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ABSTRACT. The kinetics and mechanism of the autocatalytic assembly of holo-Cphl phytochrome (from
Synechocystjs§rom the apoprotein and the bilin chromophores phycocyanobilin (PCB) and phycoeryth-
robilin (PEB) were investigated by stopped flow and circular dichroism. At 1:1 stoichiometry, pH 7.9,
and 10°C, SVD analysis of the kinetic data for PCB revealed three spectral components involving three
transitions with time constantg ~ 150 ms,7, ~ 2.5 s, andr; ~ 50 s.7; was associated with a major

red shift and transfer of oscillator strength from the Soret region to the 680 nm region. When the sulfhydryl
group of cysteine 259 was blocked with iodoacetamide, preventing the formation of a covalent adduct, a
noncovalent red-shifted complex (680 nm) was formed with a time constant of 20 pwuld thus be
assigned to the formation of a noncovalent complex. The absorption changes duareggdue to the
formation of the extended conformation of the linear tetrapyrrole and to its protonation in the binding
pocket. From the concentration and pH dependence of the kinetics we obtained a valueMffarihe

Kp of this noncovalent complex and a value of 8.4 for th& pf the proton donor. The, component

was associated with a blue shift of about 25 nm and was attributed to the formation of the covalent bond
(P;), accompanied with the loss of the-3' double bond to ring Arz was due to photoconversion tg.P

For PEB, which is not photochromic, the formation of the noncovalent complex is fagter 70 ms),

but the covalent bond formation is about 80 times slowgr 200 s) than with the natural chromophore
PCB. The CD spectra of the PCB adduct in the-2B00 nm range show that the chromophore geometries

in Pr and R; are similar to those in plant phytochrome. The opposite rotational strengthsaofiFR; in

the longest wavelength band suggest that the photoisomerization induces a reversal of the chirality. The
Cphl complex with noncovalently bound PCB was still photochromic when cysteine 259 was blocked
with IAA or with the bulkier IAF. The covalent linkage to cysteine 259 is thus not required for
photoconversion. The CD spectra of the noncovalently bound PCB @ane R-like states are qualitatively
similar to those of the covalent adducts, suggesting analogous structures in the binding pocket. The
noncovalent interactions with the binding pocket are apparently sufficient to hold the chromophore in the
appropriate geometry for photoisomerization.

Phytochromes are biliprotein photoreceptors of plants, that are covalently bound via a thioether linkage to conserved
fungi, and bacteria that allow these organisms to respond tocysteine residues in 1:1 stoichiometry. Phytochromes exist
environmental light conditions (for reviews, see r&fs3). in two thermostable states, the red)(Bnd far-red (R)
Typical phytochromes are homodimers with each subunit absorbing forms that can be reversibly switched by light
consisting of an N-terminal sensor domain and a C-terminal (photochromism). Depending on the system eithesrFP,
protein kinase domain. Plant phytochromes may be regardeds the active form. Photoconversion is associated with very
as light-regulated serine/threonine kinases, whereas mostapid isomerization (picoseconds) around the=C;¢ double

bacterial phytochromes including Cptfiom Synechocystis  pond followed by a series of slower (microseconds, mil-
are light-regulated histidine kinase3, @). The prosthetic

groups are linear tetrapyrroles®B or PCB, see Figure 1)

1 Abbreviations: PCB, phycocyanobilin; PEB, phycoerythrobilin;
P®B, phytochromobilin; B red absorbing form of phytochrome;,P
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fOOH GooH fluorescence energy transfer experimenit3).(

The kinetics of the autoassembly of bilins and apophyto-
chromes have been studied both in plat, (16, 20, 21)
and in bacterialZ2, 23) phytochromes using absorption in
the visible or fluorescence as the signals. A very sensitive
assay was introduced on the basis of the high fluorescence
of the nonisomerizable bilin analogue PEB, which has a

3E-phytochromobilin (P®B) single bond at the {5—Cys position (L2). In this pioneering
study these authors proposed and analyzed a reaction scheme
cooH cooH for the bilin binding, consisting of a rapid preequilibrium

between apoprotein and bilin forming a noncovalent com-
plex, followed by the slower irreversible formation of the

covalent adductl(2). The time resolution of these and other

studies 22, 23) was limited to seconds or minutes and clearly
insufficient to resolve the early steps in the kinetics.

Whereas at neutral pH the free bilin chromophores are
y unprotonated, there is strong evidence from vibrational
3E-phycocyanobilin (PCB) spectroscopy that the bound chromophore is protonated at
pH 7 in R in both plant 8, 10) and cyanobacterial2{)
phytochromes. As part of the assembly process the chro-
mophore thus has to be protonated. The protonation occurs
at the dipyrrin moiety of rings B and C.

The phycobiliprotein phycocyanin, which also carries PCB
as the chromophore, has an absorption spectrum similar to
that of the Pform of phytochromes. Although the primary
structures of both protein classes are different, the conforma-

COOH COOH

3E-phycoerythrobilin (PEB) tion and protonation state of the chromophores are thought
FiGURE 1: Structural formulas of the bilin chromophore®B, to be comparable. From the high-resolution crystal structures
PCB, and PEB. of phycocyanin 25) and the related phycobiliproteins allo-

phycocyanin 26), phycoerythrocyanin7), and phycoeryth-

liseconds) conformational changes in the dark. Allosteric rin (28, 29), a common principle emerged for the protonation
interactions play an important role in the activation of of their bilin chromophores. In each structure the chro-
phytochrome. The local conformational change in the binding mophore is arched in an extended banana-shaped form
pocket, which is located in the sensor domain, ultimately around a conserved aspartate residue with the N atoms of
leads to a structural change and signaling in the remote signalpyrroles B and C within hydrogen-bonding distance of one
transduction domain. The photocycle has been studied byof the carboxylate oxygens. The positive charge of the
transient optical absorption spectroscod; 6) and is protonated bilin is delocalized between the two nitrogens
associated with transient proton uptake and release from theand balanced by the negative charge of the aspartate. The
external medium@&). The chromophore structure in, P, formation of this ion pair in biliproteins requires a precise
and various intermediates was characterized by resonanceosition and orientation of the chromophore in its binding
Raman and FTIR spectroscopi9). The current consensus  pocket. It is likely that the carboxyl group of this aspartic
view is that the chromophore adopts an extended ZZZ/asaacid residue also serves as the internal proton donor in the
configuration/conformation in ;Pwhich changes to ZZE/  chromophore protonation. Although no high-resolution struc-
ass in R (10). These studies also showed that the chro- ture is available for phytochrome, it is plausible that a similar
mophore remains protonated throughout the photocygle (  ion pair formation is an essential step in its assembly as well.
10). Autophosphorylation requires the homodimer structure. In fact, for Cphl it was observed that no assembly occurs
PAS domains are involved in the subundtubunit interac-  when E189 is substituted by A, G, K, and T, suggesting that
tions. the carboxyl group of glutamate 189 may serve this role as

Attachment of the bilin chromophores is autocatalyiit) ( the proton donor(5) or that it is essential for proper folding.
Apophytochrome has thus also an intrinsic bilir & lyase Studies with a model compound, which is the adduct of
activity. The mechanism of the autocatalytic assembly cysteine and phycocyanobilin dimethyl ester, showed that
reaction has been studied in considerable detd)l Mutants intramolecular proton transfer to the chromophore leads to
were used to identifiy residues critical for bilin attachment a large red shift of about 60 nm and an approximately 3-fold
(13—15). Chromophore analogues were employed to deter- increase in oscillator strength of the longest wavelength
mine structural determinants for proper bindiri,(17). transition @0). Intramolecular protonation of the phyto-
Fluorescence depolarization experiments indicate that thechrome chromophore is thus expected to lead to a significant
chromophore is highly immobilized in its binding pocket bathochromic shift which should be observable if the
(18). assembly kinetics are monitored by BVis absorbance

No high-resolution structure of phytochrome is available. spectroscopy.
Low-angle X-ray scattering data suggest an elongated prolate The formation of the covalent bond, on the other hand, is
dimer structure 19). An interchromophore distance of 56 expected to cause a spectral blue shift since th& 8ouble
+ 7 A in the Cphl dimer was recently obtained from bond is lost in the process, leading to a smaller conjugated
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m-system. Additional noncovalent interactions between the bilin chromophore, both at the same buffer concentration (50
chromophore and binding pocket which might contribute to mM Tris, 5 mM EDTA) and the same pH value. Complete
the proper orientation and anchoring of the bilin involve the spectral(4,t) were taken at 20000 discrete time points after
two negatively charged propionate side chains of rings B mixing, typically from 10 ms to 200 s. The data were
and C. Methylation of both carboxyl groups abolished averaged to 60 wavelength points (about 8 nm spaced) and
ligation, suggesting that the electrostatic interaction of theseto 59 time points which are regularly distributed on a
negatively charged groups with corresponding positive logarithmic time scale. A reference spectrum without the
charges of the protein is required for autoassembl). ( absorbing specieg(A) (i.e., with water only) was acquired
Hydrogen bonds between NH groups of the rings and to calculate the transient absorptiéi,t) as an absolute
acceptor groups in the binding pocket provide further property: A(4,t) = log[lr(4)/1(4,t)]. The wavelength scale
noncovalent interactions. of the absorption spectra was calibrated by comparison with

Since intramolecular proton transfer and formation of a the steady-state absorption spectra from the spectrophotom-
salt bridge (ion pair) would seem to be a prerequisite for eter (UV-260; Shimadzu, Japan). To investigate the kinetics
the formation of the covalent bond, a working model of the of the R to P, photoconversion due to the measuring light
assembly mechanism would consist of the following steps: Without interference from the assembly process, holophyto-
(1) rapid reversible noncovalent association with the chro- chrome was converted to the. Btate by far-red light
mophore in an extended conformation in the binding pocket irradiation and then transferred to the observation cell by
(this reaction could be diffusion controlled); (2) intramo- Stopped-flow mixing.
lecular proton transfer from an internal donor inside the  Analysis of the Stopped-Flow Datéhe transient absor-
binding pocket and formation of an ion pair and hydrogen bance changes with respect to the final state at 200 s were
bonds; (3) irreversible formation of the covalent bond. Since calculated according tAA(,t) = log[I(4,200 s)I(4,1)]. Using
each of these steps is expected to be associated witha matrix representation afA(4,t) a singular value decom-
absorbance changes, they may lead to kinetically observablgPosition (SVD) was carried out:
signals.

Here, we study the assembly kinetics and mechanism in AA =U'D(s)V (1)
the cyanobacterial phytochrome Cphl fr@gynechocystis
(4, 31, 32) with PCB, the natural chromophore of Cpl&B),
and PEB. Cphl has a lower molecular mass than plant
phytochrome (85 vs 124 kDa), since it lacks the&00-
residue PAS dpmain. Wg used the stopped—f!ow_me_thoq (1) SVi(t) = G, + zGr e v )
for a quantitative analysis of the assembly kinetics in vitro ] I
and (2) for improved time resolution. The availability of large
amounts of apo-Cphl, expresseddscherichia coli allow From the amplitude&; of this fit and the basis specti&
such experiments for the first time. Using a CCD array for the amplitude spectrB; were calculated:
detection, complete transient absorption spectra from 300
to 800 nm were recorded with a time resolution of 10 ms. Bi(4) = ZUi(/1)Gij =B=U'G 3)
The broad bandwidth allowed a spectral characterization of [
the assembly intermediates.

The time traces of the relevant SVD componeii§)
weighted with the related S\ were fitted simultaneously
with a sum of exponentials:

To determine the spectra and the time courses of the species
MATERIALS AND METHODS involved, the data of the photoconversion experiment were
included by performing a joint SVD of both the assembly
Expression and Purification of CphFull-length Cphl  and the photoconversion data (subscripts a and p, respec-
(Synechocystiphytochrome, geneslr0473 from strain tively).
PCC6803) was expressed . coli with a C-terminal

histidine tag and purified as describezp), (AALAA) = UTD(s)(V,V,) (4)
Bilin ChromophoresPCB and PEB were extracted and
purified as described2@). A linear transformatiorX~* provides the difference spectra

Stopped-Flow Setup and Measuremerftse apparatus ~ Petween the pure speciés(i = 1, ...,n) and the final state
consists of a thermostated stopped-flow mixing unit (SHU- at 200 s after mixing in the assembly process:
61; Hi-Tech, Salisbury, U.K.) with a dead time of less than - = o1
2 ms and a home-built detection part. The observation cell A—A=UX") (5)
of the mixing unit (path length 10 mm) is connected with ) .
fiberoptic light guides to a 75 W Xe light source (XBO 75; The transfp_rmatmn mgtrnk(*l, on the other. hand, results
Miiller Elektronik-Optik, Moosinning, Germany) and to a from spegﬁc assumptions on the above d|fferenqe spectra
125 mm spectrometer (77400-M: Oriel Instruments, Strat- DY inversion of eq 5. Sinck™* is not a square matrn(—
ford, CT). A linear CCD array (CCD2010; Entwicklungsbu 1 basis spectral are transf(_)rmed in the 'spectnasqfeues),
G. Stresing, Berlin, Germany) attached to the spectrometerth® transformation of the time track¥ with X (na = XV)
allows multiple wavelength detection at 512 wavelength fails. Instead, the time tra_ces of the pure species have to be
points. The intensity of the light source was reduced calculated from the transient absorption spe¢gand the
appropriately to operate the CCD array at the highest 2PSOrption spectra of the pure speckes= (As, ..., Ay).
sensitivity. The assembly was initiated by mixing equal 1
volumes (each about 10Q.) of solutions of apoprotein and Na=As Aq (6)
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In the first step of the assembly a noncovalent complex (P
+ C=P-C) is formed. The stationary concentration of the
complex [PC] is given by

1+ cdc, + Kplc,
[P-C]= cp( 5 -

1+ c/c. + KJ/c.\2 '
[T

with c; andc, the total concentrations of C (the chromophore)
and P (the protein), respectively, ai@ the dissociation
constant.

Circular Dichroism Experimentircular dichroism spec-
tra were recorded with a Jasco 500-A instrument. The data
acquisition system was upgraded with a home-built control
unit and a fast A/D converter. Data were collected at room
temperature, with cells of 10 mm path length, and averaged
over 5-10 scans. For baseline corrections the spectra were
recorded with the same cell filled with buffer. 0.5

Absorbance (OD)

RESULTS 0.4

Kinetics and Spectral Changes of the Stoichiometric
Assembly with PCBThe assembly of the Cph1 apoprotein
with its native chromophore PCB was investigated at pH
7.9 and 10°C with equal concentrations of the apoprotein
and PCB (“stoichiometric” conditions). The transmitted
intensity after rapid mixing of the two solutions was 0.0 , , , )
measured from 10 ms to 200 s. Using a steady-state reference 300 400 500 600 700 800
spectrum of pure water, the absorbance spectra were Wavelength (nm)
calculated for 59 time points regularly spaced on a logarith- Figure 2: Stoichiometric assembly of apo-Cph1 with PCB at pH
mic time scale. These absorbance spectra (average of 1.9 and 10°C in the time range from 10 ms to 200 s. (A) 3D
mixing experiments) are shown in a 3D representation in representation of the absorbance as a function of wavelength and
Figure 2A, which clearly shows a decrease in the Soret bandlime after mixing. (B) Absorption spectra at 10 ms)( 800 ms

. . . (---), 15 s ¢-+), and 200 s{+—) and absorption spectrum of free
region (around 35(_) nm) and an increase !n_the Q-bandspcg (x—). Final holoprotein concentratios 9 M.
(around 650 nm) with time. To resolve the distinct changes
especially in the Q-bands, the absorbance spectra at foureduced. The SVD analysis (eq 1) of the absorbance changes
characteristic time delays after mixing are plotted in Figure exhibits only three relevant spectral components. In a
2B, together with a spectrum of the PCB solution mixed with logarithmic plot of the SVs (Figure 3A), only three SVs are
buffer instead of apoprotein. Apart from a constant offset, well above the noise level, which is indicated by the solid
the shape of the spectrum at 10 ms after mixing (s line. Singular values four and five are more than 10 times
somewhat broader compared to the spectrum of the freesmaller thars; and only slightly above the noise level. They
chromophore € x—). The continual decrease of the Soret were neglected due to their very small amplitudes. The time
band absorption is evident in the transient spectra from 10 traces weighted with the associated SMé)V] and the basis
ms to 200 s. The spectrum at 800 ms after mixing (---) spectra () of the relevant components are shown in panels
displays an increase and a red shift in the Q-bands. TheB and C of Figure 3, respectively. The traces of Figure 3B
following relaxation is associated not only with a further suggest (at least) three transitions and were thus fitted
increase of the absorption of the Q-bands but also with a simultaneously with three exponentials according to eq 2.
blue shift of these bands, as indicated in the spectrum at 15The time constants obtained in this way £ 150 ms,z, =
s after mixing -+). The spectrum at 200 s after mixing 2.5 s,73 = 56 s) are marked by vertical dashed lines. From
(— + —) shows a decrease at about 650 nm and an increasaghe amplitudes of this fit and the basis spectra the amplitude
in the longer wavelength region, suggesting the formation spectraB; were calculated according to eq 3 and plotted in
of Py in a photoequilibrium state (fP) by the measuring  Figure 3D. In the case of a linear sequential mechanism, the
light. This is supported by the corresponding red shift in the B; spectra have a simple interpretation as difference spectra
Soret bands. Further evidence for this interpretation is that between the sequential species. This assumption will be
the rate for this reaction increases with the intensity of the made. The first amplitude spectrua (W) associated with

0.3
0.2}

0.1

Absorbance (OD)

measuring beam. 71 indicates the formation of an intermediate with.ax value
For a quantitative analysis we use the absorbance changesf about 680 nm, i.e., red shifted with respect to thg, of
with respect to the final state at 200 MA(Xt) = P, at 655 nm. The positive amplitude at 700 nm and the

log[1(4,200 s)I(4,)]], which does not require a reference negative amplitude at 650 nm By (O) imply a blue shift
spectrum from an independent experiment. In this way, in this relaxation component. The negative amplitude at about
systematic spectral artifacts from the CCD detection are 725 nm inB; suggests the formation of;Rluring the third
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T T T T T Table 1: SVD and Kinetic Analysis of the Assembly of the Cph1

1Pk A Apoprotein with PCB at Different Stoichiometries
¢ . singular values time constants
3
T 107 E samplé stoichiometry s SIS s/st T/ms TS tafs
g " Cph® 1:0.4 0.798 0.551 0.164 203 4.7 42
S 10%¢ . 3 11 2.643 0.240 0.103 229 41 71
£ \\\N,\ 1:2 2508 0.280 0.138 192 44 93
10° ‘ . . . 1:4 2.459 0.305 0.164 176 4.3 106
0 5 10 15 20 25 Cph? 1:0.29 0.624 0.865 0.252 141 31 30
1:0.81 2227 0469 0.154 155 25 53
11 2.627 0.396 0.142 150 25 56
0.2 CphilA2 1:0.23 0.487 0.856 0.259 131 53 34
1:0.75 2.394 0455 0.169 155 6.0 58
0.0 1:1.5 3.685 0.306 0.144 139 5.0 86
1:3 3.273 0.401 0.198 140 6.3 66

-0.2

aCph® and Cpht are different preparations of the full-length
apoprotein. Concentrations of the apoprotein were 7.2, 9, andM.5
for CphZ, Cph®, and CphA2, respectively.

D(s) V (rel.u.)
<)
'

-0.6

10' 10? 10° 10° 10° for the conversion due to the decreased light intensity at the
end of the cuvette. It should be mentioned that the ratios of
the SVs and the values of the time constants differ somewhat
between different preparations of the Cphl apoprotein (see
Table 1). However, within the same preparation the results
were quite reproducible.

So far, the data analysis was model independ&nt (
spectra). To make further progress and to determine the
spectra and the time courses of the species involved in the
assembly of apo-Cphl with PCB, we made the following
two assumptions: (1) The first relaxation reflects an equili-
bration between a species spectrally very similar to the free
chromophore and a red-shifted intermediate. (2) The two
species which appear in the second and third relaxations,
respectively, and which are required to satisfy a three-step
relaxation cascade are &d R,. The absorption spectra of
the first two intermediates were calculated using assumption
. , , , , 1 in the following way. First, we use eq 7 to calculate the
300 400 500 600 700 800 percentage of molecules in equilibrium in the red-shifted
Wavelength (nm) intermediate. For the dissociation constéat of the non-

Ficure 3: Analysis of the data of Figure 2. (A) Singular values. covalent equilibrium we used 1.8\ (as determined below),

(B) Time tracesD(s)V of the main components of the SV = and forc, we have QM. In this way we find that 67% of
2.627 @), s, = 0.3965, (0), andsz = 0.142s; (A). Solid lines apo-Cph1l binds PCB and forms the red-shifted intermediate.

represent a simultaneous fit to the data with three exponentials. Since this intermediate is formed with a time constant of
Dashed \éeétical "“e%“;?'gé;‘%gg%gggséaggg t(r:ge)dﬂ 1Ii5t8 4o 150ms, we calculate that, at 10 and 200 ms, 4.3% and 49%,
m = Z. = . . . . .
spse,crtzra calcjgtsed from the fit amplitudes gf panel B and I?he SVD respectllvely, of the Cphl molec.ules are in the red'Sh'ftgd
basis spectra of panel CB, (M), B, (O), andBs (a). The solid form. Since the observed absorption spectra at these two time
line is the R — Py difference spectrum from the stopped-flow points are linear combinations of the spectra of the first two
photoconversion experiment. intermediates, their spectra were obtained by inverting the
relaxation. However, the shape Bf, especially the small  corresponding linear equations.

amplitude at about 650 nm, differs somewhat from a typical The absorption spectra of &1d R were determined from

P. minus R, difference spectrum. As a control experiment, the stopped-flow photoconversion experiment with holo-
we studied under the same conditions the effect of the Cphl (see above). These four intermediate spectra were
measuring light on holo-Cph1 which was initially converted “refined” by using a representation with the three relevant
to the R state and then quasi instantaneously exposed to thebasis spectra determined from a joint SVD of the assembly
measuring light by stopped-flow transfer in the observation and the photoconversion data according to eq 4. This
cell. In this case, only one spectral component was observedrefinement” was performed in the following way. First, the
which displays the well-known features of a iinus R transformation matrixX~* was determined from the initial
difference spectrum (solid line in Figure 3D). The time intermediate spectré; by inversion of eq 5, and second,
constant of the relaxation was 25 s, i.e., clearly smaller than the intermediate spectra were recalculated according to eq
73in the assembly experiment. In all experimentscreased 5. The result of this procedure is shown in Figure 4A. In the
with increasing PCB concentration (Table 1). This is only transition from the first intermediate (or free chromophore)
an apparent increase, caused by the inner filter effect fromto the red-shifted intermediate and from the red-shifted
excess PCB. At higher PCB concentration it takes longer intermediate to the Ftate, oscillator strength is transferred

U (OD)

B (OD)
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Ficure 4: Results from the data of Figure 2 (assembly) and the ———— T
photoconversion data of holo-Cphl assuming three apparent 0.05
relaxations in the assembly process. For details see text. (A) '
Intermediate spectra. (B) Time courses of the relative concentrations A
of the intermediates: firstintermedia®)( red-shifted intermediate 0.00 Lz
(©), P, (a), and R (V). Lines in panel B: time courses of P-)
and R (---), respectively, in the photoconversion of holo-Cphl
induced by the measuring light after rapid mixing efaRth itself. -0.05

B (OD)

from the Soret band to the Q-bands. Thegy of the main 20.10 . s . s
absorption band of the red-shifted intermediate is at about 300 400 500 600 700 800
680 nm, and the Soret band is red shifted as well with respect Wavelength (nm)

to the R state. The time courses of the four species shown g e 5: Substoichiometric assembly of apo-Cphl with PCB
n Flgure 4B (symbols) were calculated from the transient ([apo]J/[PCB]~ 1:0.23) at pH 7.9 and 1TC in the time range from
absorbance and the intermediate spectra according to eq 610 ms to 200 s. (A) Absorption spectra at 10 m9,(500 ms (---),

In the first relaxation component,(= 150 ms) an equilib- ~ 8s (), and 200 st + —). (B) Time tracesD(s)V of the main

: ot : _chi components of the SVDs, = 0.624 @), s, = 0.865s, (O), and
rium between the first intermediat®) and the red-shifted s = 0.2525, (a). Solid lines represent a simultaneous fit to the

intermediate ©) is formed. The decay of this equilibrium is  yata with three exponentials. Dashed vertical lines mark the time
associated with the second and the third relaxation compo-constants of the fit#g = 140 ms,z, = 3.1 5,73 = 30 s). (C)
nent and is thus at least biphasic. The formation of the P Amplitude spectra calculated from the fit amplitudes of panel B
(a) and R (V) states occurs with the secong & 2.5 s) and the SVD basis spectra (data not shows):(l), B, (O), and
and third ¢; = 56 s) relaxation, respectively. The concentra- Bs (4).
tion of B is almost constant during the third relaxation,
implying that the decay of Rlue to the photoconversion is  similar (see Table 1), but the evolution of the absorption
compensated by the formation of additionafil®dm the red- after mixing shows a considerable difference in the late time
shifted intermediate. Comparison with the photoconversion range (see Figure 5A). The absorbance decrease around 650
experiment with holo-Cph1 (lines in Figure 4B) indicates nm in the third relaxation, fnrm 8 s ¢--) to 200 s ¢ + —),
that the apparent formation of the Btate is retarded in the is much more pronounced under these conditions (compare
assembly measurement (56 vs 25 s). with Figure 2B). The SVD confirms qualitative differences
Assembly with PCB at Different Stoichiometriéithe in the substoichiometric assembly: The relative contribution
assembly kinetics of the Cph1 apoprotein with excess PCB of the second component is clearly highs¥g, = 0.865 vs
did not differ significantly from the stoichiometric case. For 0.396 for 1:1 stoichiometry; see Table 1), and the trace of
1:2 and 1:4 stoichiometry the three relevant SVs are very the first component shows a reversal, in contrast to the
similar (see Table 1), and the related time traC¥s)V monotonic behavior in the stoichiometric assembly [compare
display the same behavior (data not shown) as for the 1:1trace @) in Figures 3B and 5B]. Consequently, the amplitude
stoichiometry. The fit of the time traces with three expo- spectra of the substoichiometric assembly, shown in Figure
nentials reveals nearly the same time constants (see Tabl&C, display the following features in comparison to the
1), except for the third, which increases systematically with amplitude spectra of Figure 3D: (B} is scaled up by about
increasing PCB concentration. The time constants for the 30% with respect t@,, (b) the negative band d; at about
substoichiometric assembly (1:0.3 and 1:0.4) are also very725 nm is slightly reduced with respect B, while the
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0.20 : , which are thus inconsistent with the proposed model. This
0151 discrepancy led us to introduce an earlier intermediate whose
' rapid formation is unresolved.
__ 010f Experiments with the deletion mutant Cpkd, which
8 0.051 lacks the C-terminal histidine kinase domain, led to nearly
= the same results as with the full-length protein (see Table
E 0.00 s 1). The SVD revealed as well three spectral components
involving a three-step relaxation process. As for full-length
-0.05 1 Cph1, at low chromophore concentration (1:0.23 stoichiom-

400

500

600

300 800 etry) the first two SVs are comparable, and the transient
Wavelength (nm) accumulation of the Fstate in the time range of about 10 s
0.20 , , , . is again clearly higher than at high chromophore concentra-
tion. The apparent dissociation constigtdetermined from
~ 015l . B | the absorbance changes at 800 ms is2.2.5 uM. The
g time constants are comparable to those of full-length Cphl
P 010k | and do not depend significantly on the protein:chromophore
5 stoichiometry, except for the third relaxation associated with
3 the photoconversion (see Table 1).
% 0.05F 1 pH Dependence of the Assembly with PGBnce the
chromophore is protonated in 6, 24), whereas the free
0-000 1 2 3 4 5 chromophore is unprotonated at neutral pH, protonation has

to occur as part of the assembly process. To investigate the
mechanism of this putative proton transfer, we studied the
Ficure 6: Dependence of the assembly on the concentration ratio assembly at different pH values. Due to aggregation of the
of [apo]/[PCB]. (A) Difference spectra(800 ms)— A(10 ms)] at protein at lower pH and degradation of the free chromophore
four ratios of [apo)/[PCB]: 1:0.4<), 1:1 (-—-), 1:2 {-), and 1:4 at high pH, we are restricted to a range from about pH 7 to
(— + —). (B) Absorbance change at 680 nm as a function of the .
relative concentration/c, = [PCBJ/[apo]. The solid line is a fit P 9-5. The results of the assembly at pH 8.7 are shown in
to the data with eq 7 leading to a dissociation constaiiof 1.5 Figure 7A-C. As at pH 7.9 (Figures-35) three relaxation
uM for the apoprotein concentration of = 7.2 uM. steps are involved. The most obvious difference with the
assembly at pH 7.9 is that the absorption spectrum at 800
positive band at about 655 nm is strongly enhanced. Thems after mixing (---) does not show the pronounced red-
overall shape ofB; in the substoichiometric assembly shifted absorption band at 680 nm and is closer to the
resembles the Aninus R, difference spectrum better than spectrum at 10 ms (Figure 7A). Consequently, the amplitude
in the stoichiometric case. However, the positive bandsin B  of the first relaxation component is considerably smaller, as
which refers to the decay of the Btate is still too large. indicated by the time traces of the three relevant SVD
According to our working hypothesis for the assembly components (Figure 7B) and the amplitude spectBir(l
mechanism, the first relaxation component reflects the in Figure 7C).
formation of a noncovalent red-shifted complex of the  Experiments at pH 7 and 9.3 have been carried out in the
chromophore with the apoprotein. It is therefore expected same way. The results of the measurements at the different
that the amplitude of this component displays a characteristicpH values are summarized in Table 2. To compare the
dependence on the concentration of the chromophore at aamplitude of the first relaxation component, the difference
fixed concentration of the protein. In Figure 6A we show spectrumAA = A(800 ms)— A(10 ms) is shown at the four
the difference spectrumA = A(800 ms)— A(10 ms) at pH values in Figure 7D. The amplitud&A at 680 nm)
four relative chromophore concentration&,. The positive systematically decreases with increasing pH and nearly
band at about 680 nm shows a systematic trend, while thedisappears at the highest value, suggesting thais
negative band at about 350 nm suffers from saturation effectsassociated with proton transfer. This decrease is consistent
at the high chromophore concentrations. In Figure 6B the with a pK, of about 8.4, as indicated by a fit with the
absorbance change at 680 nm was plotted as a function oHendersor-Hasselbalch equation shown in the inset of
the relative chromophore concentration. The data points wereFigure 7D.
fitted to eq 7 for the association equilibrium with an apparent  The spectra at 23 3+¢) and 200 s { + —) reflecting the
dissociation constant of abolf, = 1.5 + 0.5 uM. While absorption changes of the third relaxation show that the
the amplitude of the first relaxation component is thus transient accumulation of the, Btate after the second
consistent with the above hypothesis, the time constant ofrelaxation is lower at pH 8.7 than at pH 7.9 (Figure 7A).
this process does not show a significant dependence on therhe changes in the second relaxation process are more
PCB concentration (Table 1). We note that our data evident from the time traces of the three relevant SVD
satisfactorily fit to exponentials, while the kinetics of a components (Figure 7B). While the time constants of the
bimolecular reaction at 1:1 stoichiometry deviates consider- first and the third relaxationt{ = 130 ms andr; = 56 s)
ably from exponential behavior. Simulations of a bimolecular are nearly unchanged, the time constant of the second
reaction with akKp of 1.5 uM and at the given protein  relaxation is much larger{ = 11.5 vs 2.5 s). Since the rise
concentration revealed an expected 3-fold increase of the(z;) and decay1s) times are closer together at higher pH,
apparent rate constant from 1:1 to 1:4 stoichiometry. Suchthe related relaxations are not resolved in the trace of the
an acceleration was clearly not observed in our experiments,first and dominating SVD component (Figure 7B), and the

Relative concentration ¢ /c,
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FiGure 7: Stoichiometric assembly of apo-Cphl with PCB at pH
8.7 and 10C in the time range from 10 ms to 200 s. (A) Absorption
spectra at 10 ms=), 800 ms (---), 23 s+-), and 200 s{ + —).
(B) Time tracesD(s)V of the main components of the SV¥; =
3.400 @), s, = 0.159s; (0), ands; = 0.069s, (a). Solid lines
represent a simultaneous fit to the data with three exponentials.
Dashed vertical lines mark the time constants of therfitf 130
ms, 7, = 11 s,73 = 56 s). (C) Amplitude spectra calculated from
the fit amplitudes of panel B and the SVD basis spectra (data not
shown): B; (W), B, (O), andB; (a). (D) pH dependence of the
difference spectrdA = A(800 ms)— A(10 ms): pH 7.0{), pH
7.9 (---), pH 8.7 {-+), and pH 9.3 £ + —); Inset: AA at 680 nm
(m), fit to the data with a HenderserHasselbalch equation with a
pKa of 8.4 ().

accumulation of the [Pstate is lower. Accordingly, the
contribution of the Pdecay in the amplitude spectrusg is
very small (Figure 7C).
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Table 2: SVD and Kinetic Analysis of the Assembly of the Cph1
Apoprotein with PCB at Different pH Values

singular values time constants

sample  pH S SISt s/ss w/ms  Tls TS

Cphl 7.0 1948 0441 0.162 168 2.7 56
79 2227 0469 0.154 155 25 53
8.7 3.400 0.159 0.069 134 115 56
9.3 1535 0.124 0.061 113 155 150

Noncaalent Assembly of IAA-Blocked Apoprotein with
PCB. To identify the step associated with the covalent
attachment of the chromophore, we investigated the assembly
in samples of apoprotein in which the cysteine binding site
is blocked by covalent reaction of the sulfhydryl group with
IAA. The reaction was carried out as describ@a)( At an
apoprotein concentration of @M this reaction goes to
completion at 1 mM IAA @2), as concluded from control
experiments with 10 mM IAA. The noncovalent nature of
the assembly complex was verified by the zinc fluorescence
assay 84) and by the loss of PCB on a NAP-10 desalting
column (Amersham-Pharmacia). The experiments were
performed at 1:1 stoichiometry under identical conditions
as before. The absorption spectra at 10 ms, 800 ms, and 200
s after mixing indicate that significant changes occur in the
subsecond time range (Figure 8A). The scaled difference
spectrumAA = A(800 ms)— A(10 ms) is very similar to
that of the nonblocked assembly under the same conditions
(Figure 8B); i.e., a red-shifted intermediate is formed.
Likewise, the kinetics in the subsecond time range are not
affected by the IAA blocking, as shown by the scaled
absorption changes at 680 nm (Figure 8C); irg.» 200
ms.

Assembly with the Analogue PEBhe assembly with PEB,
which can also form a covalent bond (see Figure 1), is
comparable to that with PCB in the sense that transiently a
red-shifted intermediate is formed. This is demonstrated in
Figure 9A where the absorption spectra at 10 ms, 500 ms,
and 200 s are shown. The SVD time traces were fitted with
time constants of 65 ms, 3.3 s, and 190 s (Figure 9B), where
the second component is nearly negligible. The related
amplitude spectra are shown in Figure 98; displays a
negative amplitude at about 610 nm, reflecting the formation
of the red-shifted intermediate, a4 displays a negative
amplitude at 580 nm and a positive band at 610 nm,
characterizing the transition from the red-shifted intermediate
to the final (covalent) adduct. The formation of the covalent
bond is thus almost 2 orders of magnitude slower than with
PCB. A photoconversion component is absent since the PEB
adduct is not photochromic.

CD Spectra of Cph1 with Galently Bound PCB and PEB
in P, and RB;. The CD spectrum of the,form was obtained
after illumination with far-red light frmm a 3 mW light
emitting diode emitting around 735 nm (Figure 10A). A CD
spectrum of pure fPcannot be obtained directly, since the
P/P; photoequilibrium is always below 70%j:P This
spectrum was obtained by extrapolation from a set of CD
spectra that were recorded during a “titration” of the sample
with red light fran a 1 mWdiode laser emitting at 635 nm.

In the course of this “light titration” by subsequent red
irradiations the equilibrium between &1d R. was succes-
sively shifted toward P (65% in the photoequilibrium). For
each value of the integrated illumination time, an absorption
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Ficure 8: Assembly of IAA-blocked apo-Cphl with PCB at pH 300 400 Wz?/glen the(or?m) 700 800
7.9 and 1C°C, stoichiometry 1:1, and apoprotein concentration 5.3 9
uM. (A) Absorption spectra at 10 ms), 800 ms (---), and 200 s  FIGURE 9: Assembly of apo-Cphl with PEB at pH 7.9 and°1)
(--+). (B) Difference spectra&(800 ms)— A(10 ms)] blocked {) stoichiometry 1:1, and apoprotein concentration @l4. (A)
and nonblocked (---). (C) Absorbance changes at 680 nm blocked Absorption spectra at 10 ms-§, 500 ms (---), and 200 38+). (B)
(—) and nonblocked (---). Data of the blocked assembly in panels Time traced(s)V of the main components of the SVI3; = 1.928
B and C are scaled by a factor of 2.5. (m), s, = 0.067s; (O), ands; = 0.020s; (a). Solid lines represent
a simultaneous fit to the data with three exponentials. Dashed
vertical lines mark the time constants of the fit € 65 ms,z, =

; 3.3 5,73 = 190 s). (C) Amplitude spectra calculated from the fit
spectrum was taken before and after recording the CD amplitudes of panel B and the SVD basis spectra (data not

spectrum using the CD cuvette. In this way we could exclude ghoyn): B, (m), B, (O), andBs (a).

that photoconversion was induced by the measuring light of

the CD spectrometer. From the combined set of absorption

and CD spectra at nine values of the integrated red light and around 295 nm. The latter band may also be due to

intensity, the pure Pand P CD and absorption spectra were t%rosme a_‘g_‘lj_ trypt(()jphan rgadugs of thedapopro;[jgm. T]? tr?St

obtained by SVD analysis. The analysis confirmed the this ‘I).OSS'b 't'ty an thto ?a'? 'at ette{. undc_ers}an Ing ott ?

presence of only two species. The results for the CD spectraCOUp Ing between the electric transition dipole moments o
R these aromatic amino acids in the binding pocket and the

of pure Rand R, are shown in Figure 10A. The Bpectrum » X

) ) ; ransition dipoles of the chromophore, the CD spectra of the

is characterized by a strong negative band centered at 64(}

" . apoprotein and of apoprotein samples that were partially
nm and a strong positive band in the Soret range at 340 NM.-itrated with PCB were recorded. The apoprotein spectrum

In addition, there is a shoulder near 295 nm and a negativejg shown in Figure 11A. From the titration results (data not
band around 265 nm. The, Bpectrum, on the other hand, shown), we concluded that the 295 nm band pfaRd the

has a strong positive band centered around 675 nm and &g5 nm band of Pare due to protein transitions. The large
negative band at 360 nm. The ED bands are red shifted gifference between the CD spectra gBRd R in the region
with respect to the Pbands, as expected from the corre- pelow 420 nm indicates that the interactions between the
sponding shift in the absorption spectra. From the signs of chromophore and the aromatic amino acids in the binding
the longest wavelength bands, one may conclude that in P pocket are quite different in,Rnd R,.

and R the chromophores have opposite chirality. The P Apo-Cph1 was also reconstituted with PEB, which lacks
spectrum also has a positive band near 420 nm which isthe Gs=C;¢ double bond between rings C and D. As a
absent in the Pspectrum. In addition, there is a negative consequence the conjugated system is correspondingly
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Ficure 10: CD spectra of Cph1/bilin adducts and apo-Cph1l. (A) 1
PCB adduct: apo-Cph1H), P; (---), P/Py photoequilibrium {-+),
and R (— - —); protein concentratiorr 12 M. (B) PEB adduct; — o
protein concentratior 6.5 uM. £ ]
o
shorter, leading to lowet.x values. Since no photoisomer- Ly ]
ization can occur, only one dark state exists. The CD A5k 4

spectrum of Cphl/PEB is shown in Figure 10B. It is
characterized by a narrow positive peak around 565 nm and
a negative one near 305 nm. The major bands are blue shifted Wavelength (nm)

with respect to those of Cph1/PCB and centered at wave-FiGure11: Spectral properties and photoconversion of noncovalent
lengths expected from the absorption spectrum. ComparingCph1/PCB complexes, stoichiometry 1:1, and apoprotein concentra-

: C e tion 14uM. (A) Absorption spectra of the adduct assembled in the
with the Cph1/PCB spectra in Figure 10A, one concludes dark (), after red illumination (---), and extrapolated for 100%

that the Cph1/PEB spectrum corresponds qualitatively with p *(...) "(B) Difference spectra dark state minus red illuminated
that of the R state of Cphl1/PCB. state: IAA-blocked PCB adducty), covalent PCB adduct scaled
Photoconersion and CD Spectra of Cphl with Nonco- by a factor of 0.25 (---), and IAF-blocked PCB adduet), (C)
valently Bound PCBAfter the sulfhydryl group of cysteine ~ CD spectra of the IAA-blocked PCB adduct: after assembly in
259, the chromophore binding site, was blocked with IAA, g‘e(‘.j_"’})rk (), after red illumination (---), and extrapolated for 100%
the labeled protein was incubated with PCB at a 1:1 " '
stoichiomety. lllumination with red (635 nm) or far-red (750
nm) light led to a reversible photoconversion between “P  looks like a canonical { spectrum, except for the clear
like” and “Pq-like” states as shown in Figure 11A. For shoulder near 600 nm which is most likely due to the PCB
simplicity we will call these states Bnd R, in the following. that is not bound in the binding pocket. In panel B the P
Comparing Figure 11A with the corresponding results for minus R, difference spectrum of the noncovalently bound
the covalent adduct (Figure 2B or 4A), we note that the ratio PCB is compared with that of the covalent adduct. The
of the absorbances in the visible and in the Soret bands isabsorption maximum and minimum of the noncovalently
considerably smaller than for the case of covalent binding. bound PCB are clearly red shifted by-230 nm with respect
Moreover, the ratio of the absorbances in the &hd Q- to covalently bound PCB. This is in agreement with the
bands in Ris larger for the noncovalent complex. Both of stopped-flow results where a red-shifted species was ob-
these effects suggest the presence of a third spectral specieserved as the end product of the noncovalent assembly
which is most likely due to PCB that is not bound in the reaction (Figure 8A). We conclude that a covalent bond is
binding pocket. Free or surface-bound PCB, for example, not required for PP, photochromicity.
has a high absorbance in the Soret region and a broad lower We also blocked cysteine 259 with the much larger label
absorbance near 600 nm, explaining our observations. Usingodoacetamidofluorescein (IAF), expecting that due to steric
the Kp value of 1.5uM, determined for the noncovalent hindrance in the binding pocket, this blocking would prevent
association in the absence of IAA, we may estimate from the noncovalent binding and photoconversion of PCB. Figure
eq 7 that about 30% of the added PCB was unbound underl1B shows, however, that even in the presence of IAF
the conditions of Figure 11A. This amount is of the right photoconversion between-Rind R-like Cphl/PCB states
order of magnitude to explain the spectra in Figure 11A. can take place. The,ninus R difference spectra for the
Panel A of Figure 11 also shows the calculated spectrum of IAA- and IAF-blocked samples are virtually identical (Figure
the pure R state assuming that the/R, photoequilibrium 11B), suggesting similar chromophore geometries in the
contains 50% P This spectrum-+¢-) with Q,- and Q-bands binding pocket.

300 400 500 600 700 800
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The CD spectra of the,Rand R states of IAA-blocked the origin of these spectral shifts comes from the photocon-
Cph1 with noncovalently bound PCB are shown in Figure version experiments with noncovalently bound PCB (Figure
11C. The CD spectrum of; s similar to that for covalently ~ 11). In this case, thePninus R, difference spectrum was
bound PCB (Figure 10A), except for the following differ- red shifted by about 25 nm with respect to the corresponding
ences. (1) The negative rotational strength around 670 nmdifference spectrum of the covalent adduct (Figure 11B).
is red shifted with respect to the corresponding peak for On the basis of th&, amplitude spectra (Figure 3D), the
covalently bound PCB (at about 640 nm). This is in second relaxation component is associated with a 25 nm blue
accordance with the corresponding red shift in the absorbanceshift, which is due to the loss of the-3' double bond in
difference spectrum (see Figure 11B). (2) Thespectrum the formation of the covalent bond in. RVhereas the related
contains an additional positive contribution between 500 and time constant 1,) ranges from 2.5a 5 s for the natural
580 nm. This positive rotational strength is probably an chromophore PCB (see Table 1), it is about 200 s for the
induced Cotton effect from PCB bound to the Cph1 surface chromophore analogue PEB (Figure 9). The third relaxation
(see Discussion). We may conclude that the conformation component (in the assembly with PCB) is associated with
of the noncovalently bound PCB in the binding pocketin P photoconversion to P by the measuring light. In the
is very similar to that of the covalently bound chromophore. assembly experiments, the photoconversion was, however,
The percentage photoconversion in th&Pphotoequilib- always systematically slower than when preassembled holo-
rium was not determined directly. From the amplitude of P, was measured in the stopped-flow machine under identical
the remaining negative band near 670 nm in the spectrumconditions (e.g., 56 vs 25 s). The shape of the amplitude
of the R/Py, photoequilibrium in Figure 11C, we may estimate spectrumB; in Figure 3D and the time traces in Figure 4B
that the spectrum contains at least a 30% contribution from indicate that the third relaxation step is not exclusively due
P.. From simultaneous simulations of the absorption (Figure to photoconversion but also contains significant contributions
11A) and CD (Figure 11C) spectra, we estimated that the from a (slow) formation of (additional) ;PWe therefore
P./Py photoequilibrium contains about 50%. Hhe corre- conclude that the formation of the, Btate is biphasic,
sponding calculated spectra for the pureskates are plotted  suggesting a Hike intermediate state (which is not photo-
in panels A and C+¢-). The CD spectrum of theiPstate in convertible) in a sequential pathway.
the visible is a superposition of two positive contributions  Variation of the molar apoprotein to PCB ratio in the range
from (1) surface-bound PCB centered near 580 nm (the samel:0.3 to 1:4 had only a minor effect on the time constants
component that was detected in the absorption spectrum andandz, (Table 1) but had a major effect on the amplitude of
that contributed to the CD spectrum of) And (2) R with the first component associated with the formation of the
a maximum near 650 nm. As for the covalent adduct (Figure noncovalent complex (Figure 6). From the dependence of
10A) the R, rotational strength in the longest wavelength this amplitude on the PCB concentration we determined a
band is positive. In contrast to the covalent adduct, however, value of 1.5«M for the dissociation constant of this complex
where both Qand Q contribute (Figure 10A), almost all of  at 10°C. This value is surprisingly close to the value of 1.3
the rotational strength comes from the @nsition. In the ~ 4M at room temperature obtained in an entirely different
Soret band region the;ZD spectrum also has the signature way for the oat phytochrome A/PCB systef®). Its small
of that of the covalent adduct, with a positive band near 430 value documents the strong noncovalent interaction with the
nm and a larger negative band near 370 nm. So the signshinding pocket. With the mutant CpA2 we obtained a
and positions of these bands far &e quite similar to those  similar result for the dissociation constaiiy(= 2.2 uM),
of the covalent adduct (410, 360 nm, Figure 10A) after indicating that the histidine kinase domain does not affect
correction for the red shift due to the extra double bond in the interaction of PCB with the binding pocket.
the noncovalent adduct. The only significant qualitative  The pH could only be varied in the narrow range from 7
difference between covalent and noncovalent adducts is theto 9.5. Table 2 shows that, in particulas, increases with
position of the longest wavelength CD band. pH. This leads to a reduction in the apparent amplitude of

P: since the formation time ofHz,) gets closer to its decay
DISCUSSION time 7;. Of greater mechanistic interest is the observation

Mechanism and Kinetics of Self-Assem@lige improved that the amplitude of the red-shifted intermediate decreases
time resolution of the stopped-flow method allowed us for strongly from pH 7 to pH 9.3 (Figure 7A,D). This supports
the first time to resolve the formation of a red-shifted the idea that PCB is protonated in this step. From these data
noncovalently bound intermediate in the self-assembly of a pK, of 8.4 was obtained. From the fact thatis almost
Cphl/PCB and Cphl/PEB. The data (Figures 2B and 5A), independent of pH (see Table 2), we may conclude that the
and in particular the model-independent amplitude spectraprotonation is intramolecular. The characteristic red shift and
B, (Figures 3D and 5D), show clearly that this intermediate increase in oscillator strength of the Q-bands in the course
with Amax ~680 nm is formed in about 15200 ms. The of the formation of the red-shifted intermediate are probably
noncovalent character of this intermediate follows from the due to a combination of (1) a transition to a more extended
fact that when the reactive group of cysteine 259 is blocked linear tetrapyrrole and (2) protonation of the chromophore.
with IAA, preventing the formation of the covalent bond The chromophores in.Rnd R; are known to be protonated
with PCB, only this same red-shifted intermediate is formed (6, 10, 24), whereas the free chromophore is deprotonated
with the same rise time (Figure 8). Moreover, the red shift at neutral pH. The I§, of 8.4 may thus be interpreted as the
with respect to thé.n.« value of R at 655 nm is consistent  pK, of the proton donor in the apoprotein. Asp or Glu
with a noncovalent complex, since the conjugated systemresidues may have such higkgpvalues in a hydrophobic
of the free chromophore is larger than for the covalent adduct environment. At high pH almost no red-shifted intermediate
due to the additional-33' double bond. Further support for is found (Figure 7D), but Rs still formed. This means that
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protonation can apparently also occur by other slower
pathways, e.g., directly from the external medium. We note
that the (K, of the chromophore deprotonation iniB 9.5

(6). The amplitude of Pformation in the stopped-flow
experiment at pH 9.3 was accordingly reduced.

Our results confirm and extend previous work on the
kinetics of self-assembly in the phytochrome. A model
involving a rapid preequilibrium with a noncovalent complex
followed by formation of the covalent bond was proposed
earlier (L6) and partially confirmedl?2). In these experiments
only the formation of the final covalent adduct was observed
and analyzedl(2). Here we learn further aspects of the self-
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also biphasic, as we concluded for Cphl (see above). Due
to insufficient time resolution only the late phase might have
been observed, and thus the related time constant is rather
comparable to time constamj in our experiments, which
also includes a contribution from additionalférmation (see
Results section). For the bacteriophytochrome f@atothrix

the assembly kinetics with PCB were studied with CphA,
which forms a covalent adduct, and with CphB, in which a
noncovalent complex is forme@3). As observed here, this
noncovalent CphB/PCB complex showedPp-like photo-
conversion 23, 36). At the position of the reactive cysteine

in CphA, CphB has a leucine residu23j.

assembly mechanism from the concentration and pH depen- CD Spectroscopy of Cph1/PCB in &d R;: Isomeriza-

dence. Additional insight is obtained from experiments with

tion Induces Chirality Reersal CD spectroscopy is a more

blocked cysteine 259 and on a faster time scale than wassensitive method to monitor the geometry of the chromophore
previously accessible. The spectrum obtained at the earliestand its interaction with the binding pocket than absorption

time point differs only slightly from free PCB (Figures 2B

spectroscopy. Extensive work has been done previously on

and 4A). We propose that this spectrum reflects the formation the CD spectra of plant phytochron®/7(-41). In plants RbB

of a nonprotonated intermediate in which PCB is bound to
the protein surface in a geometry comparable with that of
free bilin in solution. Such an intermediate is moreover
required for two reasons: (1) it explains the lack of
concentration dependence of the time constgr(®) a rapid
diffusion-controlled formation of a PCBapoprotein complex

is expected to be faster than the resolution of our stopped-

is the natural chromophore which has one more double bond
than PCB. For this reason absorption and CD spectra are
red shifted by about 525 nm with respect to PCB adducts.
Our spectrum for covalently bound PCB in theférm of
Cphl (Figure 10A) is in excellent qualitative agreement
(signs of the major bands) with the main features of the plant
phytochrome CD spectra in,Rafter correction for this red

flow apparatus. The second red-shifted noncovalent inter- shift: a strong negative band in the visible (66870 nm),
mediate is then formed in about 150 ms. The associateda strong positive band in the Soret region (3&5 nm),
spectral changes are due to stretching of the tetrapyrrole chairand a negative band around 285 nm. The published CD

in the binding pocket and protonation. The ovel&ll for
this complex is 1.5«M. The pK, of the proton donor is 8.4.

spectra for the PPy photoequilibrium of plants (typically
75—85% R,) are also in reasonable agreement (Figure 10A).

Indications for the existence of such red-shifted assembly The CD spectrum of the pure: Btate for plant phytochromes

intermediates were obtained for Cph1l from absorbaf2e (
32) and fluorescence3f) measurements and f@alotrix
CphA from absorbance measuremer3)but their forma-
tion could not be time resolved. The stopped-flow method
allowed for the first time to resolve the formation of this
intermediate. Formation of,@nd the covalent bond is much
slower witht, ~2.5 s.

How do our results compare with previous work in which

has never been published but is generally considered to be
“weaker”, i.e., of lower amplitude, than that of. Ahe CD

of the R/P; photoequilibrium shows besides a positive band
around 720 nm a negative contribution froma® 665 nm.

The positive 720 nm band is probably only apparently
“weak” due to the overlap with the strong negative contribu-
tion at 665 nm from P Such partial cancellations are well-
known in CD spectroscopy. In the Soret region the positive

only 7, the formation of the covalent bond, could be peak around 360 nm is weaker in the photoequilibrium, and
resolved? The most detailed investigation using a very an additional positive band appears around 430 nm. Plant
sensitive fluorescence assay with recombinant oat phyto- Py has also a negative band centered at 302 nm. From the
chrome was performed in ref2. These authors exploited reasonable agreement between the CD spectra of plants and
the high fluorescence quantum yield of bound PEB. The ratesCphl for both R and R, we may conclude that the

of the covalent reactionrf) and dissociation constants for chromophore geometries in the respective binding pockets
P®B, PCB, and biliverdin were obtained indirectly from are also similar in both forms.

competitive inhibition experiments with PEB. It was not The extrapolation which allowed us to calculate CD
established in ref2 whether the noncovalent complex with  spectra of pure P showed for Cphl that the longest
PEB was also fluorescent. Nevertheless, our values,fat wavelength band has positive rotational strengthqinTPe
10°C for Cphl are in the same range as their values at roomchromophores in Pand R. have thus opposite rotational
temperature for oat phy A: 2.5 and 4.0 s, respectively, for strengths in this band. One way to interpret these results is
PCB and 200 and 20 s, respectively, for PEB. Further studiesto assign Pand R, opposite chiralities (see below). The same
on the assembly kinetics were performed with plant phyto- probably holds for plant phytochromes. The experimental
chrome, all using absorption as the signal. In all cases theand theoretical aspects of the optical activity of free bilin
bilins were added in large excess, leading to pseudo-first- and biliproteins have been investigated in detai, 38, 42,
order conditions with exponential kinetics. This is in contrast 43). Bilins in solution assume a cyclic helical structude,(

to our experiments which were performed with molar apo/ 45). In solution right- and left-handed helices with positive
bilin ratios around 1. The observed values fowith PCB and negative rotational strengths in the longest wavelength
and RPB varied between 9 and 500 s and were generally band, respectively, are in equilibrium5). Covalent binding
slower as obtained here for Cphl3( 14, 16, 20, 21). A to a cysteine in the binding pocket leads to extended rigid
plausible explanation for this apparent difference could be linear chromophores that are stabilized by interactions with
that the formation of the Pstate in plant phytochrome is the protein matrix. Such chromophore structures have been
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extensively documented for a large number of biliproteins The most likely explanation for this red shift is that the

for which high-resolution X-ray structures are availalag+ conjugated system is larger for the noncovalently bound
29). An exception is the bilin binding protein frofieris chromophore than for the covalent adduct, since th&'3

brassicae(46). In this protein biliverdin IXy is bound double bond to ring A is lost upon formation of the covalent
noncovalently in a cyclic right-handed helical structure. The linkage. The experiments thus provide a plausible explanation
ellipticity in the longest wavelength CD band of this protein for the red-shifted intermediates observed in the stopped-
is as expected positive and is in accord with the sign rule flow experiments with PCB and PEB-j and for the red-

for C,-symmetrical chromophored ). On the basis of this  shifted end product in the stopped-flow experiment with
structural calibration, we conclude that the positive and Cph1/IAA/PCB. They explain, moreover, the blue shift of
negative rotational strengths of Bnd R correspond to right- apout 25 nm in the, component of the Cph1/PCB stopped-

and left-handed chromophore structures, respectively. Thefiow experiment, which is associated with the formation of
question that arises is how the isomerization around /& C  the covalent bond.

Cy6 double bond between rings C and D leads to this change
in chirality. One possibility is that the chromophore is right-
handed in R and that the large angular change of ring D
induced by the isomerization leads to a net left-hande

structure in R Indeed, calculations show that when the first =~ '™
three rings are fixed in a left-handed arrangement, the similarity for the covalently and noncovalently bound chro-

rotational strength of the longest wavelength band could be MOPhores. The data of Figure 11A,B show that the covalent
either negative or positive depending on the values of the @1choring of ring A by cysteine 259 is not required for
dihedral angles for the bridge between the third and fourth Photochromism. The structural explanation for this surprising
rings @3). It was concluded that “the calculated sign reversal OPservation is provided by the CD results. They show that
of the CD bands can originate from rather small and localized the chromophores are already in the appropriate geometry
conformational changesg). This simple picture for the N the absence of the covalent bond. Noncovalent interactions
origin of the chirality reversal from Pto P, may be with the binding pocket, such as the salt bridge between rings
Comp”cated by averaging effects from static or dynamic B and C and an acidic counterion and the anChoring by the
heterogeneity (substates). At least on the nanosecond timgPropionate side chains, are apparently sufficient to keep the
scale the chromophore is completely immobilizd@®)( In chromophore in the proper geometry for isomerization.
this connection it is of interest that in another photochromic  |n the absorption spectra of noncovalently bound PCB we
biliprotein, phycoerythrocyanin fronMastigocladus lami-  detected the presence of a population of nonphotochromic
nosus the longest wavelength CD band also reverses sign PCB with spectral characteristics similar to those of free
upon photoisomerizatiord§). As in phytochrome, 1%/E PCB, suggesting that these molecules are not in the binding
isomerization is involved, in this case with the chromophore pocket. As the first unresolved intermediate in the stopped-
phycoviolobilin @8). No explanation for this effect has been  fiow experiments we also detected such a spectral component
advanced so far. (Figure 2B), which may well be due to surface-bound PCB.
CD Spectra of Cph1/PEB-rom the CD spectrum of Cphl/ | the CD spectra (Figure 11C) this species contributed the
PEB (Figure 10B) we may conclude by comparison with proad positive bands centered near 580 nm iRl R.
Figure 10A that this nonisomerizable chromophore has a CD pcB js amphiphilic and may well bind to the protein surface.
spectrum similar to that of PCB in the: Btate. The positive ¢ js well-known that other linear tetrapyrroles like bilirubin
CD in the longest wavelength band of the PEB adduct may onq piliverdin strongly bind to bovine and human serum

be rationalized by assuming the same right-handed structurey , min, leading to large induced CD effects2(49).
for the first three rings as in the PCB, as dictated by similar ) : : '
interactions with the binding pocket. Since ring D of PEB  BIlocking cysteine 259 with the bulky chromophore IAF

is not part of the conjugated system, it does not contribute SUrPrisingly still allowed light-induced photoconversion of
to the CD. We note that the PEB chromophore is indeed the noncovalently bound PCB. The light-induced difference
rigidly held in the binding pocket, as was shown by time- SP&ctrum was virtually identical to that of IAA-blocked Cph1
dependent fluorescence depolarization measurema8ys ( (Figure 11B). Similar results were obtained with even larger
Since Cphl is a homodimer, chromopheshromophore  blocking groups such as Texas Red (dat_a not shown). These
interactions could lead to exciton effects in the CD spectra. "émarkable results are difficult to explain with a model in
Fluorescence energy transfer experiments with PEBh1 ~ Which cysteine 259 is deeply buried in the protein at the
suggest, however, that the interchromophore distance is 56end of an elongated binding pocket. Steric hindrance would
+ 7 A (18). In accordance with the experimental CD spectra, then be expected to prevent the proper interactions of the
this is too far for CD exciton effects. chromophore with the binding pocket. If the reactive

Photocomersion of Noncealently Bound PCB After sulfhydryl of cysteine 259 were near the protein surface,
blocking the cysteine binding site with IAA, noncovalent however, the bound fluorescein or Texas Red might project
binding of PCB still occurred (Figures 8 and 11). Moreover, into the aqueous solution, thereby leaving the binding pocket
we showed from both absorption and CD measurements thatentrance open and the binding pocket unoccupied. In this
photoconversion between-Pand R-like states does not model ring A would be near the surface, and ring D could
require the covalent linkage with cysteine 259 (Figure 11). be deeply buried. Since the photoisomerization switch
Both the absorption and CD spectra of the noncovalently involves ring D, this position for ring D would be quite
bound PCB were red shifted by about 25 nm with respect to appropriate for the coupling of the changed chromophore
their values for covalently bound PCB (see, e.g., Figure 11B). geometry to the protein.

The similarity between the CD spectra of covalently and
noncovalently bound PCB in (Pstrongly suggests an
d analogous chromophore geometry in the binding pocket. For
the R, form the CD data also indicate great structural



Kinetics and CD of Cphl Phytochrome Self-Assembly
CONCLUSION

The combined kinetic and spectroscopic evidence suggests 16.
the following reaction scheme for the bilin self-assembly in

Cphl of Synechocystis

bi + apoH" = bi-apoH" =

bi H*-apoj; holoR, = holoR,

bi-apoH' is the first noncovalent intermediate, and bi-H

apo is the second red-shifted noncovalent intermediate. In 22.
71 the chromophore is protonated by intramolecular proton

transfer. For PCB, the time constants are- 150 ms,z; ~
2.5 s, and; ~ 50 s. TheKp for the noncovalent complex is
~1.5uM.

Reversible photoconversion betweendhd R;-like states

occurs in Cphl even in the absence of a covalent bond. The
CD spectra of the noncovalent complex suggest that the 26.
noncovalent interactions in the binding pocket are sufficient
to keep the linear tetrapyrrole in the appropriate geometry

for photoisomerization.
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