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ABSTRACT:. The chlorophyll biosynthetic enzyme protochlorophyllide reductase (POR) catalyzes the
reduction of protochlorophyllide (Pchlide) into chlorophyllide (Chlide) with reduced nicotinamide adenine
dinucleotide phosphate (NADPH) as a cofactor. POR is a light-driven enzyme, which has provided a
unique opportunity to trap intermediates and identify different steps in the reaction pathway by initiating
catalysis with illumination at low temperatures. In the present work we have used a thermophilic form of
POR, which has an increased conformational rigidity at comparable temperatures, to dissect and study
the final stages of the reaction where protein dynamics are proposed to play an important role in catalysis.
Low-temperature fluorescence and absorbance measurements have been used to demonstrate that the
reaction pathway for this enzyme consists of two additional “dark” steps, which have not been detected
in previous studies. Product binding studies were used to show that spectroscopically distinct Chlide
species could be observed and were dependent on whether the NADPH or'NeAf2letor was present.

As a result we have been able to identify the intermediates that are observed during the latter stages of
the POR catalytic cycle and have shown that they are formed via a series of ordered product release and
cofactor binding events. These events involve release of NAfd the enzyme and its replacement by
NADPH, before release of the Chlide product has taken place. Following release of Chlide, the subsequent
binding of Pchlide allows the next catalytic cycle to proceed.

The light-driven enzyme NADPH:protochlorophyllide oxi- residue is thought to be necessary to lower the appakent p
doreductase (POREC 1.3.1.33) catalyzes the reduction of of the phenolic group of the Tyr, allowing deprotonation to
the C17C18 double bond of th®-ring of protochloro- occur @). In addition, changes to the central Mg ato) (
phyllide (Pchlide) to produce chlorophyllide (Chlided)( and to the structure of the isocyclic ring of the Pchlide
As a result of this requirement for light, the reaction is an molecule lead to POR inactivity8], suggesting that these
important regulatory step in the chlorophyll biosynthetic structural elements are also important for the interaction of
pathway and subsequent assembly of the photosyntheticthe pigment with the enzyme.
apparatus?). In addition to POR, nonflowering land plants, POR has also been shown to be a member of the large
algae, and cyanobacteria possess a light-independent Pchlid®ED superfamily of enzymes (reductases, epimerases, de-
reductase, which consists of three separate subunits anchydrogenases)s( 9), which catalyze NADP(H)- or NAD-
allows these organisms to produce Chlide in the d&)k (  (H)-dependent reactions involving hydride and proton trans-

The reaction catalyzed by POR has been extensivelyfers (L0). They have many structural features in common,
studied and a lot of progress has been made in elucidatingincluding conserved cofactor binding domains and the
the catalytic mechanism. By usin4nd 43H-radiolabeled ~ conserved catalytic Tyr and Lys residues, and as a result a
isomers of NADPH, it has been shown that the hydride is homology model of POR has been constructed with this
transferred from th@ro-Sface of the nicotinamide ring to  family as a template 1(1). As POR is light-driven, this
the C17 position of the Pchlide moleculg 6). A conserved provides unique experimental opportunities that are unavail-
Tyr residue has been proposed to donate a proton to the C1&ble for the majority of enzymes. The active enzyme
position whereas the close proximity of a conserved Lys substrate complex can be formed in the dark, prior to

catalysis, which allows intermediates in the reaction pathway
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NADPH (NADP"), reduced (oxidized) nicotinamide adenine dinucle- ; ; ioti i
otide phosphate; fwhm, full width at half-maximum; RED, reductases, temperature spectroscopy to identily three distinct steps in

epimerases, dehydrogenases; PCR, polymerase chain reaction; prtthe reaCtion_ pathway_ fqr POR from the cyanobacterium
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reactions. The initial photochemical step, which can occur —20 °C until required. Before use, the pigment was redis-
below 200 K, involves the formation of a nonfluorescent solved in 100% methanol.

intermediate with a broad absorbance band at 696X ( Low-Temperature Fluorescence and Absorbance Assays.
This species is then converted into a new intermediate thata|l spectra were measured in activity buffer [44% glycerol,
has an absorbance maximum at 681 nm, and during the20% sucrose, 50 mM Tris/HCI (pH 7.5), 0.1% (v/v) Genapol
second dark step this state gradually blue-shifts to yield the X-080, and 0.1% (v/vj3-mercaptoethanol], and samples were
product, Chlide 18). Although the exact molecular nature maintained at the required temperature by use of an Ops-
of these intermediates is currently unknown, the two dark tistatDN nitrogen bath cryostat (Oxford Instruments). The
steps can only occur close to or above the glass transitiontemperature of the sample was monitored directly with a
temperature of proteins, implying a role for domain move- thermocouple sensor (Comark) and intermediates in the
ments and/or reorganization of the protein for these stagesreaction pathway were isolated as previously describ8d (
of the catalytic mechanism. The reaction catalyzed by POR Fluorescence spectra were recorded on a SPEX FluorolLog
has also been followed in real time after initiation of catalysis spectrofluorometer (Jobin Yvon Ltd.) at 77 K. The exciting
with a 50 fs laser pulse. The study revealed that the reaction,light was provided from a xenon light source, with excitation
and hence the associated protein motions, can proceed ofnonochromator slit widths of 4.5 nm and emission mono-
an ultrafast time scalel). chromator slit widths of 3.6 nm. Absorbance spectra were
In the present work POR from the thermophilic cyano- recorded with a Cary 500 Scan WWisible—NIR (Varian)
bacteriumThermosynechococcus elonga®iB-1 has been  spectrophotometer at 77 K. Normalization of the spectra,
analyzed by using fluorescence and absorbance spectraspectral deconvolutions, and difference spectra were calcu-
measurements at 77 K. The use of a thermophilic version of lated by use of the Galactics software.
POR provides the opportunity to follow the reaction over a
much wider temperature range. In addition, thermophilic RESULTS
enzymes are generally barely active at room temperature
when compared to their mesophilic counterparts. This loss

of activity is caused by the reduced conformational flexibility light-driven one 17) followed by two dark reactionsig)

of thermophilic enzymes at lower temperatur@8-22). . ; ;
Hence, thermophilic POR should be an ideal model system.The first dark step resulted in the formation of a new

to follow at accessible temperatures the latter stages of the|ntermed|ate that has an absorbance maximum at 681 nm
reaction, where protein motions play an important role. (AB81, .':6.584) and .the second Qark step involved a gradual
Consequently, we have shown that the dark reactions of the?:lﬁle(fh'fltm%hm this st?te tok yield r:he unf)%qng tF;]rOdgCti(
thermophilic enzyme consist of two additional steps, which Ide. In ne present work we have studie e dar
have not been detected in thynechocystigeaction. reactions for the enzyme from the thermophilic cyanobac-

Subsequent low-temperature Chlide binding experimentsterlum T. elongatusby using a combination of low-
temperature absorbance and fluorescence measurements. All

have allowed us to propose a scheme for the overall reactlonsampIeS were illuminated at 185 K for 10 min to trigger the
pathway. - :
initial photochemical step and were then warmed to progres-

MATERIALS AND METHODS sively higher temperatures between 185 and 330 K in the

Cloning, Expression, and Purification of POR from dark. As aresult this conversion could be resolved into four
Thermosynechococcus elongatus BA¥ie DNA encoding ~ separate nonphotochemical steps.
POR was amplified fronT. elongatusBP-1 genomic DNA First Dark Step.The first dark step for the thermophilic
by PCR using two sets of oligonucleotide primers, GC- enzyme is almost identical to the equivalent step for
CCATATGAGT GATCAGCCACGCCCA and GCCG- Synechocysti®OR. Low-temperature absorbance spectra
GATCCTTAGGCCAATCCCACCAG, which were specific  show that the broad absorbance band at 696 nm, which is
to the 5 and 3 ends of the coding region. The resulting PCR formed after the initial photochemistry, is converted to the
product was cloned into the pET9-His expression plasmid, intermediate that absorbs at 681 nm (Figure 1A). Low-
and His-tagged POR was overproducedstherichia coli temperature fluorescence measurements confirm that this
and purified as previously describethf. The enzyme was  intermediate is the same as the one formed during the
purified further on a second column (2.5 cg 10 cm) Synechocystigeaction. The newly formed state has a single
containing Blue Sepharose 6 Fast Flow (Pharmacia Biotech)fluorescence band at 684 nm (Figure 1A, inset). The
equilibrated with 50 mM Tris/HCI (pH 7.5), 1 mM DTT, temperature dependence of this step, which is obtained by
and 20 mM NacCl. The resin was washed with-BD column measuring the increase in fluorescence intensity at 684 nm,
volumes of this buffer and the His-tagged POR was eluted shows that it is shifted by approximately 8 when
with 50 mM Tris/HCI (pH 7.5), 1 mM DTT, ad 2 M NacCl. compared to th&ynechocystisnzyme (Figure 1B) and can

Pigment PreparationPchlide was isolated froRhodo- ~ occur between 185 and 215 K.
bacter capsulatugY5 cultures as previously describelsy. Second Dark Steplhe use of the thermophilic enzyme
The Chlide product was produced by illuminating 50 mL has revealed new features of the latter stages of the reaction
samples containing 20M Pchlide, 10uM POR, and 100 that are not apparent or resolvable for tBgnechocystis
uM NADPH in 50 mM Tris/HCI (pH 7.5), 0.1% (v/v) enzyme. Significant differences can be observed between the
Genapol X-080, and 0.1% (vijJ-mercaptoethanol with a  two enzymes during the second dark step of the reaction.
Schott KL1500 electronic cold light source (1afhol m—2 Low-temperature absorbance spectra reveal that the A681
s 1 white light) for 1 h. The pigment was extracted into intermediate state does not undergo a gradual blue-shifting
diethyl ether, dried under nitrogen, and stored in the dark at to yield the free product, Chlide, as seen in Bymechocystis

We have previously identified three distinct steps in the
reaction pathway for th&ynechocystienzyme, an initial
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FiIGURE 1. Spectroscopic characterization of the first dark step of 650 660 \%gvel er?sgh (nrr??o 700
the reaction catalyzed by thermophilic POR. (A) Absorbance spectra 9
(77 K) of samples containing 3.78M Pchlide, 60uM POR, and

400 uM NADPH after illumination for 10 min at 185 K and
incubation in the dark for 10 min at 185, 190, 195, 205, and 215
K. Formation of the absorbance peak at 681 nm and simultaneous
disappearance of the broad absorbance band at 696 nm at higher
temperatures are indicated by the arrows. (Inset) Fluorescence
emission spectra (77 K) of samples containing 125 Pchlide,

48 uM POR, and 11&M NADPH after illumination for 10 min at

185 K and incubation in the dark for 10 min at 185, 190, 195, 200,
205, 210, 215, and 220 K. Spectra were recorded with an excitation
wavelength of 450 nm and were normalized to the fluorescence of

0.5uM fluorescein at 500 nm. (B) Temperature dependence of the o &g e %o
first dark step was calculated by measuring the relative increase in 290 250 230 240 250 260 270
fluorescence at 684 nn®{ over the temperature range 18525 Temperature (K)

K. Temperature dependence of the first dark step for Ska-
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FIGURE 2: Spectroscopic characterization of the second dark step
of the reaction catalyzed by thermophilic POR. (A) Absorbance

; .. spectra (77 K) of samples containing 34 Pchlide, 60uM POR,
reaction. Instead, the second dark step for the thermophlllcanol 4004M NADPH after illumination for 10 min at 185 K and

enzyme involves the disappearance of the A681 bandincybation in the dark for 10 min at 220, 230, 240, 250, and 260

together with the simultaneous appearance of a new specieK. Formation of the absorbance peak at 671 nm and simultaneous
absorbing at 671 nm (Figure 2A). Deconvolution of this 671 disappearance of the absorbance band at 681 nm at higher
nm peak confirms that it is a single component with a full temperatures are indicated by the arrows. (Inset) Deconvolution of

. 3 : .~ the 240 K spectrum, with the residuals represented by the dotted
width at half-maximum (fwhm) of 16 nm. Second deriva line. (B) Fluorescence emission spectra (77 K) of samples contain-

tives, spectral deconvolution, and difference spectra revealing 1.25,M Pchlide, 48uM POR, and 11QuM NADPH after
that all of the intermediate bands consist of a mixture of the illumination for 10 min at 185 K and incubation in the dark for 10
681- and 671-nm bands (Figure 2A, inset) rather than the min at 220, 230, 235, 240, 245, 250, and 260 K. Arrows indicate

single components that were observed for$iyaechocystis ~ formation of a fluorescence band at 674 nm and dis-
enzyme 8). appearance of the fluorescence band at 684 nm at increasing

e . . . temperatures. Spectra were recorded with an excitation wavelength
A similar effect is observed when the same step is studied of 450 nm and were normalized to the fluorescence of £\6

by using low-temperature fluorescence measurements. Therdluorescein at 500 nm. (Inset) Deconvolution of the 245 K spectrum,
is a decrease in the fluorescence band at 684 nm, which iswith the residuals represented by the dotted line. (C) Temperature

converted into a new fluorescence peak at 674 nm (Figure dependence of the second dark step was calculated by measuring
the relative increase in fluorescence at 674 @) Over the

2B). _Spectral o_Ieconvqution of thig new band reve_als that it temperature range 2265 K. Temperature dependence of the
consists of a single component with a half-bandwidth of 18 second dark step for tiynechocystisaction (8) is also overlaid

nm. The temperature dependence of this step, which is(O).

obtained by measuring the increase in fluorescence intensity

at 674 nm, shows that it can occur between 220 and 260 K Identification of Two Additional Dark Reaction&lthough

and is increased by approximately 2D when compared to  no further spectral changes could be observed after the
the Synechocystienzyme (Figure 2C). second dark step for tif&®ynechocystiseaction (8), the use
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deconvolution of this new band reveals that it consists of a
single component with a half-bandwidth of 13 nm. The
equivalent step was also monitored by using 77 K fluores-
o] cence measurements (Figure 3B). It involves the disappear-
Wavelength (nm) ance of the fluorescence band at 674 nm together with the
formation of the new state, which fluoresces at 689 nm. The
new fluorescence band at 689 nm consists of a single
component with a fwhm of 15 nm. A temperature depen-
dence of the third dark step can be measured by plotting out
the relative fluorescence at 674 nm and reveals that it can
occur between 260 and 294 K (Figure 3C).
temperamreT During the fourth dark step, the A685 state appears to be
655 o5 70 o 50 =50 converted.back to a species that has an absorbance band at
Wavelength (nm) 671 nm (Figure 4A). Fluorescence spectra at 77 K show that
the fluorescence band at 689 nm is also converted back to a
state that fluoresces at 674 nm (Figure 4B). A temperature
dependence of this fourth dark step has been measured by
T plotting out the relative fluorescence at 674 nm over a range
0 S gt 100, of temperatures (Figure 4C) and shows that this stage in the
reaction can occur at temperatures above 294 K.
Low-Temperature Chlide Binding ExperimenfBhese
previously unidentified latter stages are likely to involve
Increasing T Chlide in a series of associations with POR, NADRNnd
temperature NADPH. To establish the identity of the spectral forms
characterized in Figures—4, the product of the reaction,
660 67(\’Nav efgg gth (r?g% 700 710 Chlide, was mixed with variogs combinations of enzyme and
cofactor and analyzed by using 77 K fluorescence measure-
ne o ments. Free or unbound Chlide yielded a single fluorescence
c band at 674 nm (F674) with a fwhm of 18 nm (Figure 5A).
0.8 The fluorescence maximum and bandwidth remained un-
changed in the presence of POR alone. However, inclusion
of either of the cofactors NADPH or NADPresults in the
detection of enzyme-bound Chlide species that have red-
shifted fluorescence maxima, presumably arising from the
formation of a ternary complex. In the presence of NADP
° ° a shoulder appears at the red edge of the main Chlide band.
oYl 280 250 Difference spectra (Figure 5B) show that this red shift arises
Temperature (K) from a second Chlide species with a fluorescence maximum
Ficure 3: Identification of a third dark step in the thermophilic at 684 nm (F684). This species was also investigated by
reaction. (A) Absorbance spectra (77 K) of samples containing 3.75 spectral deconvolution (data not shown), which yielded a

uM Pchlide, 60uM POR, and 40«tM NADPH after illumination ; ;
for 10 min at 185 K and incubation in the dark for 10 min at 260, band with a fwhm of 16 nm. When NADPH is used, a new

270, 280, and 290 K. Arrows indicate formation of the absorbance band with a fluorescence maximum at 689 nm (F689) and a
peak at 685 nm together with disappearance of the absorbance banfvhm of 15 nm is observed, representing a PGEhlide—

at 671 nm at increasing temperatures. (Inset) Deconvolution of the NADPH ternary complex. These same spectral species were
270 K spectrum, with the residuals represented by the dotted line. 5isg identified when the Chlide binding experiments were

B) Fluorescence emission spectra (77 K) of samples containin .
(1_%5 M Pehlide, 48 M PopR, ané 110)/1M DB aftec 0 repeated for th&ynechocystisnzyme (data not shown).

illumination for 10 min at 185 K and incubation in the dark for 10

min at 260, 270, 275, and 294 K. Formation of the fluorescence DISCUSSION

band at 689 nm and simultaneous disappearance of the fluorescence The reduction of Pchlide to Chlide is catalyzed by the
band at 674 nm at higher temperatures are indicated by the a"owsﬁght-driven enzyme POR and is an important reaction in

ra were recor with an excitation wavelength of 450 nm . .
ir?g (\:/f/:re r?o?mgﬁge?jet% thte fﬁorgs?:gtc% ofﬁmefﬁjo%}esc?eini;\? the chlorophyll biosynthetic pathwa@) The fact that POR
500 nm. (Inset) Deconvolution of the 275 K spectrum, with the IS light-activated means that intermediates in the reaction
residuals represented by the dotted line. (C) Temperature depenpathway can be observed by initiating catalysis with il-
dence of the third dark step was calculated by measuring the relative|umination at low temperatures. This makes it an important
ggzr?(a.lse in fluorescence at 674 nm over the temperature range 260 generic model for studying the mechanism of other enzymes
in the same protein family as well as enzyme catalysis
involving proton and hydride transfers. We have previously
of thermophilic POR has revealed two additional steps, which used low-temperature fluorescence and absorbance measure-
occur at temperatures above 260 K. The first of these, whichments to analyze intermediates in the reaction pathway for
now becomes the third dark reaction, involves the conversionthe enzyme fronSynechocystis
of the 671-nm absorbance band into a new state that has an We were able to show that the catalytic mechanism of
absorbance peak at 685 nm (A685) (Figure 3A). Spectral this enzyme consisted of three separate steps, an initial light-

temperature
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fluorescein at 500 nm. (B) Difference spectra of samples from panel
FiGuRe4: Characterization of a fourth dark step in the thermophilic A, with the Chlide-only sample as a blank.
reaction. (A) Absorbance spectra (77 K) of samples containing 3.75
uM Pchlide, 60uM POR, and 40:M NADPH after illumination quently, the thermophilic POR should prove to be an ideal

for 10 min at 185 K and incubation in the dark for 10 min at 290, system to study the latter stages of the reaction, where protein

300, 310, 320, and 330 K. Formation of the absorbance peak at ; ;
671 nm and simultaneous disappearance of the absorbance band £p0tlons are proposed to be important. As a result we have

685 nm at higher temperatures are indicated by the arrows. (InsetyOPServed significant spectral differences during the final
Deconvolution of the 330 K spectrum, with the residuals represented Stages of the reaction for this enzyme. In 8ynechocystis
by the dotted line. (B) Fluorescence emission spectra (77 K) of reaction the second dark step involves a gradual blue shift
EE,TI]D%%S Cf(t)nt?_:llining 1-y25|\/} F’leg)”de_, 48u1l\gSP}?R,dand 1le%'\/| _and broadening of the absorbance band at 681 nm to yield
the dark for 10 min ai 294, 303, 313, 323, and 333 K. Artows (€ unbound product, Chiide (A671). The same phenomenon
indicate formation of a fluorescence band at 674 nm and dis- Was also observed in the fluorescence spectra with a blue-
appearance of the fluorescence band at 689 nm at increasingshifting of the F684 band, resulting in the formation of free
temperatures. Spectra were recorded with an excitation wavelengthChlide, and a characteristic fluorescence band at 67418m (
ﬁ{l ;igcgm :tnsdog"ﬁrrﬁ ?lﬁ;@t?gggomgmc)f:]ugf"tfg%g%e}(osf@gmm In the thermophilic enzyme this second dark step differs as
with the residuals represented by the dotted line. (C) Tenﬁ)per:;ltur’ethe A681_F68_4 state_ disappears and is aCtuaIIy_ converted
dependence of the fourth dark step was calculated by measuringf© & New species, which has an absorbance maximum at 674
the relative increase in fluorescence at 674 nm over the temperaturedm and a fluorescence maximum at 684 nm. The intermedi-
range 294-333 K. ate bands were shown to consist of a mixture of the two
species, unlike th8&ynechocystisnzyme, where a combina-
driven one that is followed by two dark reactions, each with tjon of A681 and A671 forms could not be observad®)(
a distinct temperature dependence. The two dark steps camrhere is also a large shift in the temperature dependence of
only occur close to or above the glass transition temperaturethis step by approximately 20, which may be caused by
of proteins, implying a role for protein dynamics during these g lack of protein flexibility in the thermophilic enzyme at
stages of the reactiori, 18). the lower temperatures.

In the present work a thermophilic form of POR has been  Although theSynechocystiseaction appears to be com-
studied by using low-temperature spectroscopy, and this hasplete after the second dark stelB8), two additional steps
provided a much larger temperature range over which to have been identified for thermophilic POR, which can only
study the reaction. Thermophilic enzymes have also beenoccur at much higher temperatures. The third dark step
shown to exhibit a loss of activity at lower temperatures, involves the conversion of the A67#F674 species to a new
which has been attributed to an increase in the conformationalstate that has an absorbance band at 685 nm and a
rigidity at these reduced temperatured{22). Conse- fluorescence band at 689 nm. This intermediate was not
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detected during th8ynechocystigeaction (8) and has not Free LIGHT
been observed in other low-temperatimeiitro studies on Pchlide ,
mesophilic organismsl@, 16). During the fourth dark event 2‘222?% Ppcg'ge
of the thermophilic enzyme, the A68%689 state is Free y NADPH
converted back to a state that is spectroscopically identical ?,{‘6"7‘1? (A642)
or very similar to the one that had been formed earlier in (F674) Fei Non-
the reaction (A671F674). This final step in the reaction , fluorescent
Chlide intermediate
pathway only occurs at temperatures greater than room POR (A696)
temperature and appears not to have reached completion even NADPH
at temperatures above 80. In all of the spectral conversions {2655,
resulting from the dark reactions, the data could be fitted to
single starting and finishing components with satisfactory Chlide
- . POR
residuals (Figures-24). Nevertheless, these spectra do not Chlide NADP*
produce perfect isosbestic points, so it is possible that there NADPH POR (A681)
are small additional components that are beyond the scope (per (Fo84)
of our analysis.
The binding of the Chlide product to the enzyme in the . )
presence ofcither of he two Cofactors, NADPH and NADP _ LUt : Oueral scheme fr the cataie oy0e o PO, The
causes a significant red shift in the fluorescence emissionyapp+, and Chlide-POR-NADPH species can exist in both
maximum of the pigment. The degree of this red shift is thermophilic and mesophilic enzymes. However, the stepwise
dependent on the cofactor that is also bound to the enzyme formation of these species has only been observed for the
as we have identified different fluorescent species in the thermophilic enzyme, presumably because this system provides an
presence of NADPH (F689) and NADP(F684). This gétz?sdsee%ttggrg::él Q?Sgiggver which these steps in the reaction can
indicates that interactions between the pigment and the '
cofactor may play an important role in the shift, and thus in
pigment binding. A similar phenomenon could be observed remains trapped in the binding pocket. Subsequently, this
when the Pchlide substrate became bound to the enzyme asallows the NADPH substrate to rebind to the enzyme
the fluorescence maximum was red-shifted %3 nm in resulting in the formation of a PORNADPH—Chlide
the presence of NADPH and¢10 nm in the presence of ternary complex (A685F689). A further increase in thermal
NADP* (17). energy is required to liberate the Chlide product from the
Previous studies on etioplast membranes have shown thaenzyme, giving rise to free pigment (A67E674), before
several spectrally distinct forms of the Pchlide substrate andanother Pchlide molecule can bind to initiate a new catalytic
Chlide product can be identified in viv@%—26). Moreover, cycle. Hence, we have shown that of the two product release
species that are comparable to the Chlide states that we havsteps, NADP release has a lower energy barrier to surmount
observed in vitro can be detected in these preparations.than Chlide release.
However, we do not observe the long-wavelength intermedi-  In conclusion, we have used a variety of low-temperature
ate, F696, which has been identified in etioplasts and canspectroscopic studies to isolate the intermediates that are
be attributed to the large PGRNADPH—Chlide aggregates  formed during the dark steps of the thermophilic reaction,
that form only in these membraneg]. which has allowed us to propose a mechanism for these
As a result of the low-temperature Chlide binding studies, events. The whole catalytic cycle presented in Figure 6 shows
we can identify the states that are formed during the a proposed order of binding of both substrates and products.
thermophilic reaction. This allows us to propose a reaction This cycle is likely to operate in all PORs, but the separate
scheme for the photoreduction of the ternary enzyme product release steps cannot be distinguished from one
substrate complex to the final product for both the mesophilic another in the mesophilic enzyme because of the more
and thermophilic enzymes (Figure 6). The initial light-driven compressed thermal range over which they occur in com-
step (data not shown) and the first dark step are almostparison to the thermophilic POR.
identical between the two systems and probably represent
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