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ABSTRACT. Fluorescence spectroscopic and kinetic analysis of photochemical activity, cofactor and substrate
binding, and enzyme denaturation studies were performed with highly purified, recombinant pea NADPH:
protochlorophyllide oxidoreductase (POR) heterologously expressedtsdcherichia coli The results
obtained with an individual sterecisomer of the substrate [C8-ethyl-C1Bj2)rbtochlorophyllide]
demonstrate that the enzyme photoactive state possesses a characteristic fluorescence maximum at 646
nm that is due to the presence of specific charged amino acids in the enzyme catalytic site. The photoactive
state is converted directly into an intermediate having fluorescence at 685 nm in a reaction involving
direct hydrogen transfer from the cofactor (NADPH). Site-directed mutagenesis of the highly conserved
Tyr275 (Y275F) and Lys279 (K2791 and K279R) residues in the enzyme catalytic pocket demonstrated
that the presence of these two amino acids in the wild-type POR considerably increases the probability
of photoactive state formation following cofactor and substrate binding by the enzyme. At the same time,
the presence of these two amino acids destabilizes POR and increases the rate of enzyme denaturation.
Neither Tyr275 nor Lys279 plays a crucial role in the binding of the substrate or cofactor by the enzyme.

In addition, the presence of Tyr275 is absolutely necessary for the second step of the protochlorophyllide
reduction reaction, “dark” conversion of the 685 nm fluorescence intermediate and the formation of the
final product, chlorophyllide. We propose that Tyr275 and Lys279 participate in the proper coordination

of NADPH and PChlide in the enzyme catalytic site and thereby control the efficiency of the formation

of the POR photoactive state.

NADPH:protochlorophyllide oxidoreductase (POREC the enzyme protects one or more of the conserved Cys
1.6.99.1) catalyzes hydrogen transfer from NADPH to residues in the enzyme from chemical modificati8j Using
PChlide in the course of chlorophyll biosynthesis in higher isotope-labeled NADPH derivatives, it was also shown that
plants, algae, and cyanobacteria. A unique feature of thisonly the 4§)-hydrogen of NADPH is transferred to the
enzyme is the direct regulation of its catalytic activity by pigment in the course of the reactiot) @nd that the transfer
light (1). The light dependency of the enzyme distinguishes is to the C17 atom of the porphyrig)( Studies with different
it from all other known oxidoreductases and makes it very porphyrin derivatives led to the conclusion that PChlide
attractive for the construction of artificial photoregulated interacts with the enzyme through the metal at@ngnd
enzymatic systems. Prior investigation of the enzyme’s C12 side chain group?). It also appears that the C7 and
properties led to the discovery of several important features C8 positions on the porphyrin ring do not participate directly
of the POR catalytic mechanism. Studies with cofactor in the reaction, since neither an ethyl to vinyl substitution at
analogues clearly showed that NADPH but not NADH can the C8 position &) nor a methyl to formyl group change at
serve as a cofactor in the reactid?).(NADPH binding by 7 of the porphyrin ring affects POR activitg, (10).
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by three amino acidslg). Site-directed mutagenesis studies Biochemical Corp. and were analytical grade or better.
have established that these conserved Tyr and Lys residue€hemicals for SDSPAGE were purchased from Bio-Rad.
are absolutely necessary for the enzyme catalytic activity Analytical grade NADPH, NADH, and NADPwere pur-
(17, 18. Although the exact role of these residues in enzyme chased from SigmaEscherichia colistrain ER2508 and
function is not known, Wilks and Timkdl6) have suggested amylose resin were from New England Biolabs. DNA
that Tyr275 in POR participates directly in catalysis by restriction endonucleases, T4 DNA polymerase, DNA ligase,
contributing the hydrogen for transfer to the pigment. and DNA modification buffers were from Roche, BRL, and
A large amount of information is available on the nature New England Biolabs. Enhanced chemiluminescence detec-
of cofactor binding domains and the process of NADH/ tion reagents and secondary antibody were from Amersham.
NADPH binding in various SDR family members, providing Rabbit polyclonal antibody for the purified recombinant
some comparative insight into cofactor binding in POR. In wheat POR was a gift from W. T. Griffiths (Department of
contrast, no sequence similarity exists between POR andBiochemistry, University of Bristol, Bristol, U.K.).
other chlorophyll-binding proteins (in particular, the light- Construction, Expression, and Purification of WT and
harvesting and reaction center proteins of the photosyntheticMutant Pea POR Proteinhe cloning of the WT pea POR
apparatus) which might provide information about the nature cDNA and construction of mutant POR protein coding
of the pigment binding site in POR. To address the lack of sequences containing single-site amino acid substitutions
information about POR catalytic domains, a charged-to- were described previouslyi§). Site-directed mutagenesis
alanine scanning mutagenesis study of the pea POR wasf the coding region of the mature protein of WT pea POR
carried out {4). These studies led to the identification of was carried out using the pAlter mutagenesis vector (Pro-
several domains within the enzyme that are required for mega) and the manufacturer’s protocol. The following oligo-
catalytic activity and might be important in PGRChlide nucleotides carrying nucleotide mismatches (bold) were used
interaction. to direct the synthesis of the mutant gene&itggtgccaag-
Recent studies with heterologously overexpressed PORgccttcaaggacag (Y275F), 'fgcatacaaggsegatcgtctgtaat
fusion proteins have greatly facilitated the analysis of the (K279I), and 5-ggcatacaaggémgceagtctgtaat (K279R)1(5).
requirements of the POR catalytic mechanish®-21). Nucleotide sequences encoding the WT and mutated pea
Analysis of the dependency of the reaction on substrate andPOR proteins were cloned at tBanH| and Pst restriction
cofactor concentrations and light intensity has shown that sites in pMBPHIS, an expression vector containing the
one pigment and one NADPH molecule participate in the coding sequence of the bacterial maltose binding protein
formation of the photoactive reaction complex and the (MBP), six histidines, and the TEV cleavage sigd)( The
reaction proceeds through a single-quantum mechard@m ( recombinant plasmids were transformed itaoli ER2508,
23). Analysis of POR activity at low temperatures led to the and recombinant protein overexpression was carried out as
identification of two reaction steps, one photochemical and described below. The veracity of all recombinant constructs
the other nonphotochemical, linked by the formation of an was confirmed by nucleotide sequencir@b)
unstable fluorescent intermediat@3). For isolation of the recombinant POR proteig&sgcoli cells
In this study, we introduced a new system for the analysis containing the various constructs were grown in Luria broth
of POR structure and activity, using highly purified recom- (LB) containing 100 mg/L ampicillin and 15 mg/L tetacycline
binant POR protein devoid of any additional sequences. (19). Exponentially growing cultures were treated with 0.1
Furthermore, to further clarify the role of the conserved mM IPTG overnight to induce MBP(His)s—POR expres-
catalytic site Tyr and Lys residues in the enzyme molecular sion. The cells were collected by centrifugation, resuspended
organization and catalytic activity, we constructed several in extraction buffer [50 mM Tris-HCI (pH 8.0), 300 mM
mutants of the recombinant pea POR with Y275F, K279I, NaCl, and 10 mMB-ME, with 0.1% Emulgen (KARLAN
and K279R substitutions. The effects of these modifications Research Products Corp.)], and sonicated on ice for 90 s
on enzyme stability and the ability to bind substrate and per each 500 mL of cells in a VirSonic 60/VirTis apparatus
cofactor, to form the photoactive state, and to subsequentlywith an output power of 2 W. The cell debris was removed
convert bound pigment into the 685 nm reaction intermediate by centrifugation at 100@ffor 20 min, and the supernatant
and Chlide, the final product of the reaction, were assayed.was applied to a NENTA column equilibrated with the same
Our data indicate that Tyr275 and Lys279 are responsible buffer. After a 40 min incubation, the column was washed
for coordinating the substrate and cofactor in the proper with 10 volumes of washing buffer [50 mM Tris-HCI (pH
orientation in the enzyme. Their substitution does not prevent 8.0), 300 mM NaCl, 10 mMB-ME, and 10 mM imidazole],
the enzyme from binding substrate and cofactor, but modifies and the proteins were eluted with buffer containing 50 mMm
their interaction as part of the PGRIADPH—-PChlide Tris-HCI (pH 8.0), 300 mM NacCl, 10 mMs-ME, and 100
ternary complex and considerably suppresses formation ofmM imidazole. Following chromatography on NNTA
the enzyme photoactive state. We also show that Tyr275 isresin, the MBP-(His)s—POR fusion proteins were cleaved
necessary for the second “dark” step of PChlide photo- at the TEV site with recombinant rTEV protease (Life
reduction. Substitution of these residues in the POR protein Technologies) using a ratio of 30 units of protease/mg of
does not inactivate the photoformation of the 685 nm recombinant protein. The cleavage products were dialyzed
fluorescence intermediate, but completely blocks its conver- against 50 mM Tris-HCI (pH 8.0), 300 mM NaCl, 5 mM
sion into the final product, Chlide. B-ME, and 0.1% Emulgen for 12 h at PC to remove the
imidazole. Following dialysis, the protein mixture was passed
MATERIALS AND METHODS over a Ni-NTA column as described above to remove the
Chemicals. Unless otherwise stated, chemicals were MBP—(His)s fragment and any uncleaved MB#His)s—
obtained from Fisher Scientific, J. T. Baker, or U.S. POR fusion protein. The column eluate was concentrated
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Ficure 1: Purification of recombinant pea POR protein and its
characterization by SDSPAGE and Western blot analysis. (A)
Coomassie Brilliant Blue-stained polypeptide profiles following
SDS-PAGE of POR-containing fractions during various stages of
purification. CE, crudé. coli extract after cell sonication; FP, eluate
from the first Ni-NTA column chromatography; CP, fusion protein
following cleavage with rTEV protease and dialysis; PP, eluate from
the second NiNTA column chromatography after concentration
in an ultra-spin column; MK, molecular mass markers. (B) Western
blot of purified POR preparations identical to those shown in the
last lane of panel A. All data shown were prepared using the WT
POR.
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by filtration through a Centicon YM10 (Millipore) column
and dialyzed against 50 mM Tris-HCI (pH 8.0), 300 mM
NaCl, and 5 mMg-ME for 6—8 h at 10°C to remove the  Fgyre 2: HPLC purification of PChlides and their identification
detergent. The recombinant POR proteins obtained using thisby fluorescence emission, excitation, and CD spectra. (A) HPLC
procedure are 95% pure as determined by SBAGE profile of four pigment fractions detected in the acetone extract of
(Figure 1) and have a predicted molecular mass of 36 kDa.R- capsulatuZYS cells after isocratic separation in an acetone/
. L : water mixture. Fluorescence excitation and emission wavelengths

The proteln concgntratlon in the samples was deu:"rm'm:"dused for pigment monitoring were 435 and 635 nm, respectively.
as previously describe@®). For SDS-PAGE, the samples () Fluorescence excitation and CD spectra of the pigment present
were diluted with electrophoresis sample buffer [final in HPLC fractions 3 and 4 in diethyl ether. Only CD spectrum for
concentrations of 70 mM Tris-HCI (pH 6.8), 1% (w/v) SDS, fraction 4 is shown. (C) Fluorescence emission spectra of the
7% (v/v) glycerol, 1.5% (v/v)S-ME, and 0.03% (w/v) pigment present in HPLC fractions 3 and 4 in diethyl ether.
bromphenol blue], aliquots were heat denatured 1853
min), and the proteins were fractionated on 8% (w/v) ,
polyacrylamide gels3, 27). Following electrophoresis, either  aturé using a Beckman System Gold HPLC apparatus
the gels were stained with Coomassie Brilliant Blue R-250 €auipped with an Intelligent Jasco FP-920 fluorescence
to visualize the proteins or the proteins were electrophoreti- 9€tector. Four fractions containing PChlide were detected
cally blotted to Protran BA83 nitrocellulose membrane 2and collected by monitoring fluorescence at 635 nm under
(Schleicher & Schuell) for immunological analysis. Im- €Xcitation at 435 nm (Figure 2A). The acetone was evapo-
munological detection of POR was performed using poly- rated from the various fractions under a flow of argon; the
clonal antiserum raised against purified recombinant wheat Pigments were extracted from the remaining water phase with

625
Wavelengths, nm

650 675 700

Wavelengths, nm

water solution at a flow rate of 1 mL/min at room temper-

POR (kindly provided by W. T. Griffiths) in conjunction
with the enhanced chemiluminescence detection kit (Amer-
sham) 27).

Protochlorophyllide Isolation, Purification, and Identifica-
tion. PChlide was isolated from dark-grown cultures of
Rhodobacter capsulatigrain ZY5, a mutant of the purple

diethyl ether, assayed for their fluorescence excitation,
emission, and CD spectra, and crystallized by evaporation
of the ether at room temperature. The first two HPLC
fractions had fluorescence maxima in diethyl ether at 629
and 631 nm with corresponding excitation maxima at 437
and 432 nm, respectively. The other two fractions had

non-sulfur bacterium carrying a mutation in the behL subunit fluorescence maxima at 630 and 632 nm with corresponding
of the PChlide-reducing enzyme and completely unable to €Xcitation maxima at 438 and 432 nm, respectively (Figure
reduce PChlide into Chlidelb). Bacterial cultures were ~ 2B,C). The CD activity of fraction 3 was positive at 438
grown in liquid RCV medium containing 254g/mL nm and negative at 448 nm bands. The CD activity of
rifampicin for 2 days at 2832 °C with constant shaking fraction 4.was positive at 432_nm arjd negative at 443 nm
(200 rpm). At the logarithmic phase of growth, the cells were bands. Aliquots of the crystallized pigment were stored at
collected by centrifugation and the pigments extracted with —20°C and used in the various experiments described below
ice-cold 100% acetone. The pigments from the concentrated@fter solubilization in methanol.

extract were separated isocratically on a reverse-phase C8 Spectroscopic Analysis of Pigment, NADPH, and POR
column (4.6 mmx 250 mm, Vydac) in a 52% (v/v) acetone/ Protein at Ambient and Low Temperaturésr fluorescence
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measurements, photoactive POR complexes were formed inintrinsic fluorescence or increases in NADPH fluorescence
a reaction buffer containing 50 mM Tris-HCI (pH 8.0), 300 in the presence of increasing concentrations of ligand. In
mM NacCl, and 10 mM3-ME. Where indicated, 0.01 or 0.1%  protein monitoring experiments, fluorescence was excited at
Triton X-100 (final concentration) was added. The standard 290 nm and emission collected at 345 nm. In cofactor
concentrations used in kinetic experiments were 100 nM monitoring experiments, NADPH and NADH fluorescence
recombinant protein, 20 nM PChlide, and«M NADPH, was excited at 345 nm and emission collected at 465 nm. In
unless indicated otherwise. The reaction mixture was pre- control experiments, aliquots of a Trp solution of the same
pared under green safe light and allowed to equilibrate at optical density were added instead of the POR protein. This
room temperature (25C) in the dark for 5 min. Samples titration curve was used to calculate background fluorescence
were either used for room-temperature fluorescence assaysnd the inner filter effect. An alternative approach to
or placed on a sample holder and quickly frozen in liquid calculating the inner filter effect was based on the estimation
nitrogen. Low-temperature spectra were recorded at narrowof the sample optical density at the excitation and emission
angles with a SPEX Fluorolog-2 spectrofluorometer in wavelengths. The cofactor concentrations were determined
specially designed sample holders maintained in or over thefrom their absorption spectra using extinction coefficients
surface of liquid nitrogen. The temperature of the sample of 6.22 mM* cm™t at 340 nm for NADPH and NADH and
was monitored with a thermocouple sensor (Barnant Co.). 18 mM* cm* at 260 nm for NADP (30—33). For

The fluorescence spectra of liquid samples at ambient estimation of PChlide concentrations in ether solutions, the
temperatures were recorded at right angles from solutionsfollowing extinction coefficients were used: 325 mbtm?

held in a 0.5 cm rectangular cuvette. Fluorescence spectraat 432 nm and 40 mM cm™® at 623 nm 28, 29). Protein

of PChlide were recorded within the range of 5720 nm concentrations in the samples were assayed as described by
using different wavelengths in the Soret area of the pigment Essen 26).

spectrum for excitation (as indicated in the figures). UV  Calculation of ligand dissociation constants was based on
excitation spectra for PChlide, NADPH, and the various the following model:

proteins were recorded between 250 and 500 nm, 250 and

400 nm, and 250 and 315 nm, respectively, by collecting E+L<EL

fluorescence at 640, 500, and 36.5 nm. For recofd"?g plgrnentwhich under steady-state conditions leads to the equation
fluorescence spectra, both excitation and emission mono-

chromator bandwidths were set-a# nm. For recording UV K[EL] = k[E][L] (1)
excitation spectra, the bandwidth of the emission monochro-

mator was adjusted to 10 nm. Spectra were allowed to where [E] is the steady-state enzyme concentration, [L] is
accumulate up to eight times, or until a good signal-to-noise the steady-state ligand concentration, and [EL] is the steady-
ratio was obtained. All spectra were corrected for the state concentration of the enzymiigand complexk; and
intensity of the excitation light and the sensitivity of the ; are the second-order association and first-order dissociation
photomultiplier tube. Calculations of smoothed, difference, constants, respectively.

and second-derivative spectra were performed using the Assuming for the ligand titration experiment at a constant
Statistica-5 software package (StatSoft, Inc.). [E] that the free ligand concentration in the steady state is

Pigment CD spectra were recorded on a Jasco700 specproportional to the fraction in the fluorescence changes:
tropolarimeter at room temperature at wavelengths between

400 and 460 nm from samples held in a cuvette having a 10 [L] =[(F — F)/(F, — FI[Li]
mm optical pass. Spectra were obtained after2% ac-
cumulations at a bandwidth of 2.0 nm and speed of 100 nm/whereF is the observed fluorescence yiel, andF, are
min. MV- and DV-PChlides were identified by the position the fluorescence yields of the pure ligand and pure ligand
of the maxima in their fluorescence excitation spectra in enzyme complex, respectively, and [Li] is the total amount
acetone (432 and 443 nm and 438 and 448 nm, respectively)f the ligand in the sample.
(28, 29), and the C13(2R and C13(2)Sstereoisomers were If we define dissociation constaKy askz/k;, eq 1 can be
identified by the sign of these bands in their CD spectja ( expressed in the experimentally detectable values:
(Figure 2). )

Fluorescence Estimation of Substrate and Cofactor Bind- dF = dFy, — K(dF/[Li]) or
ing to POR.Two methods were used to assess pigment dr/dF, ., = [Li}/( K4+ [Li]) (2)
binding to POR: an increase in pigment fluorescence
quantum yield following binding to the protein and the where & = F — F, and drnax = F1 — Fa
appearance of aromatic amino acid bands in the pigment Analogous equations were drawn for the E titration
fluorescence excitation spectrum due to resonance energyexperiment with a constant concentration of the ligand.
transfer from protein to pigment. To estimate the changes Estimations oKy were made by fitting the experimental data
in spectra and fluorescence quantum yield in the course ofto eq 2 at different ligand concentrations. Usually;-1®%
PChlide binding to POR, solutions containing buffer and different concentrations of the ligand were used in each of
pigment were equilibrated in the dark at 26 for 3 min the three sets of experiments.
and the fluorescence was measured. Aliquots of recombinant Kinetic Analysis of POR Denaturatiof.o estimate the
POR protein solutions were then added to the sample; theeffects of substitutions at Tyr275 and Lys279 on POR
solutions were allowed to equilibrate for 1 min, and stability in solution, we analyzed the kinetics of protein
fluorescence was recorded. Binding of cofactors to POR wasdenaturation at 25C in the presence of 0.1% Triton X-100.
assayed by monitoring either quenching of the protein In these experiments, the reaction buffer was equilibrated
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to the desired temperature in the fluorometer cell and then following equations were used for our calculations, assuming
POR was added from a stock protein solution. The kinetic that fluorescence of a reactant is proportional to its concen-
data were collected using a multiwavelength program record- tration and the fluorescence quantum yields of the photo-
ing fluorescence at four different pairs of wavelengths active state and the fluorescence intermediate do not change
(E256F500 and E288F500 for assaying changes in proteinin the course of the reaction:

fluorescence; E340F500 and E408F500 used as a blank) with

an acquisition time ©5 s and a step of 1 min. The samples d[P]J/ct = K[P]t (5)

were kept in the dark between the assays.

To describe a denaturation reaction consisting of two that leads to

monomolecular' irreversible steps (i.,e.,AB — C), we F=F, exp(k (6)
used the following set of equations:
d[A]/dt = —k,[A] ©) wheret is time,F is the fluorescence of the photoactive state
1 at timet, Frnax is its initial fluorescence at time 0, aridis
d[B]/dt = k;[A] — k,[B] the rate constant of the reaction.
Activation energy was calculated from the following
d[CJ/dt = k;[B] equation. The reaction was performed at different temper-
Co= A atures, and rate constants were compared using the Boltz-
max mann equation
that leads to the dependency of the accumulation of the final _ _
product with time as Ink=lnk, = E/RT (7)
[CYCa= 1+ [k, exp(kyt) — k, expk,t)l/(k, — k;) after presentation of the results in an Arrhenius plot:
X
(4) log(k,/ky) = EL(1/T, — 1/T)/(2.3R) 8)

wherek; andk; are the rate constants of the first and second
steps of the reaction, respectively, [C] is the concentration Whereki andk, are rate constants at temperatufeandTs,
of the final product at time, Cray i the concentration of ~ espectivelyFais the activation energy between temperatures

the final product after completion of the reaction, akds T, andTy, andRis the gas constant (1.987 cal mobtleg™).

the initial concentration of POR. Estimation of the reaction constants for all of the processes
Kinetic Analysis of Protochlorophyllide Photocgersion described above was performed by nonlinear regression

at Low Temperatures and Estimation of the Aation analysis using the Statistica-5 software package.

Energy of the Reactiorin our experiments, actinic light RESULTS
intensity was measured using a Li-Cor LI-250 light meter
equipped with a LI-190SA quantum sensor. The light Previous studies of POR activity have not taken into
intensity was adjusted as necessary with neutral density glassccount the possible confounding effects that can occur as a
filters. result of the presence of different stereocisomers and deriva-
To study the PChlide photoreduction reaction at sub-zero tives of PChlide in etiolated plant84), despite the fact that
temperatures, samples were maintained on the sample holdeiit has been shown that they have different spectra, different
quickly frozen in liquid nitrogen, and then heated to the binding properties, and different photochemical activitigs (
desired temperature in the spectrofluorometer sample com-8, 29). To exclude any possible uncertainty due to pigment
partment in the dark. To drive photoconversion, the sample complexity in the interpretation of our results, C8-ethyl-
was illuminated at the experimental temperature with weak C13(2)-R-)-PChlide (MV-PChlide) obtained in fraction 4
monochromatic light (452 nm, 78 m~2 s™1). The actinic by HPLC (Figure 2) was used exclusively as the substrate
light was used simultaneously for fluorescence excitation, in our experiments. In addition, to eliminate any possible
and fluorescence was recorded at 644 or 685 nm with the effects on enzyme function due to steric hindrance or altered
step and integration time equal to 0.5 s. The observed charge properties created by working with fusion proteins,
fluorescence changes had two components, one fast and théhe recombinant POR used in this study was devoid of MBP
other slow. The fast component exhibited a decrease inor His tags. We believe that these two improvements
fluorescence at 644 nm and an increase in fluorescence atonsiderably enhance our ability to accurately access pigment
685 nm. The slow component (which in our experiments and cofactor binding, as well as associated changes in
does not exceed 5% of the total pigment fluorescence) enzyme conformation during ternary complex formation and
exhibited a constant decline at both wavelengths. This progress through the reaction sequence.
component also occurred in samples without POR and was Formation of the Photoacte State Haing Fluorescence
assigned to pigment photodegradatid8) ( For identification at 646 nm Is Seerely Compromised in POR Proteins with
of the rate of PChlide photoreduction, the slow component Substitutions at Tyr275 and Lys27Bhree discrete fluores-
was subtracted from the kinetic curves. The rate constant ofcence bands having specific fluorescence excitation spectra
the reaction was calculated using the least-squares fitting ofwere detected in frozen solutions of MV-PChlide in buffer.
experimental data at the two wavelengths with monoexpo- Their emission maxima were at 627, 633, and 638 nm. The
nential curves. In our experiments, the contribution of the position of the maximum of these bands depends on the
tail of the 646 nm fluorescence band in the emission at 685 chemical composition of the solvent in which the pigment
nm exhibited less than 10% of the intensity of the 685 nm is suspended, indicating that they are due to pigmsolvent
band and was not taken into account in our calculations. Theinteraction. Similar fluorescence bands, with excitation
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Ficure 3: Fluorescence spectroscopic identification of the photo-
active state of the NADPHPChlide-POR ternary complex in WT
and Y275F mutant pea POR. (A) Low-temperature fluorescence
emission spectra and the second derivative recorded for dark-
adapted samples containing 20 nM PChlidesM NADPH, and

100 nM WT POR ) or 75 nM Y275F POR (- - -). The inset of
panel A shows the excitation spectra for fluorescence at 638 and
646 nm and the difference spectrum between them for WT POR.

(B) Changes in the fluorescence emissions of the same samples

shown in panel A following illumination with weak monochromatic
light (452 nm, 7«E m2 s71) at —50°C for 5 min. The difference
spectrum for samples containing the Y275F mutant POR is shown
at two amplifications ¥ 1 andx30). Note that the emission at 646
nm is resolved as a separate band in the second derivative of th

Tyr275 in the enzyme; it specifically disappears under illumination
at low temperatures with formation of a new band at 685 nm, and
it has its own excitation spectrum with bands shifted to the long
wavelengths and having increased half-widths. The spectra were
recorded at-196 °C. The excitation wavelength was 460 nm.

spectra shifted 56 nm to the long wavelengths, were
detected for C8-vinyl-C13(2)R)-PChlide (data not shown).
When POR and NADPH were added to the MV-PChlide
solutions and the reaction mixture was incubated in the dark
at room temperature for 5 min, a new band appeared in the

e
fluorescence spectra. Its intensity is sensitive to the presence of
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phototransformations were previously detected for PORb
ternary complexes in vitro and in light-adapted plarits (
23, 27).

Mutant POR proteins with substitutions at Tyr275 and
Lys279 (designated Y275F, K279l, and K279R) were
previously shown to be incapable of PChlide photoreduction
(15). The basis for this defect was not known. When we
analyzed the fluorescence emission spectra of complexes
formed by these mutant enzymes, no strong band at 646 nm
was detected in the dark-adapted samples, indicating a
dramatic reduction in their ability to form the photoactive
state. Nevertheless, analysis of the second derivative of the
pigment fluorescence spectra allowed us to see the appear-
ance of a band at 646 nm after equilibration with the mutant
proteins (Figure 3A). lllumination of the samples -a60
°C showed severe suppression of primary photochemical
activity in the mutant proteins compared to that in WT.
Nevertheless, lightdark difference spectra of the samples
containing the mutant enzymes demonstrated that the forma-
tion of the 685 nm band corresponding to the fluorescence
intermediate occurred at the expense of the 646 nm band
(Figure 3B). The results of these two experiments demon-
strate that the formation of the photoactive state and its
photoconversion can be achieved in POR after substitution
of Tyr275 and Lys279; however, the efficiency of photo-
active state formation is decreased dramatically in the
mutants. In addition to the photoinduced conversion of the
PChlide fluorescence band at 646 nm, the hgthark
experiments performed with the mutant enzymes also showed
a decrease in the intensity of the PChlide band at 638 nm
(Figure 3B). The latter effect was observed following
illumination of pigment solutions in the absence of POR (data
not shown) and therefore was not specific to the enzyme.
The dependence of the rate of decease in the 638 nm band
on the presence of dissolved oxygen suggests that this effect
might be due to PChlide photooxidatioR3.

Tyr275 and Lys279 Substitutions Do Not Block Binding
of PChlide to PORThree possible reasons can be put forth
to explain the decrease in the efficiency of the formation of
the photoactive state and photochemical activity of Tyr275
and Lys279 substitution mutants compared to that of WT
POR: decreased affinity of mutant POR for the pigment,
decreased affinity of mutant POR for NADPH, or a lowered
probability of formation of the photoactive state itself. It is
generally assumed that the formation of the POR photoactive
state results simply from pigment and NADPH binding to
the enzyme35—38). The possibility of molecular rearrange-
ments of the components in the ternary complex has not been
considered. Since spectroscopic methods for studying PChlide
binding to POR were not available, we developed two
different procedures for analyzing the possible effects of
PChlide interaction with WT POR. First, we studied the

low-temperature fluorescence spectrum at 646 nm. This bandchanges in pigment intrinsic fluorescence spectra and

overlaps considerably with the 638 nm band in the spectrum,
but can be clearly distinguished from the latter in the second
derivative of the spectrum (Figure 3A). In addition, the

excitation spectrum of this band was shifted toward longer
wavelengths compared to that for fluorescence at 638 nm

guantum vyield upon its binding to POR. Our experiments
showed that when PChlide is dissolved in Tris buffer, the
pigment fluorescence intensity (excitation at 440 nm and
emission at 640 nm) is low. Addition of POR protein to the
solution of dissolved pigment led to an approximately 10-

(Figure 3A, inset), indicating that the interaction occurs fold increase in pigment fluorescence quantum yield without

before photoexcitation. Illumination of the sample-a50

changes in the pigment fluorescence spectrum (Figure 4A).

°C led to a specific disappearance of this band and ac- This would account for the effect of the pigmerrotein

cumulation of a new one at 685 nm (Figure 3B). Similar

interaction.
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24000 When PChlide is dissolved in Tris buffer, no specific bands
- wr in the protein absorption area of the spectrum 2500 nm)
)\o'\o——o—o\o were detected, but the pigment had a broad continuous
absorption (Figure 4B). After addition of POR to the pigment
solution, three new strong bands with maxima at 277, 282,
and 290 nm appeared in PChlide excitation spectra when
fluorescence was collected at 640 nm (Figure 4B). Similar
bands belonging to tyrosine and tryptophdf) @re observed
in the excitation spectrum of POR protein fluorescence when
R TR TR Y Y Sy W fluorescence is collected at 365 nm (Figure 4B). (To exclude
(F-Fo)i(Fm-Fo)[WT-POR] a possible artifact of reabsorption of the protein fluorescence
0 by the pigment, in these experiments the optical density of
0 &0 120 180 20 the samples was adjusted to k®.05 at 280 nm.) When
[WT-POR], nM similar experiments were performed with mutant PORs
8e6 containing substitutions at Tyr275 and Lys279 (i.e., Y275F,
751 B 430 K279R, or K279I), clearly recognizable protein bands were
~ - Buffer, F640 observed in the PChlide excitation spectra.
6e6 --- PChiide, F640 To compare the efficiency of PChlide binding to WT and
566 —— PChlide+WT-POR, F&40 mutant POR proteins, we analyzed changes in the pigment
fluorescence intensity at different enzyme concentrations and
calculated the respective pigment dissociation constégjs (
In these experiments, 0.02M PChlide in Tris-buffered
solutions was equilibrated at 2% in the dark for 3 min,
and the pigment fluorescence excitation spectra were deter-
mined. The solutions were then titrated with aliquots of 0.01
uM POR, and the PChlide fluorescence intensity was
measured after each addition of the enzyme (Figure 4A).
Table 1 summarizes the estimati€gs of PChlide binding
Ficure 4: Identification of PChlide binding to POR by analysis to POR. In general, th&gs for both the WT and mutant

of the changes in pigment fluorescence quantum yield in the poRg are extremely low and of similar magnitude, indicating
presence of increasing amounts of the protein and by fluorescence, '

resonance energy transfer from POR to PChlide. (A) Titration curve a high_efficien_cy for p_igment binding to_the pr_oFeins_. This
for the fluorescence of 20 nM chromatographically pure Mv- result is consistent with the reported high-affinity binding
C13(2)R)-PChlide dissolved in assay buffer by the addition of of PChlide to barley POR estimated by gel-filtration chro-

either 25 ©) or 8 nM WT POR protein ). The pigment  matography41). In our study, we also estimated tKg, for

fluorescence was monitored under excitation at 440 nm and ; : o
emission at 640 nm. The inset of panel A shows data for the initial PChlide from the dependence of WT POR catalytic activity

increase in the fluorescence presentedrin-(Fo)/(Fm — Fo) s (F on pigment concentration (Table 1). Tkig was of the same
— Fo)l(Fm — Fo)/[L] coordinates. (B) UV excitation spectra of order of magnitude as thy for PChlide and WT POR,
fluorescence of 100 nM PChlide (emission at 640 nm) recorded although the absolute value was approximately 6-fold higher.
{JGITOVQ (-- ;) afnd_a{tgrf_) ve\l/degigg of 1t0'0 ?IM WT POR. E)I(ld_t J This observation indicates that not only binding but also other
e b e (ot s factors might be nvolved i contrling the enzyme catalyt
(— — —) are shown for comparison. The intensities of the protein Mechanism. One possible explanation for this difference is
bands in excitation spectra were adjusted at 275 nm. All experimentsa change in the conformation of the ternary complex after
were performed at 28C. binding of pigment and NADPH to POR has occurred. The
existence of such a conformational change would be
To confirm that the observed changes in PChlide fluores- consistent with our spectroscopic data indicating formation
cence intensity are due to binding of PChlide to POR, we of a specific enzyme photoactive state after substrate and
developed a second, more specific method of analysis. Incofactor binding. In general, the observed similarity in
this approach, we assumed that association of the pigmenfigmentKys obtained for WT and mutant PORs led us to
and protein would allow for resonance energy transfer from conclude that the decrease in the efficiency of the formation
aromatic amino acids of the protein to the pigment. If it were of the enzyme photoactive state after substitution of Y275
true, it should lead to the appearance of aromatic amino acidor K279 is not due to a defect in pigment binding.
bands in the pigment fluorescence excitation spectrum. This  Tyr275 and Lys279 Substitutions Do Not Beat POR
process of energy transfer can be described by the inductivefrom Binding NADPH, but Make the Protein More Stable
resonance mechanism developed by Forsg®). (Three against DenaturationTo estimate the efficiency of NADPH,
factors must be fulfilled to allow energy transfer to occur. NADH, and NADP" binding to POR, we analyzed the
First, the acceptor molecule (PChlide) must have absorbancequenching of the protein intrinsic fluorescence following the
in the area of the donor (protein) fluorescence. Second, theaddition of the different cofactor8Q, 31). In these experi-
distance between the donor and acceptor must be short. Foments, a protein solution containing 161 WT POR in
most of the known aromatic molecules, this is about30 Tris assay buffer was equilibrated at 25 in the dark for 3
A (39). Finally, the orientation of donor and acceptor min. The protein fluorescence intensity was determined, and
electronic transition moments must have a common com- the reaction mixture was then titrated by the sequential
ponent. addition of aliquots of one of the three cofactors. After each
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Table 1: Kinetic Parameters of WT and Tyr275 and Lys279 Mutants of Pea POR

Kq for Km for Kq for Kq for Km for ki for POR  k;for POR  reaction reaction
PChlide-POR Pchlide POR-NADPH® NADPH—POR NADPH denaturation denaturation yield at yield at
enzyme (uM) (uM) (uM) (uM) (uM) (s (s 25°C (%) —50°C (%)
WT 0.03040.004 0.18+0.02 13.0+:1.9 21.84:2.8 11.0+£2.0 201.0£50 4.0£0.3 56+ 6 1142
Y275F 0.050+0.014 - 195+ 2.3 249+ 1.7 - 15.0+ 10 3.1+ 0.3 4.4+ 0.5 nd
K279l  0.0224+0.018 - 16.3: 3.2 68.1+17.1 - 74.0+ 25 3.0:0.3 3.1+£05 nd'
K279R  0.027+0.013 - 48.2+ 5.2 421+ 5.5 - 30.8+ 16 2.8+ 0.3 0.0+ 0.5 nd

aDetermined from changes in pigment fluorescence in the presence of various amounts of the Ydb&tirmined from changes in protein
fluorescence in the presence of various amounts of NADHb¢termined from changes in NADPH fluorescence in the presence of various amounts
of NADPH. ¢ Not determined.

1.2

were obtained when we estimatkgs for NADPH binding

to POR by measuring an increase in NADPH fluorescence
(Figure 5B). Overall, theKgs observed for POR were
comparable to those observed for other short chain dehy-
drogenases/reductase3d(31).

The cofactor dissociation constants measured for recom-
binant WT pea POR obtained in the above experiments using
two independent approaches (i.e., titration of protein fluo-
rescence and titration of NADPH fluorescence) differ
considerably from those reported for recombinant WT POR
from Synechocysti§21). The reason for this difference is
not clear, but might reflect the origin of the protein, the
presence of a His tag on the bacterial enzyme, or the presence
of detergent micelles in the assay solution. Moreover, the
12 Kq for the WT pea POR measured in our study coincides
well with the K, estimated for the same protein (Table 1)
and withKq values estimated for other POR proteins isolated
from different organisms2( 19). In general, th&gs for the
cofactor determined for the various mutant PORs were
comparable, with some variation. The lowest values were
obtained for WT and the Y275F mutant, whereas the highest
Kg was found for K279R (Table 1). Taken together, these
data suggest that while substitutions at Tyr275 and Lys279
Y275F NADPH do not prevent NADPH binding to the enzyme, they
© K279, NADPH 2'20 contribute to the loss of catalytic function in a yet to be
02 o \ determined manner.

0010 0015 0020 0025 0030 0035 0040 0045 In an attempt to identify the role of Tyr275 and Lys279
(F-Fo)/(Fm-Fo)*[NADPH] in stabilization of POR, we studied the kinetics of protein

Ficure 5: Estimation of the efficiency of NADPH, NADH, and  denaturation at ambient temperature in the absence of
R‘]':D_E:r_?lgﬂgingré?eﬁloﬁ gfégggi]”c%d gxda“;é)t(sgt_gzqg?”ﬁmg%af substrate and cofactor. Preliminary studies had shown that

| NSl | u vatl H F H :
fluorescence iﬁ the presence of increasing amounts of ligands. (A).the loss .Of POR catalytic activity IS.CorreIated with an
Changes in intrinsic protein fluorescence of WT POR (170 nM) increase in enzyme fluorescence monitored at 500 nm. The
titrated with 4uM NADPH, 5 uM NADH, or 12.4 uM NADP-. remarkable feature of this increase was that it had an S shape,
The protein titration data are presented fy ¢ F)/(Fo — Fr) vs but was not exponential as might be expected for a
(Fo — F)/(Fo — Fm)/[L] coordinates. Protein fluorescence was —monomolecular reaction (Figure 6). The S shape of the curve

monitored under excitation at 290 nm and emission at 345 nm. All . _ . . .
titration experiments were performed at 26. (B) Changes in indicates that the process consists of at least two sequential

NADPH fluorescence measured in reaction mixtures containing 2.53 Steps or ha§ a cooperative charact&, é3). To approach _
#M WT POR, 1.964M Y275F, or 1.68:M K2791 POR to which the mechanism of the denaturation process, we tested kinetic
NADPH was added at a concentration ofMl/step. The NADPH  models for monomolecular, two sequential monomolecular,

titration data are presented iR ¢ Fo)/(Fm — Fo) vsS (F — Fo)/(Fm ; ; ; ;
— F,)[[NADPH] coordinates. NADPH fluorescence was excited bimolecular, and monomolecular cooperative reactions to fit

at 345 nm and collected at 465 nm. All titration experiments were experir_nental curves using least-squares nonlinear regression
performed at 25C. analysis. The best results for WT POR and the Y275F mutant
were obtained with the model of two sequential mono-
addition of cofactor, the POR fluorescence was measured.molecular reactions. For the K2791 and K279R mutants, the
The titration curves anl{s resulting from these studies are shapes of the curves were more complex, indicating two
shown in Figure 5A. Th&, for NADH was~5-fold higher parallel two-step processes (Figure 6). Assuming that two
than the value observed for NADPH, consistent with the sequential irreversible monomolecular reactions determine
known specificity of POR for NADPH. The observed higher the rate of the process (see Materials and Methods), we
Kq for NADP*™ compared to that for NADPH indicates calculated their rates from the kinetics of the fluorescence
repulsion of the oxidized cofactor from POR. Similar results changes in WT and mutant POR at 26 (Table 1). The
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Ficure 6: Time course of POR denaturation measured in reaction Figure 7: Time course of the photoconversion of the WT POR

mixtures containing POR protein (100 nM WT, 55 nM Y275F, 74 photoactive state (detected by fluorescence at 646 nm) and the
nM Y279, or 81 nM Y279R POR) and 0.1% Triton X-100 at 25  formation of the fluorescence intermediate (detected by fluorescence
C. Increases in fluorescence were monitored at 500 nm underat 685 nm) under illumination of a dark-adapted frozen sample

excitation at 280 nm. The changes were normalized to 1 after 1 h. containing 4«M NADPH, 20 nM PChlide, and 100 nM WT POR
The inset shows the relative amounts of denaturated WT POR, inwith monochromatic blue light (452 nm, 78 m2 s™1) at —50

the absence {NADPH) and presence+{NADPH) of 1 uM °C. The time course of the changes in fluorescence at 685 nm is
NADPH during denaturation in the darkrfd h at 25°C. shown for two independent experiments. The inset shows an
rates of the slow step of the reaction were highest for the tA”heni”S plot (logK vs 1) for the reaction at three different
. ) emperatures=70, —50, and—30 °C).

WT and subsequently decrease in the following order for
the POR substitution mutants: WX Y275F > K279] > this difference, the activation energy of the reaction between
K279R. Thus, even in the absence of substrate and cofactorgach pair of temperatures was estimated to be approximately
WT POR appears to adopt a thermodynamically unfavorable 8.17 kcal mot?! between—50 and—30°C and approximately
conformation with Tyr275 or Lys279 contributing to the 0 kcal mol* between—70 and—50 °C. The presence of
destabilization of the enzyme. When we checked the effecttwo different activation energies indicates two different
of adding saturating amounts of NADPH on denaturation of reaction mechanisms at the two temperature ranges. Close
WT POR, we observed an approximately 3-fold decrease into zero activation energy more likely indicates tunneling
the denaturation yield (Figure 6, inset), indicating a possible hydrogen transfer39). The activation energy observed in
protective role of the cofactor. the —50 to —30 °C temperature range is more typical of

Tyr275 Substitution Specifically Inactites the Second  mechanisms involving hydrogen abstracti@8)( or photo-
(Light-Independent) Step of the PChlide Photoreduction isomerization 23).
Reaction.We previously reported that the PChlide photo-  The low intensity of the F646 fluorescence bands in the
reduction reaction catalyzed by barley PORDb in vitro consists POR mutants does not allow for precise determination of
of two steps with the formation of an unstable reaction the kinetics of their photoconversion at low temperatures.
intermediate with a fluorescence maximum at 685 nm To identify the step where the enzymatic reaction could be
separating the two step23). The same two-step reaction inactivated in these mutant enzymes, we illuminated the
was detected with WT pea POR. To assay the first, light- samples at 25C with continuous white light (3&E m™2
dependent step of PChlide photoreduction, we studied thes™?) for 10 min. In the WT POR, this treatment led to the
kinetics of the conversion of the photoactive state into the accumulation of the final product (Chlide) with a fluores-
685 nm intermediate by WT POR at different sub-zero cence maximum at 675 nm. With the mutant PORs, we
temperatures. In these experiments, a ternary complex waobserved nearly no photochemical activity. Nevertheless,
assembled in the dark at room temperature. The samples wera&vhen we assayed fluorescence—&t96 °C, we found that
then frozen to—196 °C, heated in the dark to'70, —50, or the Y275F mutant initiated photoconversion of the substrate,
—30 °C, and illuminated at these temperatures with mono- but produced only the F682 intermediate (Figure 8). The
chromatic 452 nm blue light (88E m~2 s7%). The kinetics K279l mutant catalyzed the formation of a mixture of 685
of the disappearance of the photoactive state and accumulaand 675 nm bands, resulting in the accumulation of a broad
tion of the intermediate were monitored at 646 and 685 nm, emission band with a maximum at 678 nm. No formation
respectively. At the light intensity and temperatures that were of any new band was detected following illumination of
tested, the kinetics of the reaction at both wavelengths werereaction mixtures containing the K279R mutant (Figure 8).
well described by monoexponential curves. The deviation Despite the considerable decrease in the intensities of the
of the experimental points from the monoexponential law fluorescence bands accumulated in the mutants at room
was not more than 5%. Calculated rate constants for thetemperature, the band intensities observed in reactions
disappearance of the F646 species and accumulation of thénvolving the mutant PORs were comparable to those
F685 form were nearly identical (approximately 0.12)s observed with WT POR at-50 °C (Table 1) where the
(Figure 7), indicating direct interconversion of the photo- reaction does not proceed beyond the formation of the F685
active state and the intermediate. Comparison of the reactionintermediate Z3). Both the spectroscopic features and
at different temperatures showed that the rate constants ofintensities of the fluorescence bands indicate that POR
the reaction were about the same-at0 and—50 °C, but mutants containing substitutions in Tyr275 stop their reaction
increased 5-fold at-30 °C (Figure 7, inset). On the basis of sequence after formation of the F685 intermediate. Substitu-
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tion of Lys279 leads to either complete inactivation of the
enzyme (as is the case with the K279R mutant) or formation
of an enzyme that can carry out the photoreduction reaction
to the end, but with a very low yield (as observed with the
K279I mutant).

In addition to the photochemical activity resulting in the
formation of the fluorescence band at 685 nm, illumination
at room temperature of the complexes formed by the mutant
POR, as well as those formed by the WT enzyme, leads to
a wavelength shift of the main PChlide fluorescence band.
This shift was detected in all mutants, including K279R. The
shift was toward short wavelengths in the WT POR and
K2791 mutant, but toward longer wavelengths in the Y275F
and K279R mutants (Figure 8). This shift might indicate that
polarization of the microenvironment after the extent of
pigment photoexcitation is determined by the nature of the
local amino acids.

DISCUSSION

Two families of NADPH-requiring enzymes (oxidoreduc-
tases) have been identified on the basis of their protein
sequence similarities: aldoketoreductases (AKR) and short
chain dehydrogenases/reductases (SDR). Despite the fact that
both families utilize NADPH, individual members of the two
families differ from each other in the enzyme folding,
reaction stereochemical course, and catalytic mechanism. The
AKR family includes ~20 known members4d). The
enzymes of this group usually forfixbarrel structures, are
monomeric, and utilize theRkhydrogen of NADPH leading
to their designation as A-side dehydrogenases. The SDR
family has~60 known memberslg). X-ray crystallographic
and NMR analysis of the ternary (3D) structure of members
of this family revealed am—/£—a sandwich, composed of
approximately fiveS-strands assembled in/&sheet. The
enzymes in this family frequently form homodimers or
homotetramers, have a conseryedo—p fold for NADPH
binding, and utilize the &hydrogen of the cofactor in the
course of the reaction. These enzymes are termed B-side
dehydrogenases. In almost all of the enzymes, the conserved
p—a—p fold for NADPH binding is located at the N-
terminus of the enzyme. In contrast, the C-terminal portion
of the enzyme, thought to be involved in substrate binding,
is considerably more variable. Another typical feature of SDR
family members is the presence of a signature pentapeptide
sequence within the catalytic site consisting of absolutely
conserved Tyr and Lys residues separated by three amino
acids (Tyr-X-X-X-Lys) (17, 18). On the basis of protein
sequence similarity, the presence of the conserved Tyr-X-
X-X-Lys pentapetide motif5), and utilization of the pro-
Shydrogen of NADPH in catalysiglf, POR was identified
as a member of SDR familylp).

Two main features distinguish POR from other members
of the SDR family (and most other enzymes). These are
utilization of a porphyrin as a substrate and the strict light

Ficure 8: Fluorescence spectroscopic characterization of the > €
reaction products formed by WT and mutant POR proteins. Shown dependency of enzyme activity. In the study presented here,
are the fluorescence spectra of the reaction products formed bywe took advantage of both these features. The unique spectral
(A) 100 nM WT POR, (B) 55 nM Y275F POR, (C) 74 nM Y2791 properties of porphyrins allowed us to directly use the

POR, and (D) 81 nM Y279R POR in the presence aMINADPH ; ; ;
and 100 nM Pchlide. The fluorescence spectra were recorded atsubstrate as an internal fluorescence probe in studies of the

—196°C under excitation at 416 nm before and after illumination ©NZyMe's structure, whereas the strict dependency of the
of the samples with white light (38E m2 s72) at 25°C for 10 enzyme on light allowed us to use light as a trigger to control
min. The spectra were normalized at 640 nm before subtraction. the progress of the reaction.
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In our previous studie2B), we identified the main steps Despite the reduction in the fluorescence intensity at 646
of the POR-catalyzed PChlide photoreduction reaction in nm, the Y275F mutant performs the initial photochemical
vitro by following the temperature dependence of light- step, suggesting that substitution at Tyr275 decreases the
induced changes in PChlide fluorescence. These studiesprobability of achieving the photoactive state, but does not
established a reaction sequence in which formation of the completely block the photoreduction reaction. In addition,
photoactive state of the POGRNADPH— PChlide ternary our spectroscopic analysis revealed that in the mutant PORs
complex having a fluorescence at 646 nm is followed by the photoreduction reaction does not proceed beyond the
light-induced conversion of the photoactive complex into an formation of the F685 intermediate even at room temperature.
unstable F685 intermediate and subsequent dark relaxation The effects of substitutions at Lys279 are more complex.
to the state fluorescing at 675 nm. Substituting lle for Lys279 does not change the amino acid

In this work, we demonstrated that Tyr275 and Lys279 volume, but increases the local hydrophobicity. In addition,

of POR, corresponding to the two highly conserved catalytic '€ IS not charged and does not form a salt bridge. As in the
site amino acids found in all SDR family members, are not ¢aS€ of POR mutants with Tyr275 substitutions, K279

crucial for substrate and cofactor binding, but are necessarymmantS exh?bited a dramatically decreaseq abiIiFy' to form
for the formation of the enzyme photoactive state. In the photoactive state and decreased catalytic activity. How-

members of the SDR family for which a 3D structure has ever, these mutants are not completely blocked in their

been determined, it has been shown that the conserved Tyrcat":llytiC activity. !n addit.ion, analysis of pigment fluores-
and Lys residues are involved in stabilization of the nico- cence showed shifts to either longer or shorter wavelengths

tinamide portion of NADPH by coordination of its ribose (depending on which Lys279 mutant was analyzed), indicat-

. ; ing that its position is determined by local charges on the
moiety (PDB entry 1CYD, GenBank accession number Ing . . o )
P08074). Our experiments with POR show that the presence'fJOIypeptIOIe chain near the NADPH binding site. _Several
of Tyr275 and Lys279 shifts the enzyme into a thermody- hypotheses have been put forward about the origin of the

d ! L PChlide photoactive state in vivo: pigment dimerization,
namically unfavorable configuration (indicated by thel®- . S
fold increase in the enzyme denaturation rate) and leads toplgment to enzyme binding, and POR aggregatBr37).

a dramatic (16-20-fold) increase in catalytic activity. Our studies show that one of the most important factors in

Following substitution of Tyr275 and Lys279, formation of gfett?]rém":g]tgeiﬁ'%@;ﬁﬁgiﬂg E::O';ﬁg“eli 'fh?gerégczlcfhﬁr%e
the photoactive state is still possible in the mutant POR b y ’ pect,

proteins; however, the probability of finding the enzyme in Interesting o note that In this _wqu we also .detectgd
this state is considerably lower photoinduced electrochromic polarization of the main PChlide

_ _ . _ e form bound to the enzyme. Moreover, this polarization has
Protein modeling studies with POR, (14) indicate that  the opposite direction in the completely inactive K279R
both Tyr275 and Lys279 are located close to the hydrophobic mytant.
core of the enzyme. Substitution of Phe for Tyr (e.g., Y275F | contrast to the other mutant PORs examined in this
POR) does not change the charge or steric volume of thestudy, PORs containing Arg substitutions at Lys279 not only
amino acid residue, but increases the hydrophobicity andfaj| to form the photoactive state but also are completely
prevents the formation of a salt bridge by the enzyme at this plocked in their ability to carry out the initial photochemical
position. The increase in hydrophobicity or the reduction of step of the photoreduction reaction. Substitution of Arg for
the steric volume of one of the amino acids in the enzyme |ys does not change the amino acid charge at that location
should not prevent the assembly of the catalytic core. in the protein or interfere with the ability to form a salt
However, the inability to form a hydrogen bound can pridge. Arg has a larger steric volume and reduces the
destabilize coordination of a bound molecule. Indeed, ac- hydrophobicity. Both these factors seem to prevent NADPH
cording to our data, substitution of Phe for Tyr275 consider- from being properly inserted into the enzyme’s catalytic site.
ably reduces the efficiency of the formation of the ternary Thus, POR inactivation in the K279R mutant is most likely
complex photoactive state fluorescing at 646 nm. According due to an inability of NADPH to fit into the enzyme as a
to the available crystallographic data for dehydrofolyate result of a steric problem.
reductase, the conserved Tyr located after the fifstrand If we judge from the position of the PChlide fluorescence
is oriented to the ribose ring of the nicotinamide portion of spectrum in the photoactive state (F646) compared to free
NADPH. The other NADPH binding sites are located after and solvated pigment (F627, F633, and F638 bands),
the first, second, and third-strands of the enzyme. These transformation of the enzyme ternary complex into the
binding sites coordinate the phosphate bridge between thephotoactive state decreases the energy of the pigment excited
two riboses of NADPH, a phosphate group at the ribose of state. Since a corresponding long wavelength shift is also
adenine, and adenine itself, respectively. Thus, substitutionsobserved in the pigment excitation spectrum, the emission
at any one of these binding sites alone should not be at 646 nm does not belong to an exciplex (a complex formed
sufficient to prevent NADPH binding to POR, but in the by the pigment in a photoexcited state). Redox titration
case of Tyr275 mutants could prevent exact coordination of experiments indicate that this state might be the result of a
the nicotinamide part of the molecule. Consistent with this, specific interaction of the pigment with NADPH and/or
our data show that the probability of POR forming the specific amino acid residues within the POR protein. Binding
photoactive state (F646) is dramatically reduced in mutants of the pigment to the enzyme, which is likely a prerequisite
containing substitutions at this residue. At the same time, for this spectral shift, is not enough for the formation of the
we did not detect a substantial decrease in the ability of the photoactive state.
mutant enzyme to bind substrate or cofactor compared to Several new insights into the nature of the light-dependent
that of the WT POR. step of the PChlide photoreduction reaction mechanism were
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provided by our analysis of the kinetics of pigment photo-
transformation in the WT POR. First, since both the kinetics

of the disappearance of the F646 band and the accumulation 4-

of the F685 intermediate were found to have the same rate,
this confirmed not only that the F646 species is photoactive
but also that it directly participates in the formation of the
F685 fluorescent intermediate. Second, the observed tem-
perature dependence of the reaction betwedf and—30

°C, with an activation energy of8 kcal mol™?, is typical

for a process involving hydrogen transf&9). Third, the
lack of a temperature effect on the reaction bele®0 °C
indicates the possible existence of a tunneling mechanism
(39). NADPH, the primary donor of hydrogen in PChlide
photoreduction, must therefore come into direct contact with
the pigment in the photoactive complex fluorescing at 646
nm.

The second fundamental finding about the POR catalytic
mechanism revealed in this work is that Tyr275 participates
in the second, light-independent step of the PChlide reduction
reaction. This is evidenced in the fact that the Y275F mutant
carries out the first step of PChlide reduction at room
temperature (i.e., F685 formation) but cannot complete the
second step of the reaction, and Chlide F675 does not
accumulate. The exact molecular process occurring during
the second step of the PChlide photoreduction reaction and
the role Tyr plays need to be clarified. This step might
involve either enzyme isomerization (conformational change)
or hydrogen transfer from Tyr275 to NADPor to the
semireduced pigment. Work is now underway in an attempt
to resolve the crucial role of this residue.

In conclusion, our data demonstrate that the binding of
NADPH and PChlide by POR is not sufficient for the
formation of the enzyme photoactive state. Rather, formation
of the photoactive state requires proper coordination of all
reaction components, NADPH and PChlide, in the enzyme
catalytic pocket and the active participation of Tyr275 and
Lys279. Rate constants for dissociation of NADPH and
PChlide from POR are very low, indicating a nearly
irreversible binding of the substrate and cofactor to the
enzyme in the dark. The rate and temperature dependence

of the photoinduced formation of the F685 fluorescence 5.

intermediate indicates that the first step in the Pchlide
photoreduction reaction mechanism involves a direct hydro-
gen transfer between NADPH and PChlide. In addition to

being responsible for the stabilization of the cofactor and
pigment in the photoactive state, Tyr275 is directly involved

in the second step of PChlide photoreduction reaction, dark
conversion of the F685 fluorescence intermediate into the
final product, Chlide.
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