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ABSTRACT. The phytochrome family of red/far-red photoreceptors has been optimized to support
photochemical isomerization of a bound bilin chromophore, a process that triggers a conformational change
and modulates biochemical output from the surrounding protein scaffold. Recent studies have established
that the efficiency of this photochemical process is profoundly altered by mutation of a conserved tyrosine
residue (Tyi7e) within the bilin-binding GAF domain of the cyanobacterial phytochrome Cph1l [Fischer,

A. J., and Lagarias, J. C. (2004) Harnessing phytochrome’s glowing poteptad, Natl. Acad. Sci.

U.S.A. 10117334-17339]. Here, we show that the equivalent mutation in plant phytochromes behaves
similarly, indicating that the function of this tyrosine in the primary photochemical mechanism is conserved.
Saturation mutagenesis of Tysin Cphl establishes that no other residue can support comparably efficient
photoisomerization. The spectroscopic consequences gfsfiyutations also reveal that Tyg regulates

the conversion of the porphyrin-like conformation of the bilin precursor to a more extended conformation.
The porphyrin-binding ability of the TyfsArg mutant protein indicates that Tyg also regulates the
ligand-binding specificity of apophytochrome. On the basis of the hydrogen-bonding ability ok Tyr
substitutions that support the nonphotochemical €¥ynto C15Z,anti interconversion, we propose

that Tynvg orients the carboxyl side chain of a conserved acidic residue to stabilize protonation of the
bilin chromophore. A homology model of the GAF domain of Cphl predicts &8%q C10Z,syn
C15-2,anti configuration for the chromophore and implicates fgduas the proposed acidic residue
stabilizing the extended conformation, an interpretation consistent with site-directed mutagenesis of this
conserved acidic residue.

Phytochromes are a widespread family of biliprotein chromes from non-oxygenic photosynthetic and heterotrophic
photoreceptors specific for red and far-red light that were eubacteria (BphPs) instead make use of biliverdia (BV),
first identified in plants, where they modulate growth and the more oxidized bilin precursor from which plant and
development in response to changes in photosyntheticallycyanobacterial phytochrome chromophores are derit8d (
active radiation 1—6). Phytochromes and related photosen- 19—21).
sory proteins have also been identified in cyanobacteria, Absorption of a photon by the red-light-absorbingd®m
purple bacteria, nonphotosynthetic bacteria, and even fungiof phytochrome triggers th&—E isomerization of the C15
(7—15). Plant and microbial phytochromes incorporate linear C16 double bond of its bilin chromophore€2). This
tetrapyrrole molecules of different structures as their chro- photoisomerization generates the spectrally distinct far-red-
mophores for sensing different shades of red and far-red light.light-absorbing R form, which can revert to Reither upon
Plant phytochromes (Phygmploy phytochromobilin (@B), absorption of a second photon or via a slow thermal process
while cyanobacterial phytochromes (Cphs) use phycocyano-known as dark reversion. Numerous studies have established
bilin (PCB), the same pigment that is used by phycobilip-
roteins for light harvesting 16-18). The bacteriophyto- ! Abbreviations: BphP, bacteriophytochrome; BV, biliverdinaX
CNBr, cyanogen bromide; Cphl, cyanobacterial phytochrome 1 from
Synechocystisp. PCC 6803; Cphy, truncation of the cyanobacterial
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Ficure 1: Domain structure, chromophore configuration, and assembly of phytochromes. (A) Domain organization of the Cphl, BphP,
and Phy subfamilies. The N-terminal photosensory region contains the P2 PAS domain, the P3 GAF bilin lyase domain, and the P4 PHY
domain. Plant phytochromes (Phy) also possess a Ser/Thr-rich N-terminal P1 domain. The C-terminal regulatory region of these phytochromes
contains a domain homologous to histidine kinase transmitter modules. Plant phytochrome C termini possess an additional inserted region
that contains two additional PAS domains (labeled PAS1 and PAS2). Cys sites of covalent attachment to the bilin chromophore are indicated.
(B) Conformations of the free chromophore precursor phycocyanobilin (PCB) and its protonated form during assembly. Rings are labeled
in bold, and the carbons of the ring system are numbered. (Left) A cyclic, deprotonatggy®5C10Z,syn C15Z,synconfiguration of

the initially bound PCB is shown. (Center) Upon protonation of the ring system, PCB adopts a more extended conformation, here shown
as C5Z,syn C10Z,syn C15Zanti. (Right) The covalent attachment of PCB to Cphl results in a covalent thioether linkage,to V@its

R stereochemistrylg). (C) Assembly reaction of PCB with wild-type phytochrome Cph1l is sha@. After initially binding in a cyclic
conformation, PCB becomes protonated and adopts a more extended conformation (“ext”). The thioether linkage is then formed (“ext,
coVv”). Kp, initial binding constant for PCB and apoCptgr, equilibrium constant for proton transfer and concomitant chromophore
rearrangement.nem rate constant for covalent attachment.

that the R to B, photoreversion reaction proceeds through a thioether linkage between the A-ring vinyl group of BV
spectrally distinct intermediates from the forward reaction and a conserved Cys residue in the P2 domay 20, 21,
(23, 24). The interconversion between &d R ultimately 33), while plant and cyanobacterial phytochromes utilize
triggers a conformational change that alters the biochemicalmore reduced bilin chromophores, i.e., PCB aideB? that
activity of phytochrome’s C-terminal output region that is are instead linked to a conserved Cys in the P3 domidin (
usually a protein kinaseB( 13, 18, 19, 25—-28). For plant 18). Interestingly, introduction of a Cys to the appropriate
phytochromes, it is well-established that the N-terminal position in the P3 GAF domain of bacteriophytochromes
photosensory region transmits a second light signal via permits covalent attachment of PCB3( 34), indicating that
nuclear translocation and interaction with nuclear transcrip- plant and microbial phytochromes have considerable struc-
tion factors 29—31). Phytochromes thereby transduce light tural similarity in their bilin-binding pockets.
signals via changes in gene expression, enabling long-term It is generally accepted that the bilin prosthetic groups of
adaptation to changes in the light environment. phytochromes adopt semi-extended geomeiriesity, but
The photosensory input region of plant and microbial the overall conformation and protonation state of thari
phytochromes typically consists of three evolutionarily P, chromophores has remained controversial until recently.
related domains: a P2 domain that exhibits a weak homologyHeteronuclear NMR spectroscopic analysis of the cyano-
to PAS domains, a P3 or bilin lyase domain recognized as bacterial phytochrome Cphl froynechocystisp. PCC
a GAF domain, and a P4 or PHY domain [Figure 132)(. 6803 has established that the B/C-ring system,airfel R,
Those phytochromes that employ BV, i.e., BphPs, possesschromophores are both protonat&&)( corroborating earlier
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vibrational spectroscopic investigations on plant phyto- yield. The present study was undertaken to more fully
chromes 86, 37). Recent holoprotein assembly studies on examine the structural and functional role of this tyrosine
Cphl using stopped-flow spectroscopy indicate that PCB residue. To determine whether this conserved tyrosine plays
adopts a cyclic or porphyrin-like CB;syn C10Z,syn C15- a similar role throughout the phytochrome family, we have
Z,syn conformation upon initial binding to apoCph38). introduced the Tyr-to-His mutation into representative plant
This species rapidly interconverts to a more strongly red- phytochromes, full-length Cphl, and a representative bac-
light-absorbing, red-shifted intermediate that slowly trans- teriophytochrome. Saturation mutagenesis ofi7gin Cph1
forms to the more blue-shifted Prm upon thioether bond  demonstrated a critical function of this tyrosine in maintain-
formation, the overall rate-limiting step for assembly (Figure ing the protonated, extended conformation of its bilin
1B). A recent theoretical study suggests that the red shift of chromophore. To identify the potential proton donor, homol-
the extended, noncovalent intermediate is due to protonationogy modeling of the Cph1 P3 GAF domain was performed.
of the chromophore ring system, while the increased oscil- These results implicated GHg4, a conserved acidic residue
lator strength of the visible transition reflects a more extended located near Ty, in the stabilization of the protonated form
conformation 89). The extended conformation could involve of the B- and C-ring nitrogens of the bilin prosthetic group.
adoption of aZ,anti configuration about C5, C15, or both, a To test this hypothesis, site-directed mutations of;gshvere
conclusion that has received support from density functional characterized, revealing a critical role for this residue in
theory calculations coupled with experimental resonanced adoption of the extended conformation of the Cphl chro-
Raman spectroscopy@). Very recent work with synthetic,  mophore.
sterically locked BV derivatives suggests that thegectrum
of an Agrobacterium tumefacierBphP is best reproduced MATERIALS AND METHODS
with a synthetic BV with a locked,anti configuration at Plasmid ConstructionThe Synechocystisp. PCC 6803
C15, while a locked C1%anti BV analogue afforded an  Cphl plasmid pBAD-CphA and phycocyanobilin (PCB)
adduct resemblingsR41). When taken together, the simplest biosynthetic plasmid pPL-PCB were previously described
interpretation of these results and of the stopped-flow data (48). ThePseudomonas aeruginoB# 4117 BphP plasmids
is that the Pchromophore possesses a Z;Syn C10Z,syn PASK-IBA2-PaBphP-STZ1) with and without the TyiszHis
C15,anti configuration that arises from the initial porphy- mutation were a gift from Nicole Frankenberg-Dinkel
rin-like, all synintermediate via a single, nonphotochemical (University of Braunschweig, Germany). The pPtbB
syn—anti conformational interconversion (Figure 1). plasmid that contains a synthetic operon consisting of the
Despite the current absence of a high-resolution phyto- Synechocystisp. PCC 6803 heme oxygenase hol (Cyano-
chrome crystal structure, considerable indirect information base Locus SLL1184) and theabidopsisphytochromobilin
is available for members of the phytochrome family in synthase (HY2, NCBI Locus AB045112) fused to glu-
general and for the photosensory domains in particular. tathioneStransferase (GST) in the expression vector pPRO-
Truncation analysis has indicated that normal photochemistry LarA122 (Clontech) was constructed as follows. Using the
does not require the C-terminal regulatory regids, (42, plasmid DNA template pGEX-mHY 24Q) that contains the
43). It is also possible to retain both covalent attachment of full-length HY2 cDNA lacking the transit peptide fused to
chromophore and photoconversion in the absence of the PAGST the GST-HY2 chimera was PCR-amplified with the
or PHY domain, but such truncations exhibit reduced primers GST-mHY2EcdRV, 5-CGGATATCATGTCCCC-
photoconversion efficiency, leading to the idea that this TATACTA-3', and mHY2Not, 5-GCGCGGCCGCTTAGC-
domain both stabilizes the core photosensory region (P2 andCGATAAATTGTCC-3. The resulting PCR product was
P3) and reduces futile de-excitation of the chromophbBe ( subcloned into plasmid pCR2.1/HO1-RB&B) usingEcaRV
31, 44, 45). Point mutants also have been isolated in the and Notl sites to produce plasmid pCR2.1/HO1-RBS-
PHY domain that shift the absorbance spectrum without GSTHY2. The entire HO1-GSTHY2 operon from this
significantly affecting photochemistry6), again indicating plasmid was then subcloned into pPROLarA122 u&ipgl
that this domain serves an accessory role. Deletion mutagenandNotl to produce pPL-B®B. The full-length Cph1 plasmid
esis of the cyanobacterial phytochrome 2 (Cph2) has revealedoBAD-CphlFL-myc/his was produced using pASK75B-
that a P3 GAF domain alone is sufficient for PCB attachment Cph1-ST 8) as a PCR template with appropriate primers.
(45). In apparent contrast, however, a 23 amino acid motif The resulting PCR product was cloned into pBAD-myc/hisC
within the P2 PAS domain of AphA, a Cphl orthologue from (Invitrogen) with Ncd and Hindlll. The Cphl-PAS/GAF
the cyanobacteriurAnabaenasp. PCC 7120, was shown to  truncation plasmid pBAD-Cphl(PAS/GAF)-myc/his was
play a critical role in holoprotein assembl/4. When these  produced using pBAD-Cpht (48) as a PCR template with
results are taken together, they indicate that phytochromethe primerdNcdF-Cphl-P2, 5GGGCTAACAGGAGGAAT-
P3 GAF domains contain most of the chromophore contact TAACCATG-3,” and PuullR-Cph1-P3, 5CAATAAAAC-
sites important for reversible photochemistry, while the P2 CGCTTCATGCTCCGCCAG-3 The PCR product, encod-
and P4 domains perform more indirect roles in assembly anding the N-terminal 350 amino acids of Cphl, was cloned
spectral tuning. into pBAD-myc/hisC with Ncd and Puull. pASK75B-
Our laboratory recently reported that mutation of conserved AtPhyA(N599)-ST, encoding the N-terminal 599 amino acids
Tyriz76in the P3 GAF domain of Cph1 significantly increases of PHYA from Arabidopsis was derived from the plasmid
the fluorescence yield of the holoprotein while inhibiting the pAZ2a, a kind gift from Joanne Chory (Salk Institute, La Jolla,
P to P, photoconversion procesd®). In that study, we CA) by PCR using the primers' ' ®AGGATCCAGAAT-
hypothesized that this 1¥gH mutation reduced the rate of TCGAGCTCTC-3and 3-GCGTCGACCGACCTTTGTAT-
Z—E photochemical relaxation of the EBxcited state viaa  TCACATC-3, and the PCR product was cloned into
steric gating mechanism, thereby enhancing its fluorescencepASK75B-ST 8) with BanH1 and Sal. pBAD-AtPhyB-
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(N450)-6x his, encoding the N-terminal 450 amino acids of
PHYB from Arabidopsiswith a C-terminal His tag, was
derived from pBS-AtPhyB-ST, which was generated from
the Xbd —Kpnl fragment of pYES2-AtPHYB-STH0) and
the similarly restricted pBluescript Il K&. The sequence
corresponding to the N-terminal 450 amino acids was
amplified using pBS-AtPhyB-ST and the primers AtBN450-
(Ncd), 5'-CATGCCATGGCCGTTTCCGGAGTCGGGGG-
TAG-3', and AtBN450EcdR1), 3-GGAATTCCAGTGTCT-
GCGTTCTCAAAACGCG-3. The PCR product was cloned

Cyanogen Bromide Digestion and Chromopeptide Isola-
tion. Approximately 1068-200 ug of the purified CphA-
PCB and CphA(Y17éR)-PCB holoproteins were dialyzed
into 50 mM ammonium acetate (pH 7.5) overnight &C4
Protein solutions were then evaporated~+@5 uL in a
Speedvac concentrator (Savant) and redissolved in100
of deionized water. This solution was evaporated to dryness
and dissolved in 6@L of 70% aqueous TFA containing 2
M cyanogen bromide for protein digestion. Samples were
incubated at room-temperature overnight in darkness to allow
into the pBAD-myc/his-C vector usingcaRl andNcd to for complete digestion. These solutions were then dried under
produce pBAD-AtPhyB(N450)-6his. QuikChange Site- a stream of nitrogen gas, dissolved in 2000f 20% formic
Directed Mutagenesis (Stratagene) was used to generate alacid, and applied to a reversed-phase HPLC column {50
other site-specific mutations using 10 ng of dsDNA template 4.6 mm, Jupiter 4 Proteo 90A, Phenomenex). Peptides were
with appropriate primers. All mutants and plasmid constructs eluted at 1 mL/min with a water/acetonitrile gradient in 20
derived from PCR reactions were confirmed by DNA mM formic acid. Absorbance was monitored at 220, 400,

sequencing (Davis Sequencing; http://www.davissequenc-

ing.com).

Recombinant Holophytochrome Expression and Purifica-
tion. Phytochrome expressions for pASK-AtPhyA(N599)-
ST and pASK-IBA2-PaBphP-ST were carried out as de-
scribed R1). All other phytochrome expressions were
performed inEscherichia colistrain LMG194 (Invitrogen)
containing plasmids pPL-PCB or pPL®B. Prior to expres-
sion, pPL-PCB- and pPL®B-containing strains were
maintained in minimal media (RM Media, Invitrogen) to

and 650 nm.

SDS-PAGE and Zinc-Blot Analysi®rotein samples were
analyzed using 10% SDSPAGE with the Laemmli buffer
system §1). Zinc-blot analysis was carried out as described
previously 62, 53).

Absorbance and Fluorescence Spectroscéygorbance
and difference spectra were obtained using a HP8453 UV
visible spectrophotometed®). Red (6504+ 5 nm) and far-
red (7204 5 nm) light with fluence rates of 100 umol
m~2 s 1 were used for effecting phytochrome photoconver-

repress expression of the bilin biosynthetic operon. Overnight sion, with sufficient duration of irradiation to ensure

precultures, in 3 mL of RM media containing 3&/mL
kanamycin and 10@g/mL ampicillin, were diluted 1:200
into 200 mL of the same medium and grown at°€7to an
ODsgo 0f ~0.5. These cultures were transferred into 600 mL
of Luria—Bertani medium containing 1Qgy/mL ampicillin,

35 ug/mL kanamycin, and 1 mM isopropyo-thiogalac-
toside (IPTG). After incubation fol h at 37°C, L-arabinose
was added to a final concentration of 0.002% (w/4®)(
The cultures were then incubated overnighRQ h) at 20
°C, after which cells were collected by centrifugation and
resuspended in 5 mL of cold lysis buffer [50 mM Tris-HCI
at pH 7.0, 300 mM NaCl, 10% (v/v) glycerol, 0.05% (v/v)
Tween 20, 1 mM 2-mercaptoethanol, and 20 mM imidazole].

completeness. Fluorescence excitation and emission spectra
were obtained with an SLM Aminco Bowman AB2 fluo-
rimeter with both monochromators adjustedit4 nmband-
pass. Fluorescence quantum yield measurements were de-
termined with a Photon Technology International, Inc., SE
901M spectrofluorometer using purified cyanine dye (CY-
5.18) as a standard as described previouéy 4, 55).
Homology Modeling of Cph1 P3 Bilin Lyase Domakn
initial model for the P3 GAF region of Cphl, comprising
amino acids 153322 in the full-length sequence, was
generated using 1IMC®6) as a template with side-chain
conformations generated by SCRWI57]. The region
connecting the fourth and fifth strands (Agsp-Gly.7q) was

Cell suspensions were passed though a French pressure cefioorly aligned to the template (see Supplemental Figure 1

(®/g" D) 3 times at 10 000 psi. Cell lysates were incubated
with 10 units of DNase | (RNase-free, Fermentas) at room
temperature for 10 min with moderate agitation followed by
ultracentrifugation at 2000@0for 30 min. The resulting
crude soluble protein extracts were applied to Talon metal-
affinity spin columns (1 mL of bed volume, BD Biosciences)
that had been pre-equilibrated with 3 mL of lysis buffer.
Columns were then washed with 3 mL of lysis buffer, and
bound protein was eluted with 2 mL of elution buffer (lysis
buffer and 200 mM imidazole). Eluates were diluted 1:5 with
protein buffer [25 mM Tes KOH at pH 7.5 and 10% (v/v)
glycerol], passed through a 0.45n Acrodisc syringe filter
(Gelman Sciences), and applied to a HiTrap Q HP anion-
exchange column (1 mL of bed volume, Amersham Bio-
sciences) pre-equilibrated with protein buffer. Columns were
washed once with protein buffer containing 0.1 M NacCl (5
mL), and the recombinant protein was then eluted with
protein buffer containing 0.5 M NaCl. Eluates were ex-
changed into protein buffer using an Amicon Ultra-4
Centrifugal Filter with a 30000 Da nominal molecular-weight
limit, flash-frozen in liquid nitrogen, and stored &80 °C.

in the Supporting Information). Therefore, the structure in
this region was built manually. Inspection of the hydrophobic
pattern suggested that the segment between;Sed Hiseo
could be an amphipathit helix. When this helix was docked

to the rest of the template structure, the hydrophobic surface
could be buried and isolated from the solvent. Furthermore,
the helix also allowed Cyss to point toward the conserved
residue Tyize Two linker segments were then added to
connect the helix to the main template. This structure was
refined in explicit solvent for 200 ps using AMBER, during
which a short helix between Agg and Vabs, was formed.
The resulting structure served as the initial model.

To create a model incorporating chromophore, Merz
Kollman partial charges were calculated for PCB at the HF/
6-31G level of theory using Gaussian 98 Revision A8)(
and assuming that the endo-vinyl side chain of the A ring
had been reduced to mimic the situation after covalent
attachment of the Cys residue. The resulting charges for the
B/C-ring system were then scaled to a total 61 for
incorporation into the GROMOS96 43al and AMBER
parameter set$9, 60), and appropriate examples from these
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force fields were chosen for the remaining partial charges complexes between Cphl and both deprotonated PCB
and other parameters. Parametrization of PCB in the 43altautomers were modeled as covalent holoproteins, because
force field was sufficient to permit stable simulation of free the present study demonstrates that the cyclic chromophore
PCB in explicit solvent using Gromacs 3.&1§. configuration is compatible with covalent attachment. The
PCB was then manually docked into the protein model resulting complexes were subjected to 1 ns simulations in
using VMD (62) with the following four assumptions: one, Gromacs with explicit protonation of Gig as the most
the propionate side chains of PCB were more likely to be obvious candidate proton donor in our model. Apoprotein
exposed to the solvent than the more hydrophobic PCB ring was similarly modeled by editing the holoprotein PDB file
system; two, the register of the first and secghdtrands to remove PCB and then carrying out 1 ns of simulation
was chosen to place highly conserved residues (includingwith Gromacs. Figures were prepared using VMER)(
Tyri76) facing the presumptive chromophore-binding pocket; Tachyon 65), STRIDE ©6), and Adobe Photoshop CS
three, the stereocenter generated by the-®GB bond (Adobe Systems, Inc.). Preparation of Supplemental Figure
should be in theR configuration, by analogy to plant 1 in the Supporting Information also used STAME7),
phytochrome 16); and four, the Pform of PCB should be = CLUSTALW (68), and homolmapper (N. C. Rockwell and
protonated on both B and C rings with the G616 double J. C. Lagarias, unpublished results).
bond in the Z configuration. Brief (0.1 ps) molecular Theoretical pK Calculations. pK, calculations were
dynamics simulations in Gromacs or AMBER were used to performed using MEAD and Redt69) on six snapshots
relieve strain introduced during docking. After initial dock- taken at 20 ps intervals across the last 100 ps of the
ing, rotation of either the A or D ring was considered as trajectories to compensate for slight variations in the structure
alternative means of generating the extendembRformation during molecular dynamics. For MEAD calculations, changes
of PCB. Rotation of the A ring while retaining prop& in the ionization state of the PCB-ring system (and hence
stereochemistry implied either burial of the PCB carboxylates site—site interactions between the PCB-ring system and
in an unfavorable hydrophobic environment or adoption of titrating groups on the protein) were neglected because the
a strained A-ring geometry that was not maintained during pKa value for the ring system in isolated PCB is itself ill-
simulation (data not shown). In contrast, rotation of the D defined and because the errors incorporated in the current
ring readily permitted retention of stereochemistry with burial homology model seem likely to be at least as significant for
of the more hydrophobic ring system and exposure of the this application. fa calculations were performed on apo-
propionate side chains to the solvent; therefore, this config- protein (mean [, for Gluige, 4.4+ 0.7), deprotonated PCB
uration was chosen as the basis for further refinement. The(8.1 £ 1.0 and 7.4+ 1.2 for the tautomers with B and C
resulting holoprotein models were subjected to longer ring deprotonated, respectively) and protonated PEB.4
molecular dynamics simulations in AMBER or Gromacs to =+ 1.2) with explicit consideration of ionization for all Asp,
generate two configurations each having favorable and Glu, His, Lys, Arg, Cys, and Tyr residues except for gys
unfavorable aspects. which was covalently attached to PCB and thus was
On the basis of sequence homology and the expectationnontitrating. The ionization of the PCB propionate moieties
that the chromophore-ring system should be largely excludedwas also explicitly included in the calculation. The non-
from the solvent to favor photochemistry, these models were physiological X, value for protonated chromophore is likely
combined into a single apoprotein model using MODELLER to indicate that protonation of Glg in the context of
version 8.0 63). The resulting model was then further refined protonated chromophore will cause structural charf.
by shifting the register of the sixtf strand with MOD-
ELLER to place a conserved Trp residue in the interior to RESULTS
account for observed energy transfer between chromophore Tyri76 and lts Equialents Perform a Conseed Photo-
and a tryptophaned). This was followed by subsequent 0.1 chemical Function in Plant and Cyanobacterial Phyto-
ps simulation in Gromacs and finally by generation of several chromes. The demonstration that a single amino acid
possible configurations for the loop between the second andsubstitution at a conserved position in the GAF domain
third B strands with MODELLER. One of these loops was (Y 17¢H) was sufficient to evolve Cphl into a fluorescent
chosen as offering the best burial of PCB, and this model protein @6) led us to ask whether this was a phenomenon
was then subjected to 1.2 ns of simulation time in Gromacs, unique to Cphl or reflected an inherent property of phyto-
with the last 400 ps giving little change in the model struc- chromes in general. To examine this question, a construct
ture. The final model conforms to the four assumptions stated expressing the N-terminal 450 amino acids of PhyB from
above and predicts that the dnfiguration of Cphl should  Arabidopsis[equivalent to the PAP2—-P3 domains 31)],
adopt a C%Z,syn C10Z,syn C15Zanti conformation. with or without the equivalent ¥,¢H mutation, was expressed
To model a cyclic conformation as observed during the and purified from PCB-producing. coli cells @8). Like
Cph1-PCB assembly reactior3§), partial charges were the Yi;¢H mutant of CphA\, the corresponding AtPhyB-
calculated for PCB as described above with deprotonation (N450) mutant exhibited enhanced fluorescence and reduced
of either the B or C ring. The resulting partial charges were efficiency of photoconversiong10% of the wild type, Figure
then slightly adjusted<10%) such that the total charge on 2). Similar results were observed for &mabidopsisphy-
the B/C-ring system was approximately O and were then tochrome A Y4,2H mutant holoprotein containing the entire
incorporated into the 43al force field to give two deproto- photosensory domain (data not shown). Because plant
nated tautomers. The final model for protonated chromophore phytochromes use®B instead of PCB, we examined the
was manually modified in VMD to restore the porphyrin- influence of chromophore substitution in the YH mutant.
like configuration observed upon initial binding of PCB to P®B adducts of both Cphit and AtPhyB(N450) YH mutant
Cphl (i.e., C&2,syn C10Z,syn C157Z,syn Figure 1). The proteins yielded fluorescent proteins with reduced photo-
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045 ‘ ‘ ‘ ‘ ‘ Y 176K 356,629 0.5 0.5 M n® noe
7500 550 600 650 700 750 800 Y17d 364,610 05 02 m™ n® nd?
Wave|ength (nm) Y17d: 364, 605 0.52 3.0 ] noe noe
0.6 Y17l 362,609 0.55 0.2 rfd  nd noe
) 643(644 B Y176V 362,601 0.55 0.9 rfd  nd noo
0.5 YA 364,645 1.0 95 rl nd N
Y176C 364,648 1.0 5.0 d  nd no
8 04 Y 176N 357,646 1.11 47 d nd N
S Y 176D 364,655 1.25 7.9 d  nd no
£ 0.3 Y 176M 364,645 1.25 5.6 rfd nd gle
2 Y 176G 365,644 1.25 3.7 #d nd no
8 0.2 Ei1gA 353,635 0.5 4.0 M n® noe
o1 E1sQ 366,650 0.88 10 d nd noo
' aWild-type and mutant CphA holoproteins were purified as
0 - : - - described in the Materials and Methods after expressi@h goli cells
300 400 500 600 700 800 synthesizing PCBA4g). Reported values are for proteins in théd?m.
wavelength (nm) Yi7P and YizR are not included in the table. ;%P was poorly
1 » 648 c expressed and was not characterized in detail. As shown in Figure 4,
” Y 176R primarily bound to a porphyrin, with absorbance maxima at 403,
o 0.8 503, 539, 568, and 623 nm, fluorescence excitation maxima at 402,
S 502, 537, and 567 nm, and fluorescence emission maxima at 622, 650,
3 0.6 and 690 nmP? Two values are presented. The first is the wavelength
o of maximal absorbance for the blue band (33@0 nm), while the
3 0.4 second is the wavelength of maximal absorbance for the red bané (600
‘; 700 nm). All values are in nanometefR/B ratio is defined as the
S 02 ratio of the peak absorbance value of the red band divided by that of
) the blue band? Percent photoconversion efficiency was determined
0 \V/ Nl by subtracting the Pspectrum from the Pspectrum, subtracting the
300 400 500 600 700 800 900 resulting difference minimum from the difference maximum, and

wavelenath (nm normalizing to the wild type as 100%. Speptra were normalized to the
) avelength (nm) ) blue band absorbance prior to the calculatiRluorescence quantum
FicURe2: Spectroscopic and fluorescent properties of PCB adducts yield. f Maximal fluorescence excitationid) and emission Aem)

of recombinantrabidopsisPhyB(N450) wild-type (---) and ¢4~ wavelengths are presented as instrument-corrected values in nanometers.
(—) proteins. (A) Absorbance difference spectra were normalized s nd = not determined.

for equal absorbance at the blue band, demonstrating that the
amount of photoconversion is highly reduced for thedd mutant ] )
compared to the wild-type. (B) Absorbance spectra normalized to of only the N-terminal P2 PAS and P3 GAF domains

the blue band, showing that there is little difference in the bilin (approximately equivalent to AtPhyBN450), to assess the
B o e o v o) okt POSSIDIY hat the novel Spectioscopic properties were due
of the wild type and mutant (samples were adjusted to havep equalto altered protein folding of the spegific truncatiqn constructs
absorbance at 648 nm). tested. In both cases, the ¥ mutation resulted in reduced
photoconversion and increased fluorescence compared with
conversion efficiencies, indicating that the enhanced fluo- its WT counterpart (data not shown). Thes¥ mutant
rescence is not specific for the PCB chromophore (Supple-derived from the Cphl PAS/GAF construct had a reduced
mental Table 1 in the Supporting Information and data not fluorescence quantum yield (0.083) compared with the
shown). We also examined the correspondingtt mutation CphlA mutant (0.145). This suggests that more energy is
in the Pseudomonas aeruginosbacterial phytochrome lost through futile modes of de-excitation upon removal of
PaBphP, which unusually exhibits a- Bpectrum at the  the PHY domain, a result consistent with earlier studfés. (
thermal ground state2{). In this case, the wild-type Tyr76 Is Essential for Normal Cph1l Photochemistiyo
holoprotein BV adduct exhibited considerable fluorescence, assess the range of possible phenotypes associated with the
as has also recently been reported for multiple bacteriophy-mutation of Tykzs Saturation mutagenesis of this residue
tochromes fronRhodopseudomonas palust(i28), but the was performed. All amino acid substitutions at this position
Y163H mutant PaBphP protein exhibited no fluorescence resulted in soluble covalently bound biliproteins except for
enhancement (data not shown). When these results are takethe proline mutant, which was poorly expressed (Supple-
together, they indicate that the conserved P3 GAF domain mental Figure 2 in the Supporting Information). These results
tyrosine residue performs a similar photochemical gating role indicate that Tyizs is not required for proper apoprotein
in plant (Phy) and cyanobacterial (Cph1) phytochromes but folding or chromophore attachment. All of the purified Tagr
plays a distinct role in bacteriophytochromes. mutant proteins exhibited reduced photoconversion efficien-
The Yi7¢H mutation in Cphl was also analyzed both in cies as measured by difference spectroscopy with the next
full-length Cphl and in a more truncated Cphl consisting most photoactive substitution mutants, i.e;76% and Yzl ,
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FiIGURE 3: Substitution mutants at Ty and Glusgo alter chro- FIGURE 4 Y17R mutant protein affects chromophore-binding

mophore configuration. (A) Absorbance spectra were normalized SPecificity. (A) Absorbance (thick solid line), fluorescence excitation
to the blue band. Tys substitutions exhibiting various ranges of  (thin solid line), and fluorescence emission (dashed line) spectra
R/B ratios are shown with representative absorbance spectra. The?f the YizR mutant CphA protein. The multiple fluorescence
spectra shown are wild type,.¥H, Y176A, and Yi7d. (B) A plot excitation peaks and sharp fluorescence emission peak at ap-

of the R/B ratio versus the maximal absorbance wavelength for Proximately 620 nm are characteristic of a porphyf)( while
the long wavelength band is shown for the wild-type and mutant the broader absorbance around 620 nm is indicative of a second

proteins with substitutions at Ty (O) or Gluyge (O). Proteins population with bound bilin. (B) Absorbance and fluorescence
whose spectra are shown in A are indicated in one-letter code. €xcitation and emission spectra of the:¢4 mutant CphA\ protein
Substitutions at Ty which resulted in fluorescence, are shown for comparison. Spectra are the same as in A.

in ®, while the wild type and other substitutions are showrDas L S
and were fitted to a smooth hyperbolic function)( to a reduction in the red/blue absorbance ratio, indicating

that the bilin prosthetic group is bound to the mutant proteins

exhibiting 34 and 13% of the wild-type photoconversion in a more cyclic conformation [Figure 3A and Table39(
efficiency, respectively (Table 1). Tygis thus necessary for ~ 71)]. Additionally, all Tyri76 mutant proteins displayed blue-
optimal photochemistry. The reduced difference spectra couldshifted absorbance maxima for the long wavelength transition
indicate that the forward reaction (® P) is specifically (Table 1). A plot of the blue shift versus the R/B ratio
affected by mutation of Tyrl76, which seems plausible be- demonstrated a correlation between a decreasing R/B ratio
cause the reverse reaction proceeds through different inter-and an increasing blue shift, with the R/B ratio decreasing
mediates and is thus a distinct pathwag, (24), that the P from that of wild-type CphA (R/B ratio > 3) to an apparent
and R, forms of the mutant proteins have indistinguishable minimum ratio of approximately 0.5 (Figure 3B). Interest-
spectra or that the conversion tg Pas become so energeti- ingly, mutants exhibiting enhanced fluorescence or relatively
cally disfavorable that the contribution of the reverse reaction efficient photoconversion had the largest R/B ratios, with
to the measured difference spectra is negligible. We havethe exceptions being 1¥sW and Yi7T (Table 1). Extended
not attempted to discriminate between these possibilities. chromophore conformations therefore also correlate with de-

In addition to the Y7¢H substitution, three other amino  excitation of the excited state via either photoconversion or
acid substitutions conferred enhanced fluorescence uponfluorescence, reflecting minimized excited-state decay through
CphlA, i.e., GIn, Glu, and Trp (Table 1). These four mutant nonproductive, radiationless pathways. Intermediate cases
proteins exhibited fluorescence emission maxima ranging may reflect the presence of two populations within the
from 671 to 681 nm as PCB adducts; all four mutants were purified preparation: a population with extended chro-
poorly photoactive. YsH was the most fluorescent as mophore, which is competent for photoconversion and has
determined by quantum yield measurements (Table 1).a high R/B ratio, and a population with cyclic chromophore,
Enhanced fluorescence was also observed for théB P  which is incompetent for photoconversion and has a low R/B
adducts; however, in comparison with the corresponding PCBratio.
adducts, all such mutants had reduced fluorescence quantum Previous stopped-flow studies of apoCphl assembly
yields and red-shifted fluorescence emission maxima exceptdemonstrated that the chromophore of the CPpICB
for Y176W, which resulted in a ®B adduct with a similar complex converts from a porphyrin-like conformation to a
fluorescence quantum yield to the PCB adduct (Supplementalmore extended conformation prior to covalent attachment
Table 1 in the Supporting Information). [Figure 1 B8)]. The authors of this work proposed that this

Tyri76 Is Required for the Protonated, Extended Chro- conformational interconversion reflects protonation of both
mophore ConformatiorAll substitutions at position 176 led  B/C-ring system pyrrole nitrogens of the bilin chromophore,
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Ficure 5: Stereoviews of the Cphl bilin lyase domain homology model. (A) Proposed Cph1 bilin lyase fold shows a centralftwisted
sheet, with Tyfzsand Glusgg (blue) on adjacent strand8X andf2, respectively). Both side chains point up into the proposed chromophore-
binding pocket, with the nucleophilic Cyg (blue) above Ty and Glugs f strands are numbered on the basis of their position in the
sequence starting from the N terminus. (B) PCB is shown attached tgoQy&h Tyr;76 and Glugg lying below the chromophore (colors:

C, gray; H, white; N, blue; O, red; and S, yellow). For Tyrand Gluss, atoms within 3.4 A of PCB are also shown as solvent-accessible
surfaces (Tyize Yellow; and Glugg, orange). PCB atoms within 3.4 A of Ty are shown as a solvent-accessible surface (light blue). (C)
Interactions between Glgy and PCB. The Gl side chain is hydrogen-bonded to the B/C-ring system of the protonated chromophore,
stabilizing the positive charge. The rings of PCB are labeled for clarity.

by analogy to the pH dependence of free bilin specif. ( occurring more slowly than chromophore isomerization.
This interpretation is also consistent with recent NMR data Because most of the Ty mutant proteins have covalently
showing that all four PCB nitrogens are protonated in the P attached chromophores with R/B absorbance ratios consistent
state 85). Protonation and isomerization of the chromophore with the cyclic deprotonated conformation, our results
thus seem to be coupled processes both in solution and insuggest that chromophore protonation is not a prerequisite
the phytochrome-binding pocket, with covalent attachment for covalent bond formation. It should be noted that these
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mutant proteins are assembled into holoproteins over a 20 hmental Figure 1 in the Supporting Information). In particular,
period. For this reason, we cannot rule out that deprotonationthe Tynzsside chain lies within 3.5 A of both the;©methine
occurs following chromophore attachment. When these databridge and the D-ring methyl group (Figure 5B). This model
are taken together, they demonstrate that7Eys required also predicts that Tyysis hydrogen-bonded to the carboxyl
for maintenance of the extended, protonated conformationside chain of Glysg (Figure 5B). Because Gjgy can form
of the chromophore. multiple hydrogen bonds with the positively charged B/C-
The Y;dR Mutant Binds an Endogenous Porphyrin. ring system of the protonated chromophore in this model
contrast to wild-type Cphl and all other Tyr176 mutant (Figure 5C), its involvement in stabilizing the charge of the
proteins, the Y7R mutant surprisingly exhibited an absor- protonated chromophore appeared reasonable.
bance SpeCtrUm with features of a nonbilin plgment On the G|u189 Is Required for Chromophore Protonatioho test
basis of an intense 400 nm absorbance maximum and thehe hypothesis that Glg is required to stabilize the
fluorescence excitation/emission spectra (Figure 4), it was protonated, extended chromophore conformation, this residue
clear that a porphyrin was associated with this mutant. was mutated to Gln and Ala. A previous study utilizing a
However, the broader absorbance maximum at longershortin sitro assembly reaction had shown this residue to
wavelengths{623 nm, Figure 4) suggested that the purified pe essential for holoprotein formation, but we hoped that
protein also contained a bilin chromophore, indicating that ,j,0 assembly would permit assembly of Glu189 mutant
the purified preparation consisted of two populations with holophytochromes. Indeed, the two Glmutations yielded
different chromophores. To assess whether the porphyrin wassoluble holophytochromes with bound chromophore (Supple-
covalently attached, wild-type and;dR proteins were  mental Figure 2 in the Supporting Information), which
digested with CNBr and the resulting peptide mixture was exhibited highly reduced photoconversion efficiencies (4%
separated by reverse-phase HPLC. Two chromopeptides wergor E,54A and 10% for EgdQ, Table 1). Both Gl mutants
observed, one eluting at the same time as the single wild-displayed significantly reduced red/blue ratios, consistent
type Cph}A chromopeptide and a second eluting 1.5 min with their chromophores adopting cyclic conformations
later (Supplemental Figure 3 in the Supporting Information). (Table 1). The long wavelength absorbance band was also
The absorbance spectrum of the former was similar to the pjue-shifted with both mutant proteins (Figure 3B),
PCB-bound chromopeptide derived from wild-type CAhLl indicating that the mutation of Gl resulted in comparable
while the absorbance spectrum of the second chromopeptidexffects to the mutation of Tyye
clearly demonstrated a bound porphyrin. These results
indicated that the ¥;¢R mutation altered the chromophore DISCUSSION
specificity of CphAA, apparently enabling an endogenous
porphyrin to covalently bind to the apoprotein. The chemical ~ The data that we present here demonstrate that the
structure and linkage of this bound porphyrin is the subject conserved Tyirein the P3 domain of Cphl plays a key role
of an ongoing investigation. in the structure and function of holophytochromes. First, the
H0m0|ogy Mode"ng Predicts Close Association OflTé/r gain-Of-fUnCtion fluorescence observed in thﬁé‘q mutant
and Glugein the P3 Domain of CphIlo develop hypotheses  Of Cphl @6) is also observed in at least two plant
Concerning the role of Ty¥e in Chromophore protonation, phytochromes upon introduction of the equivalent mutation.
we generated h0m0|ogy models of the Cphl P3 bilin |yase This gain-of-function fluorescence is observed with both
domain using published crystal structures of GAF domains P®B and PCB chromophores, indicating that the spectral
as temp|ates E(G, 72, 73) Using a mu|tip|e sequence gating function of the P3 GAF domain Tyr is similar for
alignment with both GAF domains of mouse phosphodi- both bilin chromophores. Moreover, we show thatfyis
esterase 2A (PDB ID 1MCO, Supplemental Figure 1 in the €ssential for optimal photoconversion; no other residue
Supporting Information), a homology model of the Cph1 P3 supports even 50% of wild-type levels of photoconversion
domain predicted a six-stranded, antiparadisheet scaffold  to P. Indeed, the most conservative substitution (i.g7¢%)
with helices on either side (Figure 5A). Because there is little IS among the least photoconvertible, i.e., 3% of the wild type
sequence identity within the phytochrome family in the large (Table 1). Our studies show that Tyis critical for adoption
insert between the fourth and fifth strands, substantial ~of the extended, protonated &hromophore conformation,
refinement of this region was not undertaken. The resulting because many mutant proteins instead covalently bind
model p|aced several residues conserved among phyto_chromophore ina CyC"C, deprotonated conformation remi-
chromes about a central cavity that is likely to constitute Nniscent of a porphyrin (Figure 3). In the most extreme
the chromophore-binding pocket. example of this altered conformational specificity, substitu-
We then manually docked PCB chromophore into this tion of Arg for Tyr at this position resulted in a mutant
pocket and carried out additional refinement as described inPhytochrome that preferentially bound a porphyrin (Figure
the Materials and Methods. The final model was subjected 4 and Supplemental Figure 3 in the Supporting Information).
to 1.2 ns of molecular dynamics simulation in explicit solvent ~ The increased fluorescence associated with mutation of
in Gromacs 3.2.161). The resulting model stably incorpo-  Tyri7s in both Cphl and plant phytochromes indicates that
rates PCB into the proposed chromophore-binding pocket; this residue has a conserved role in the photochemical
PCB is predicted to assume the €5yn C10Z,syn C15- interconversion of Pto the primary intermediate Lumi-R
Z,anti configuration in the Pform (Figure 1), while also  (46). Both Cphl and plant phytochromes are known to
maintaining the stereochemistry of the Cy®CB linkage exhibit de-excitation on a subnanosecond time scale with
based on that of plant phytochromd®). This model also  their native chromophores4, 75). Use of the alternative
exhibited a number of favorable interactions between PCB chromophore phycoerythrobilin, which has a saturated C15
and highly conserved protein residues (Figure 5 and Supple-methine bridge, extends the excited-state lifetime into the
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nanosecond time scale, leading to enhanced fluorescébce ( trends (Figure 3B). While the R/B ratio reaches an apparent
76). By analogy, the mutation of Ty#s or the equivalent minimum value that would presumably be expected for the
residue in plant phytochromes could prevent the normal pathcyclic conformation, it is unclear whether the value observed
of photoreaction and prolong the lifetime of the excited state, for the wild type reflects a maximum. Moreover, the mutants
resulting in increased fluorescence. that have a minimal R/B ratio exhibit a range of absorbance
Interestingly, the introduction of the equivalentg¥H maxima. It thus seems likely that our current spectral data
mutation into the bacteriophytochrome PaBphP did not result reflect the presence of two species: a cyclic, deprotonated
in a comparable enhancement of fluorescence. This indicateform that predominates in most of the mutant proteins and
that there must be differences in the chromophqetein an extended, protonated form that predominates in wild-type
interactions and/or photochemical reaction pathways of the Cph1. Our data thus show that Tyis an important residue
BphP subfamily relative to plant and cyanobacterial phyto- both for the adoption of the proper chromophore configu-
chromes. In contrast to the very low fluorescence observedration and for photoconversion, perhaps indicating overlap
with wild-type Cph1 or plant phytochrome (Table 1), wild- between the structural changes involved in assembly of
type bacteriophytochromes RpBphP2 and RpBphP3 fRom  holoprotein and those associated with the photochemical
palustrisboth exhibit substantial fluorescence in thestate cycle.
(28), as did wild-type PaBphP in our hands (data not shown). The simplest explanation for the reduced R/B ratios of
These results suggest that members of the BphP subfamilythe different Tyg;s mutant proteins is that they reflect varying
may have an intrinsically higher, Ruorescence and hence degrees of chromophore protonation, because protonation
a longer excited-state lifetime for photoconversion from P strongly favors formation of the extended CIBanti
to Py compared with plant (Phy) and cyanobacterial (Cphl) conformation of the bilin chromophor&3). This implicates
phytochromes. Mutation of this conserved Tyr residue Tyrizs as critical for stabilization of the protonated state of
apparently does not have a comparable effect on the BphPPCB either via direct interaction with the proton donor itself
excited-state lifetime. or via its ability to optimally position an anionic residue near
The current study does not fully elucidate the role(s) of the B/C-ring positive charge. By analogy with the role of
Tyri7ein the photochemistry of Cphl. On the basis of current aspartate residues in stabilizing the protonated state of bilin
data, the proposal that this residue is involved in sterically chromophores in phycocyaniryq, 78), we reason that a
gating the Pto Py transition @6) is still plausible. Indeed,  residue with a carboxyl side chain would best fulfill this role
the contacts between PCB and Fym the current homology  in phytochrome. On the basis of previous studies indicating
model are consistent with such a role, although this model that the invariant acidic residue Giyis critical for chro-
is unlikely to be accurate in atomic detail. In the present mophore attachmen4$) along with homology modeling in
study, we show that four residues resulted in a significant the present study, this residue is a plausible candidate for
increase in fluorescence when substituted for Tyr at position maintaining the extended, protonated conformation of the
176: His, GIn, Glu, and Trp (Table 1). All of these residues Cphl chromophore. Indeed, this hypothesis is consistent with
possess potential hydrogen-bonding donor/acceptor sidethe spectroscopic properties of thgd and EsdQ mutants,
chains that are positioned four atoms removed from the whose chromophores adopt porphyrin-like conformations. In
peptide backbone. As we proposed earli8)(a fortuitous view of the many assumptions made in developing our
hydrogen bond with the bilin chromophore, another residue homology model, however, it remains possible that another
in the PCB-binding pocket, or even water could account for conserved acidic residue within the GAF domain, e.g. 2&sp
an increased activation barrier for photochemical de-excita- or Aspze could perform this role.
tion of the R excited state. The molecular basis for the  While the identity of the actual proton donor responsible
fluorescence enhancement may differ between the fourfor triggering the C1%ynto C15anti conformational rear-
mutants. Introduction of the large Trp residue at position rangement is conceivably the same acidic residue that
176 might inhibit rotation of the D ring on steric grounds, stabilizes the protonated chromophore, we cannot conclude
while the other mutations may enhance D-ring rigidity via a this with certainty. Our homology model implicates ks
different mechanism(s). The reduced R/B ratio seen with or Glugy as the most likely candidates to fulfill this role.
Y17éW relative to the other fluorescent mutant proteins Hisygois conserved, and the participation of His residues in
(Figure 3B) is consistent with this interpretation. Further proton-transfer reactions is well-documented in many protein
studies, especially those that generate experimental structurasystems. In our model, however, Hislies closer to the A
information, are needed to more fully understand the ring and thus appears better suited to mediate thioether
structural basis of the fluorescence enhancement. attachment. In contrast, Ty and Gluge are more closely
Our data also show that Ty is important for the adoption  associated with the bilin B and C rings. Because tkgfpr
of the normal Pchromophore conformation. Many substitu- a tyrosine phenol side chain is normally too high to play a
tions at this position result in a holoprotein in which the significant role in such a proton transfer, @is the more
chromophore exhibits a slight blue shift and a substantially reasonable candidate. However, thé, palues for isolated
lower R/B ratio, indicative of a chromophore in a cyclic Glu side chains are typically5, indicating that the I, of
configuration 71). Gas-phase calculations suggest that the Glu;ge would have to be significantly increased for this
red enhancement observed during formation of wild-type P residue to be a viable proton donor. Such increases for Glu
holoprotein is the direct consequence of rotation about the pK, values are not unknown; for instance, &lin lysozyme
C5 or C15 methine bridges, while the red shift of the has a [K,value>6 (79—81). Initial attempts to estimate the
absorbance maximum is the consequence of protonation ofGlu;ge pKa using the MEAD software suite6@) and the
the B/C-ring system pyrrole nitrogen89). Our mutant current model structure indicate that this residue has a normal
proteins show a rough correlation between these two spectrabK, in the apoprotein, a substantially elevated,pn the
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proposed apoprotein/PCB intermediate complex (protonated 3.
Gluigg with one proton on either the B or C ring of PCB),

and a substantially decrease,jin the holoprotein complex 4
depicted in Figure 5 (data not shown). While these calcula-
tions are likely to incorporate significant systematic error, 5.
they do suggest that Gl is a viable candidate for proton
transfer to PCB during holoprotein assembly.

This hypothesis led us to examine the role of {gdun
Cphl's assembly and photochemistry. This residue had 7.
previously been shown to be required for formation of
holoprotein in a shorin vitro assembly assay9), but we 8
reasoned that thén vivo expression system used in the
present study might permit successful synthesis of the
holoprotein. Indeed, both 165Q and EgA Cphl were
isolated as holoproteins, and both exhibited spectra consistent
with cyclic, deprotonated chromophore configurations (Table 10.
1). Mutation of Glygg also ablated normal.Ro P, photo-
conversion. It thus appears that Ghilike Tyr76 is required
for the formation of the extended, protonatedtromophore 1
conformation. In the absence of a crystal structure for any
phytochrome, it is difficult to determine the precise mecha-
nistic basis for the observed roles of these two residues in
the photochemistry of Cph1 and plant phytochromes. How-
ever, the data presented here establish that bothyglamd 13.
Gluge are required for the chromophore to adopt the
extended, protonated C1Banti conformation found in wild-
type Cphl. Both residues are also required for efficient 14
photoconversion. It will be interesting to see whether this
correlation reflects actual similarities between the initial
assembly pathway of holoprotein assembly and the phyto-
chrome photocycle. During the wild-type photocycle, we
hypothesize that the orientation of these two residues is likely
to change, a process that is likely to underlie the transmission
of the light signal.
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