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ABSTRACT. The light-driven enzyme NADPH:protochlorophyllide oxidoreductase (POR) catalyzes the
reduction of protochlorophyllide (Pchlide) to chlorophyllide (Chlide), a key regulatory step in the chlorophyll
biosynthesis pathway. As POR is light activated, it allows intermediates in the reaction pathway to be
observed by initiating catalysis with illumination at low temperatures, a technique that has recently been
used to study the initial photochemistry. Here, we use low-temperature spectroscopy to show that the
catalytic mechanism of POR involves two additional steps, which do not require light and have been
termed the “dark” reactions. The first of these involves the conversion of the product of the initial light-
driven reaction, a nonfluorescent radical species, into a new intermediate that has an absorbance maximum
at 681 nm and a fluorescence peak at 684 nm. During the second dark step this species gradually blue
shifts to yield the product, Chlide. The temperature dependence for each of these two processes was
measured; the data revealed that these steps could only occur close to or above the “glass transition”
temperature of proteins, suggesting that domain movements and/or reorganization of the protein are required
for these stages of the catalytic mechanism.

Within the chlorophyll biosynthetic pathway the reduction tages of studying POR may lead to this enzyme serving as
of the C17-C18 double bond of the D-ring of protochlo- animportant generic model for understanding the mechanism
rophyllide (Pchlide)) to produce chlorophyllide (Chlide) is  of catalysis by the RED family.
catalyzed by the light-driven enzyme NADPH:protochloro-  Although the reaction catalyzed by POR has been exten-
phyllide oxidoreductase (POR; EC 1.3.1.3B). (As a result sively studied, the catalytic mechanism remains largely
of its requirement for light POR is crucial to the assembly unresolved. Studies with cofactor analogues have revealed
of the photosynthetic apparatus and subsequent plant growttthat NADPH is absolutely essential for the photoreduction
and development?]. (2), and upon binding to the enzyme it protects one or more

Comparisons of the amino acid sequence of POR with of the conserved Cys residues in the protein from chemical
other sequences in the database led to the conclusion thamodification (L1, 12). Furthermore, by usingRland 45°H-

POR is a member of the “RED” superfamily of enzymes radiolabeled isomers of NADPH, it has been shown that the
(reductasegpimerasesjehydrogenases},(4). The majority hydride is transferred from tharo-Sface of the nicotinamide

of enzymes in this large protein family catalyze NADP(H)- ring to the C17 position of the Pchlide molecule8(14). It

or NAD(H)-dependent reactions involving hydride and has been proposed that the conserved Tyr donates a proton
proton transfers and are generally homodimers or homotet-to the C18 position (Figure 1) whereas the close proximity
ramers §). The crystal structures of several members of the of the Lys residue is thought to be necessary to lower the
family have been determined (for example, see feéd apparent K, of the phenolic group of the Tyr, allowing

7) and have subsequently been used as a template to produceeprotonation to occud. In addition, changes to the central

a homology model of PORS8]. Throughout this family Mg atom (L5) and to the structure of the isocyclic ring of
several features have been retained, including conservedhe Pchlide molecule lead to POR inactivifygf, suggesting
cofactor binding domains in the N-terminal half of the protein that these structural elements are also important for the
and highly conserved Tyr and Lys residues, which have beeninteraction of the pigment with the enzyme. Etioplast
shown to be essential for POR activity, 8—10). Hence, membranes have often been used to study different spectro-
all of the members of the RED family are suggested to have scopic forms of Pchlide and Chlidd{—21), but several
similar mechanisms of catalysis. The experimental advan- processes, such as POR aggregation and prolamellar body
formation @2), can complicate the study of Pchlide photo-

T This work was supported by the Joint Infrastructure Fund and the reduction in these preparations. However, the use of

2 To Whom cortespondénce shoid be addressed at the Departmenf S 6101000USly expressed POR has provided an excellent
of Molecular Biology and Biotechnology, University of Sheffield, Firth opportunity to study the reaction mechanism in greater

Court, Western Bank, Sheffield S10 2TN, U.K. Tel44 (0)114 detail ©, 11, 23—26). For example, recombinant PORs
2224240. Fax:+-44 (0)114 2222711, E-mail: d.jheyes@shef.ac.uk. from barley, pea, andynechocystihiave recently been

! Abbreviations: Chlide, chlorophyllide; fwhm, full width at half- i i i i i
maximum; Pchlide, protochlorophyllide; POR, NADPH:protochloro- used to identify intermediates in the reactiéh 25, 26).

phyllide oxidoreductase; RED, reductases, epimerases, dehydrogenases; Along with DNA photolyase 27) POR is the only other
SDS, sodium dodecyl sulfate. enzyme studied so far that exhibits a requirement for light.
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Ficure 2: Formation of the nonfluorescent intermediafggs,
measured by low-temperature spectroscopy. 77 K absorbance
spectra of samples containing 3« Pchlide, 60uM POR, and
200 uM NADPH before (solid line) and after (dashed line)
illumination for 10 min at 180 K. The inset shows 77 K fluorescence
FicURE 1. Proposed mechanism of catalysis by POR. The proton emission spectra of samples containingM Pchlide, 33uM POR,
at the C18 position of Pchlide is derived from Tyr189, and the and 130uM NADPH before (solid line) and after (dashed line)
hydride transferred to the C17 position is derived from phe-S illumination for 10 min at 180 K. Spectra were recorded with an
face of NADPH. excitation wavelength of 430 nm and were normalized to the
fluorescence of 0.xM fluorescein at 500 nm.

The light dependence of the catalytic mechanism of POR

therefore offers an exciting opportunity to gain new informa- Sepharose column (2.5 cx 10 cm, Sigma) equilibrated
tion on how the free energy of a photon can be harnessed towith 100% acetone. Contaminating pigments were removed
power enzyme catalysis. Furthermore, catalysis can bewith 5% methanol/95% acetone, and Pchlide was eluted with
initiated by illuminating active PORNADPH—Pchlide 25% methanol/75% acetone. This was then dried under
complexes at low temperatures to trap intermediates in thenitrogen and stored in the dark at20 °C until required.
reaction pathway. We recently used this approach to studyBefore use, the pigment was redissolved in 100% methanol.
the initial photochemistry in the POR-catalyzed reaction, Low-Temperature Spectroscopic Characterization of the
which can occur below 200 K2¢). This step involves the  Dark ReactionsSamples in activity buffer [60% sucrose,
formation of a nonfluorescent intermediate with a broad 50 mM Tris-HCI (pH 7.5), 100 mM NaCl, 0.1% (v/v)
absorbance band at 696 nmsdg) that is suggested to  Genapol X-080, 0.1% (v/v-mercaptoethanol] were main-
represent an ion radical complex. In the present work the tained at the required temperature using an OpstistatDN
subsequent nonphotochemical or “dark” events prior to nitrogen bath cryostat (Oxford Instruments). The temperature
Chlide formation have been analyzed by using low-temper- of the sample was monitored directly with a thermocouple
ature fluorescence and absorbance spectral measurementsensor (Comark). The first light-dependent step in the
We have identified two such dark steps and have carried reaction was initiated by illuminating samples for 10 min at
out a thorough examination of the temperature dependencel80 K by using a Schott KL1500 electronic cold light source

of each. (1500 umol m™2 s~ white light). The samples were then
warmed and maintained for 10 min at gradually higher
MATERIALS AND METHODS temperatures in the dark. All fluorescence emission and
Expression and Purification of Synechocystis POIR- excitation spectra were recorded using a SPEX FluoroLog

spectrofluorimeter (Jobin Yvon Ltd.) at 77 K. The exciting
duced inEscherichia coliand purified as previously de- gt was provided from a xenon light source, excitation
scribed (1). The enzyme was purified further on a second Monochromator slit widths were 4.5 nm, and emission
column (2.5 cmx 10 cm) containing Red Sepharose CL- monochromator slit widths were 3.6 nm. Absorbance spectra
6B (Pharmacia Biotechnology) equilibrated with 50 mmM Were recorded with a Cary 500 Scan UVisible-NIR
Tris-HCI (pH 7.5), 1 mM DTT, and 20 mM NaCl. The resin (Varian) spectrophotometer at 77 K. Normalization of the
was washed with 1020 column volumes of this buffer. and  SPectra, spectral deconvolutions, and difference spectra were
the His-tagged POR was eluted with 50 mM Tris-HCI (pH Calculated using the GRAMS/32 software.

7.5), 1 MM DTT, ad 1 M NaCl. Protein concentrations were

tagged POR fronsynechocystisp. PCC6803 was overpro-

determined using the Bio-Rad DC protein assay with bovine RESULTS

serum albumin (BSA) as standard. We have previously demonstrated that the initial photo-
Pchlide PreparationPchlide was isolated frorRhodo- chemical reaction in the reduction of Pchlide can occur below

bacter capsulatuZY5 cultures grown in RCY medium @8) 200 K (26) and that it involves the formation of a stable

containing 25ug/uL rifampicin in the dark at 32C. This nonfluorescent intermediate with a broad absorbance band

strain has a mutation in one of the three subunits requiredat 696 nm Psge). ToO identify further intermediates in the

for the light-independent reduction of Pchlide, which results reaction pathway, it was first necessary to form this

in the accumulation of the pigment. During growth, Pchlide intermediate by illuminating all samples at 180 K for 10 min.
was released into the medium and adsorbed onto polyure-Fluorescence and absorbance spectra, measured at 77 K,
thane foam bungs. The pigment was extracted from the bungssubsequently confirmed that formation of the nonfluorescent
into 100% ice-cold acetone and passed down a CM- AggsState had occurred (Figure 2). These samples were then
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Ficure 4: The first dark step measured by low-temperature
fluorescence emission spectra. (A) 77 K fluorescence emission

spectra of samples containing«dM Pchlide, 33uM POR, and 150
= uM NADPH after incubation in the dark for 10 min at 180, 185,
g 190, 195, 200, and 205 K, respectively. The arrow indicates the
x formation of a fluorescence band at 684 nm at increasing temper-
atures. Spectra were recorded with an excitation wavelength of 430
nm and were normalized to the fluorescence ofylbfluorescein
at 500 nm. Difference spectra (inset) were measured using the
sample that was illuminated at 180 K as a blank. (B) The relative
o © ° increase in fluorescence at 684 n®)(was calculated using the

® 10.02 fluorescence spectra from (A) over the temperature range-180

180 205 K. The temperature dependence Agk; formation is also
overlaid ©).
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Ficure 3: Characterization of the first dark step by low-temperature
absorbance measurements. (A) 77 K absorbance spectra of samplagependence of this first nonphotochemical step, where the
containing 3.9«M Pchlide, 60uM POR, and 20Q:M NADPH decrease ifses Mirrored the increase iAgg;, reveals that it

after incubation in the dark for 10 min at increasing temperatures. ;
Samples were incubated at 180, 185, 190, 195, 200, and 205 chan occur between 185 and 205 K (Figure 3C).

respectively. The formation of the absorbance peak at 681 nm and 1he equivalent step was als_o monitored by using 77 K
simultaneous disappearance of the broad absorbance band at 698uorescence measurements (Figure 4A). The nonfluorescent
nm at higher temperatures are indicated by the arrows. (B) intermediate, which is formed after the initial photochemical
Difference spectra of samples from (A) using the sample that was reaction, is converted to a new species with a fluorescence

illuminated at 180 K as a blank. The arrows clearly show the - .
increase iNgg; and decrease iAggs at elevated temperatures. (C) band at 684 nmHgs.). Spectral deconvolution of this new

The temperature dependence of the first nonphotochemical step waand reveals that it consists of a single component with a
obtained by measuring bothgg; formation ) and Aggs disap- half-bandwidth of 16 nm (344 cm). The temperature

pearance®). dependence df¥gg4 formation shows that it occurs in the same
temperature range #ss; formation (Figure 4B), indicating
warmed to progressively higher temperatures in the dark, that both spectral changes belong to the same process.
and as a result two nonphotochemical steps could be The Second Dark Stepualves the Production of Chlide.
observed by low-temperature fluorescence and absorbancerhe second nonphotochemical step, which occurs at tem-
measurements. peratures above 205 K, appears to be more complex.
Spectroscopic Characterization of the First Dark Step. Absorbance spectra at 77 K show that the 681 nm absorbing
Low-temperature absorbance spectra show that the first darkspecies gradually blue shifts, and at temperatures above 260
step involves the disappearance of the broad band at 69&K this eventually leads to the formation of Chlide with a
nm together with the simultaneous appearance of a newcharacteristic absorbance band at 671 nm (Figure 5A).
intermediate absorbing at 681 nm (Figure 3A). The conver- Deconvolution of this 671 nm peak confirms that it is a single
sion of Aggs 10 Agg1 can be seen more clearly upon examina- component with a fwhm of 18 nm (401 c®). A number of
tion of the difference spectra (Figure 3B). Spectral decon- species were detected after dark incubation at temperatures
volution shows that the new peak has a full width at half- between 205 K and room temperature, with absorbance
maximum (fwhm) of 14 nm (323 cm). A temperature maxima at intermediate wavelengths between 671 and 681
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Ficure 5: The final step in Pchlide photoreduction involves a blue FIGURE 6: The second dark step monitored by low-temperature
shift of Ass; to produce Chlide. (A) 77 K absorbance spectra of fluorescence measurements. (A) 77 K fluorescence emission spectra
samples containing 3.AM Pchlide, 60uM POR, and 20QuM of samples containing &M Pchlide, 33uM POR, and 15«M
NADPH after incubation in the dark for 10 min at 205, 215, 225, NADPH after incubation in the dark for 10 min at 205, 215, 225,
235, 250, and 293 K, respectively. The arrow signifies spectra 235, 250, and 293 K, respectively. Spectra were recorded with an
measured at increasing temperatures. (B) Difference spectra oféxcitation wavelength of 430 nm and were normalized to the
samples from (A) after incubation at 215, 225, 235, and 250 K, fluorescence of 0.aM fluorescein at 500 nm. The arrow shows
respectively. The sample that had been incubated in the dark forthatFess blue shifts at higher temperatures to produce a fluorescence
10 min at 205 K was used as a blank. (C) A plot of the absorbance band at 674 nm, representing Chlide. (B) The temperature
wavelength maximum against the temperature of dark incubation dependence of the second dark step was calculated by measuring

410 430 450
Wavelength (nm)

yields a temperature dependence for the second dark@jeflfe the fluorescence wavelength maximum at each point. (C) 77 K
fwhm for each species has also been calculated in wavenumbergluorescence excitation spectra of the 644, 684, and 674 nm
(©). emission bands of a sample containingM Pchlide, 33uM POR,

and 150uM NADPH.

nm. At first glance it would appear that these states are

simply a mixture of two species, caused by the loss of the length maximum and fwhm of each species can be plotted

681 nm band and simultaneous formation of the 671 nm to yield a temperature dependence of this final step in the

band. However, second derivatives, spectral deconvolution,reaction (Figure 5C).

and difference spectra reveal that these peaks all consist of A similar effect is observed when the same step is studied

a single component (Figure 5B). This is clearly indicated by using low-temperature fluorescence measurements. The
by the fact that there is no isosbestic point, which is in intermediate that fluoresces at 684 nm gradually blue shifts

contrast to the spectra from Figure 3. As the temperature ofto produce Chlide, which has a fluorescence peak at 674
incubation increases, the fwhm of the bands also increasesam (Figure 6A). Furthermore, the fwhm of the band increases

from 14 to 18 nm. Hence, the second dark step in the reactionfrom 16 nm for Fggq to 20 nm (432 cm?) for Fg7s The

can be represented by a progressive blue shift of the 681temperature dependence of this step, which is obtained by
nm band to produce the final product, Chlide. The wave- monitoring the fluorescence wavelength maximum, shows
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Ficure 7: Overall scheme of the steps involved in the POR-catalyzed reaction. One light-drive2&tepd two dark steps have been
identified using low-temperature spectroscopy. The temperature dependence is shown togetherkiitaline for each step, whekeis

the Boltzmann constant (0.695 ciandT is the midpoint temperature of each process. The glass transition temperature of proteins is also
shown as a reference (dashed line).

that it can occur between 205 K and room temperature bance measurements, we have identified two nonphoto-
(Figure 6B), in agreement with the absorbance data. chemical reactions, each of which has a distinct temperature
Excitation Spectra of Pchlide and Chlide Stafés.further dependence.

emphasize the different spectral properties of the various The first dark step involves the conversion of the non-
states, Figure 6C shows the excitation spectra of the initial fluorescent radical state, with a broad absorbance maximum
POR-NADPH—Pchlide ternary complexas), the second  at 696 nm, into a new intermediate that has a much narrower
intermediate in the reactiorF{gs), and the final product,  absorbance band centered at 681 nm. When the same step
Chlide (Fe74). TheFessband has two main excitation maxima s studied using fluorescence measurements, the new species
at 454 and 465 nm whereas thgzsband has three excitation  was found to have a fluorescence band at 684 nm. Both of
peaks at 425, 447, and 454 nm, respectively. The excitationthese spectral changes were shown to have an identical
spectrum of the=g4 intermediate is very similar to that of  temperature dependence, occurring between 185 and 205 K,
the Fe74 band, with the three excitation peaks in identical \hich provides thermodynamic evidence that they belong
positions. to the same pigment state. The second dark process and next
step in the reaction involves a gradual blue shift and
DISCUSSION broadening of the absorbance band at 681 nm to yield the

The POR-catalyzed photoreduction of Pchlide to produce final product, Chlide Ae71). The same phenomenon is
Chlide is a crucial reaction in the chlorophyll biosynthetic ©Pserved in the fluorescence spectra with a blue shifting of
pathway. POR is a member of the large RED family of theFsssband toyield Chlide and a characteristic fluorescence
enzymes %), all of which are suggested to have similar ©and at 674 nm. This final step in the reaction pathway only
mechanisms of catalysis, involving hydride and proton OCCUrS at temperatures above 205 K. Therefore, three
transfer. Moreover, the unique light dependence of the essential steps in the photoreduction of Pchlide to Chlide
enzyme makes it an attractive model for studying the can be identified by using low temperatures in different
mechanism of this family and more generally biological anges to separate the reactions. This is fo_rtwtous and occurs
proton and hydride transfers. The enzyrsebstrate complex ~ because the temperature domains over which these three steps
can be formed without triggering any catalytic activity, and occur do not overlap significantly. Figure 7 illustrates this
intermediates in the reaction pathway can subsequently bePoint and includes data from a previous temperature depen-
trapped by illumination at low temperatures. dence study of the initial light-driven ste@).

The initial photochemical step in the reaction involves the At around 200 K proteins undergo a dynamic transition,
formation of a nonfluorescent intermediate with a broad termed the “glass transition”, below which all protein motions
absorbance band at 696 niwds), which was proposed to  are frozen outZ9—31). Therefore, conformational changes
represent a radical stat2g). No product state was observed in the protein cease below 200 K, and for the majority of
after this first light-driven step, implying that it must be enzymes this results in loss of enzymatic activity. In the
followed by one or more dark steps. In the present work POR-catalyzed reduction of Pchlide the photochemistry can
heterologously expressed POR fr@ynechocysti€l1) has still proceed well below 200 K, demonstrating that domain
been used to characterize the subsequent dark steps. By usingiovements or reorganization of the enzyme are not involved
a combination of low-temperature fluorescence and absor-at this stage of the catalytic mechanism. Conversely, the
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ensuing first dark step occurs at temperatures close to the Hence, we have shown that the essential steps in the
glass transition and may therefore involve protein motions photoreduction of Pchlide can be monitored by triggering
(Figure 7). Moreover, the final step in the reaction pathway the reaction at low temperatures. Furthermore, the mechanism
can only proceed at temperatures greater than 200 K,of catalysis by POR, involving coupled proton and hydride
suggesting that this stage of catalysis is assisted by thetransfer, consists of three steps: a light-driven one occurring
participation of domain movements and/or reorganization of below 200 K, followed by two dark steps in which catalysis
the enzyme. The second dark step occurs over a much wideris assisted by nuclear protein motions. This information will

temperature range than the first dark step, and this couldaid
arise from the different reaction mechanisms involved.

an understanding of the mechanisms and temperature

domains of hydride and proton transfers in biological

An intermediate similar té\ss;—Fss4, With a fluorescence  systems.
band at 682 nm, was recently identifiéd vitro as being
the product of an initial photochemical reactiod, @5). REFERENCES
However, we have now shown that this species is in fact 1. Griffiths, W. T. (1978)Biochem. J. 174681—692.

the second intermediate in the reduction of Pchlide and is
the product of the first dark reaction. Although the exact
molecular nature of the intermediate is not known at this
time, it has a fluorescence excitation spectrum very similar
to that of the final product, Chlide. It is interesting to note
that comparable Chlide species, with fluorescence maxima
at 684 nm, have been detected in etioplast membrargs (
20). These have been suggested to represent a-POR
NADP*—Chlide complex with théds71—Fs74 Species corre-
sponding to “free” or unbound Chlid@Q). If this is applied

to our system, themss;—Fsg4 May represent a POR
NADP*—Chlide complex that can be formed directly from
the nonfluorescent state. At higher temperatures the Chlide
could then be released from the enzyme to yield the unbound
product. However, as we could not see a mixtureAgf;
andAs71 forms at intermediate temperatures, it is more likely
that the majority of the spectra arise from the Chlide
molecule still bound to the same locus as #ag form. At
successively higher temperatures in the 2093 K region

the low-frequency protein modes will become enhanced; this
could gradually affect the binding strength of Chlide and
NADP*, as well as the interaction between these products.
We have already demonstrated that in the PORRDPH—
Pchlide ternary complex the Pchlide absorbance is red shifted
by ~13 nm @6). It is possible that the blue shifts we observe
here reflect the opposite process, a gradual dissolution of
the POR-NADP*—Chlide ternary product complex. This
process, as well as causing a gradual blue shift, could
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contribute to the progressive inhomogeneous broadening of 21.

the absorption spectrum. The temperature range over which
the blue shift and broadening occur, 293 K, corresponds

to an energy difference of60 cnt?. It is possible that the
increase in thermal energy is conserved by the POR
NADP*—Chlide complex and is directly reflected in the
increased bandwidth of the Chlide molecueB0 cn1?), as
opposed to being conserved by the low-frequency modes in
the enzyme or NADP. The conservation of this energy in
the bound Chlide molecule is emphasized by the fact that
all of the absorbance and fluorescence spectra in Figures 5
and 6 were recorded at the same temperature (77 K). Thus, 28.
the Agg; form is transformed from being in a “rigid” binding 29.
site into anAs71 form in a partially “relaxed” binding locus.
Interestingly, we do not observe either of the long-
wavelength intermediate$;so0 Or Fsgs, Which have been 3L
observed in etioplast membranes and have been suggested
to represent a PORNADPH—Chlide complex 17, 20).
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