proximity of
the chromophores in.Rand may be related to the higher
histidine kinase activity in PWe found, moreover, that the
loss of homo energy transfer upon dilution is due to dimer
dissociation allowing an estimate for th®.

The data of Figure 4 indicated that with increasing
concentration of PEB/PEB dimers the PEB lifetime was

ranging from 70 27) to 150 A @8). Cphl is a histidine
kinase. Currently available high-resolution structures of other
histidine kinases (reviewed in re38 and34) indeed display
2-fold symmetry. Here we have used homo energy transfer
to find an interchromophore distance of about£67 A.
Homo energy transfer manifests itself through increased
depolarization but only if the angle between the transition

unaffected (Figure 4A), but the depolarization increased dipole moments differs from zero. The amplitude of homo

(Figure 4B). This is the experimental signature of homo

energy transfer is proportional to (X P,(cos 29)), where

energy transfer. The anisotropy data were then analyzed using6 is this angle (eq 16). The maximal effect thus occurs as

eqg 16, which shows that the anisotropy in the absence
of energy transfer is multiplied by a factor that contains the
time dependence of the homo transfigk.(t)) and the angle

0 between the two transition dipole moments. As shown in
Figure 5, the anisotropy data at five different PEB to Cphl
ratios could be fitted simultaneously in this way leading to
the common fit parameteig;r ™ = 2.51 ns andd = 45 +

5°. Using this value of and an analytic expression fef
based on the 2-fold chromophore symmetry in the dimer,
we could show that the alloweef values are in a narrow
range (Figure 6). This constraint afi allowed us to derive

expected when the angle is 90rhe amplitude therefore
contains important structural information on the transition
dipole moment geometry that is required in the calculation
of the inter-chromophore distance from the transfer kate

Our experiments thus demonstrate that homo energy transfer
supplies crucial additional structural information on the angle
between the chromophore transition dipole moments that is
not available from hetero energy transfer experiments. In the
latter, the only available information is the change in the
mean lifetime. It is difficult to interpret the homo energy
transfer efficiency, which may be calculated from the mean
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lifetimes, since four components contribute #oin the rotational correlation times cannot be recommended to
presence of energy transfer. A proper analysis of heteromonitor the dimerization of Cphl. We note that a rotational
energy transfer in case of multiple lifetimes is currently correlation time of 103 ns was observed for ANS labeled
not available. Homo energy transfer thus seems to be theoat phytochrome (118 kDa) using phase fluorimety)(
method of choice. An essential prerequisite for the applica- Dilution of PEB/PEB dimers (Figure 7) led to a significant
tion of homo energy transfer through its effect on the increase in anisotropy without a change in lifetime. These
anisotropy is that the fluorophores are immobilized. This experiments indicate a decrease in homo energy transfer due
ensures that the anisotropy remains high and does notto dimer dissociation and show that at concentrations below
decay due to rapid large angle rotational diffusion. This 10uM, Cphl occurs in a monomer/dimer equilibrium. This
condition was met in the present case with the PEB allowed us to estimate a dissociation constant @fbfrom
chromophores immobilized in the binding pocket and with the concentration dependence of the anisotropy. To our
only a small amplitude rapid wobbling motion (see Figures knowledge, this is the first estimate of the dimer dissociation
2B and 4B). constant for a prokaryotic phytochrome. For plant phyto-
As discussed, an analysis of hetero energy transfer in thechrome A, a 500 pM upper limit for the dissociation constant
presence of multiple lifetimes, in the absence of a priori has been estimated ). The intersubunit interactions are
information on«?, with immobilized donor and acceptor and thus clearly much weaker in Cphl dimers than in plant
in the absence of 2-fold symmetry is difficult. We may phytochrome dimers. One major difference between Cphl
nevertheless use the mean lifetimes of PEB in the absencg85 kDa) and plant phytochrome (124 kDa) is the absence
and presence of the PCB acceptor, to obtain a rough estimatef about 300 amino acids in the PAS module between the
of the rate of hetero energy transfer. For thestate, the sensor and the transmitter modules. Thus, reduced subunit
mean lifetimes were 3.33 and 1.02 ns in the absence andinteraction in Cph1l might well be due in part to the absence
presence of the acceptor, respectively. From these number®f the PAS module and the associated contact area. Ad-
we obtain from the rate of hetero energy transfer* = ditional removal of the transmitter module, as in the deletion
1.47 ns. Using the corresponding numbers for théPP mutant Cph2\2, led to a further reduction in dimerization
photoequilibrium we calculatekgr)™* = 2.70 ns. From the  but did not abolish the association.
analysis of the homo energy transfer data we obtaiked ¢ In previous work, the association of Cphl was character-
= 2.15 ns. We conclude that the rate of homo and heteroized by size-exclusion chromatographg; (9, 20). Since
energy transfer are of comparable magnitude. This is alsothese authors did not specify the Cph1 concentrations used
what one would expect on the basis of the similar overlap in their experiments, their mutually contradictory results are
integrals for the PEB/PEB and PEB/PCB pairs, if we assume difficult to evaluate and may not be compared directly to
furthermore that th&? values for these pairs are similar as ours. The SEC experiments are in agreement concerning apo
well. The fact that the rates of homo and hetero energy Cphl, which was shown to be predominantly monomeric
transfer from the two independent sets of experiments are(19, 20). The Cph1 holoprotein, however, seems to be either
qualitatively in agreement provides further evidence for in a 50:50 monomer/dimer equilibriun2@) or completely

energy transfer. dimerized (9). Results with Cph1D apoprotein, a deletion
The effect of homo energy transfer on the anisotropy was mutant consisting of the first 490 amino acids from the
analyzed with a powerlaw withkgr)™* = 2.15 ns anch = N-terminus, indicate that this truncated protein is entirely

0.34. The small value af corresponds to a broad distribution monomeric 20). This is not necessarily in contradiction to
of rate constants and is indicative of considerable heteroge-our results with CphA2, which consists of the first 513
neity. With these values for the mean rate conskantand amino acids. Moreover, we investigated the CpRlholo-
n, the distribution of rate constants was calculated. This protein. Discrepancies between the expected molecular
allowed in turn the corresponding distribution of doror  weights and those deduced from the SEC mobilities have
acceptor distances to be calculatd#)( Using the full width been attributed to a nonglobular shape or to interactions with
at half-height as the criterion for the width of the distribution, the gel matrix T, 19, 20). The conditions of ionic strength,
we obtained 44.0 A< Rpp < 62.3 A with the maximum concentration, and pH in the column may furthermore affect
value at 51.3 A. It is likely that this heterogeneity is not of the dimerization equilibrium. Nevertheless, these results from
structural origin but instead due to spectral shifts, as was SEC provide evidence for dimerization and suggest that
recently suggested from single-molecule energy transfer chromophore binding leads to stronger association. The latter
experiments between the chromophores of the related cy-result is in line with the change in secondary structure
anobacterial system phycoerythrocyarna)( observed upon chromophore binding in the far-Uv CD
The rotational correlation times differ significantly between spectrum 20). Our data analysis did not consider the
Cph1 and CphA2 monomers and the Cphl dimers. For possibility that the chromophore binding shifts the monomer/
CphlA2 (58 kDa) at 0.2%M, we observed the smallesttime dimer equilibrium toward the dimer. Since our titration
of 50 ns suggesting that it is indeed largely monomeric. For experiments were performed at concentrations well above
the Cphl monomer (85 kDa), measured at high dilution, we theKp, most of the phytochrome molecules were in the dimer
obtained 62 ns, whereas for the Cph1 dimer (170 kDa) valuesstate so that this effect can be neglected. Moreover, the
between 85 and 110 ns were measured. These values areesiduals in Figure 5E show that our model provides an
about what one expects for hydrated spheres of theseadequate description of our observations over the entire
molecular weightsq1). Because of the short lifetime of PEB titration. With our experimental data there is therefore no
and the limited observation window of about 17 ns, the errors need for a more refined model.
in these numbers are large. Therefore, and because of Our finding that energy transfer in full-length Cphl dimers
complications due to the nonspherical shapé),(these is stronger in the Pthan in the R form is of great interest
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since it may be related to the change in histidine kinase
activity, which is larger in Pthan in R.. A structural change
might bring the histidine kinase domains in thedfmer
closer together thereby increasing the rate of transphospho-
rylation. This closer proximity may also affect the chro-
mophore domains and lead to the observed increase in the
rate of energy transfer. This result was obtained in hetero
energy transfer experiments, which are difficult to analyze
and interpret due to the multiple lifetimes. We note that the
direction of the effect, more energy transfer in, ¥
consistent with the larger spectral overlap in this state. In
related energy transfer experiments between a fluorescently
labeled antibody to the N-terminus of oat phytochrome and
the chromophore, a change in distance between donor and
acceptor was observed upon photoconversion, partially
compensating the difference in the spectral overig). (

Because of the isomerization and the associated orientation
change of the PCB transition dipole moment, tidactor
will probably also differ between Rand R.. A substantial
change of the transition dipole moment orientation between
P, and R, was detected by linear dichroism in pe®) and
oat @40, 41) phytochrome. Since the related change4ins
unknown in Cphl, it is not possible to interpret this
observation further at this time in terms of a structural effect.
We note that in the truncated deletion mutant CpRthe
opposite effect was observed: stronger energy transfer in
Pr despite the larger spectral overlap in. B seems
reasonable to assume that the change?ibetween Pand
Py is the same in Cphl and CpAh2, implying that there is
a structural change that is reflected in the chromophore
chromophore distance. However, alternatively our results for
CphlA2 could be explained by a stronger dimerization of
the R, form, as compared to the frm. This possibility is
supported by recent experiments using the analytical ultra-
centrifuge, which indicated that the dissociation constant is
much smaller in Pthan in R (H. Strauss, and J. Hughes,
unpublished results).

Similar energy transfer experiments as carried out here
with Cphl may also be feasible with plant phytochrome and
could provide valuable information on structural changes and
dissociation constants.
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