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The light-activated enzyme NADPH-protochlorophyllide
oxidoreductase (POR) catalyzes the trans addition of hydrogen
across the C-17-C-18 double bond of protochlorophyllide (Pch-
lide), a key step in chlorophyll biosynthesis. Similar to other
members of the short chain alcohol dehydrogenase/reductase
family of enzymes, POR contains a conserved Tyr and Lys resi-
due in the enzyme active site, which are implicated in a proposed
reaction mechanism involving proton transfer from the Tyr
hydoxyl group to Pchlide. We have analyzed a number of POR
variant enzymes altered in these conserved residues using a
combination of steady-state turnover, laser photoexcitation
studies, and low temperature fluorescence spectroscopy.
None of the mutations completely abolished catalytic activ-
ity. We demonstrate their importance to catalysis by defining
multiple roles in the overall reaction pathway. Mutation of
either residue impairs formation of the ground state ternary
enzyme-substrate complex, pointing to a key role in substrate
binding. By analyzing the most active variant (Y193F), we show
that Tyr-193 participates in proton transfer to Pchlide and sta-
bilizes the Pchlide excited state, enabling hydride transfer from
NADPH to Pchilde. Thus, in addition to confirming the proba-
ble identity of the proton donor in Pchlide reduction, our work
defines additional roles for these residues in facilitating hydride
transfer through stabilization of the ground and excited states of
the ternary enzyme complex.

The light-driven enzyme protochlorophyllide oxidoreduc-
tase (POR)? (EC 1.3.1.33) catalyzes the trans addition of hydro-
gen across the C-17—C-18 double bond of the chlorophyll pre-
cursor protochlorophyllide (Pchlide) (see Fig. 14) (1). This
reaction is a key step in the synthesis of chlorophyll and leads to
profound changes in the morphological development of photo-
synthetic organisms through modification and reorganization
of plastid membranes (2, 3). In addition to POR, nonflowering
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land plants, algae, and cyanobacteria possess a light-indepen-
dent Pchlide reductase, which consists of three separate sub-
units and allows these organisms to produce chlorophyllide in
the dark (4). Together with DNA photolyase (5), POR is one of
only two enzymes studied so far that exhibit a direct, natural
requirement for light and because mixing strategies are no lon-
ger required to initiate the reaction, it is possible to trigger
catalysis on very fast time scales and at cryogenic temperatures.
Consequently, POR has proven to be an excellent model system
for studying the role of protein dynamics in driving enzyme
catalysis (1).

In the POR catalytic cycle, a ternary enzyme-NADPH-Pch-
lide complex is formed. Following light activation of this com-
plex, a hydride ion is transferred from the pro-S face of NADPH
to the C-17 atom of Pchlide (6, 7). The valence of the C-18 atom
is satisfied by proton transfer, which is suggested to originate
from an active site tyrosine residue (8). The catalytic cycle of
POR has been analyzed through the trapping of intermediates
at cryogenic temperatures. Following the initial light-driven
reaction (9), there are a series of subsequent (slower) dark reac-
tions (10, 11). The light-driven step involves hydride transfer
from NADPH to form a charge transfer complex, which then
facilitates protonation of the pigment intermediate during the
first of the “dark” reactions (12). Moreover, through laser acti-
vation of catalysis, we have shown that both of these H-transfer
reactions proceed by quantum mechanical tunneling coupled
to motions in the enzyme-substrate complex on the submicro-
second time scale (13). The final dark steps in the reaction cycle
involve a series of ordered product release and cofactor binding
steps linked to conformational changes in the enzyme (10, 11,
14). Ultrafast measurements have uncovered spectral changes
on the picosecond timescale that are likely to represent confor-
mational changes prior to Pchlide reduction (15-19). Previous
excitation of POR with a laser pulse leads to a more efficient
conformation of the active site and an enhancement in the cat-
alytic efficiency of the enzyme (18).

POR is a member of a large family of enzymes known as short
chain dehydrogenases/reductases (SDR). These are single
domain NAD(P) " - or NAD(P)H-binding oxidoreductases that
exist generally as dimers or tetramers (20). A number of SDR
enzymes (e.g. carbonyl reductase, alcohol dehydrogenase, and
dihydrofolate reductase) have been good model systems for
studying the dynamics linked to enzyme catalysis (21-23). This
family of enzymes has been amenable to studies of biological
H-tunneling (24 -26), and in particular the unique light-acti-

VOLUME 284 +-NUMBER 27-JULY 3, 2009


http://www.jbc.org/cgi/content/full/M109.020719/DC1

Multiple Catalytic Roles of Active Site Residues in POR

vated properties of POR make it an excellent system for study-
ing mechanisms of H-transfer and dynamics in this family of
enzymes.

Structures of several SDR family members are available, and
these have enabled the construction of a homology model of
POR from Synechocystis (27). This model comprises a central
parallel B-sheet of seven B-strands, surrounded by nine a-hel-
ices, with an additional unique 33-residue insertion between
the fifth and sixth B-sheets. The NADPH cofactor binds within
the N-terminal region of the enzyme, which contains a com-
mon nucleotide-binding motif with a tight Ba3 fold, termed the
Rossmann fold (27). Importantly, a Tyr and a Lys residue are
both absolutely conserved throughout all members of the SDR
family and are critical for catalysis in a number of enzymes
(28 -31). A common mechanism has been proposed for this
group of enzymes, involving a Tyr-X-X-X-Lys motif. The Lys
residue in this motif is presumed to facilitate proton donation
from the Tyr hydroxyl group to substrate through favorable
perturbation of the hydroxyl group pK], (8, 31). In POR, multi-
ple turnover assays have also indicated that these Tyr and Lys
residues are important for activity (8, 32, 33), leading to a pro-
posed mechanism that involves proton transfer from the con-
served Tyr residue to the C-18 position of Pchlide (8) (Fig. 1B).
The close proximity of the Lys residue is thought to allow the
deprotonation step to occur at physiological pH by lowering the
apparent pK, of the phenolic group of the Tyr (8). However,
confirmation of the exact role of these conserved residues has
been compromised by the limited levels of activity observed in
previous studies of the variant enzymes (8, 32, 33), and a
detailed evaluation of the role of the active site Tyr and Lys
residues on the chemical steps (i.e. hydride and proton transfer)
has not been reported. We address this deficiency in the current
work by analyzing a number of site-specific mutant forms
altered at Tyr-193 and Lys-197 in a thermophilic POR from
Thermosynechococcus elongatus BP-1. This was achieved using
steady-state (multiple turnover) and laser photoexcitation (sin-
gle turnover) methods and by trapping transient reaction inter-
mediates by fluorescence spectroscopy performed at cryogenic
temperatures.

EXPERIMENTAL PROCEDURES

Sample Preparation—All chemicals were obtained from
Sigma, except NADPH (Melford Laboratories). Recombinant
POR from the thermophilic cyanobacteria 7. elongatus BP-1
was overexpressed in Escherichia coli and purified as described
previously (11). Site-directed mutagenesis of the por gene was
performed using the Phusion kit (New England Biolabs) to
mutate Tyr-193 to a Phe, Ser, or Ala residue and to mutate
Lys-197 to an Arg, Gln, or Ala residue. The following primers
(Eurofins MW G Operon) were used to create the Tyr-193 vari-
ants: 5'-AAGTCGGGCAAGGCCTTC (for Y193F, or TCC for
Y193S, and CCG for Y193A) AAAGACAGCAAGCTC-3’ (for-
ward primer); 5'-GAGCTTGCTGTCTTTGAA (for Y193F, or
GGA for Y193S, and GGC for Y193A) GGCCTTGC-
CCGACTT-3’ (reverse primer). The following primers were
used to create the Lys-197 variants: 5'-GCCTACAAAGA-
CAGCAGG (for K197R, or CAG for K197Q, and GCG for
K197A) CTCTGCAATATGCTG-3' (forward primer); and
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FIGURE 1. The light-driven reduction of Pchlide. A, the trans addition of
hydrogen across the C-17-C-18 double bond of Pchlide to form chlorophyl-
lide (Chlide) in the chlorophyll biosynthesis pathway is catalyzed by the light-
driven enzyme POR. B, shown is a three-dimensional model of the POR-cata-
lyzed reaction based on the structural homology model of POR (26) and the
proposed mechanism of hydride and proton transfer (8). Upon activation by
light, a hydride is transferred to the C-17 position of Pchlide from the pro-S
face of NADPH (shown in yellow), and the proton at the C-18 position is
derived from Tyr-193 (shown in cyan). The conserved Lys-197 residue (shown
in magenta) is proposed to decrease the pK, of the Tyr to facilitate the proton
transfer reaction.

5'-CAGCATATTGCAGAGCCT (for K197R, or CTG for
K197Q, and CGC for K197A) GCTGTCTTTGTAGGC-3’
(reverse primer). The correct mutations were confirmed by
DNA sequencing (Eurofins MWG Operon), and variant protein
was produced as described previously (11). NMR measure-
ments (details are provided in the legend to supplemental Fig.
S1) were used to verify that the fold of the protein had not been
compromised by the mutations (supplemental Fig. S1). The
Pchlide pigment was produced and purified as described previ-
ously (11).

Multiple Turnover (Steady-state) Kinetics and Substrate
Binding Measurements—Steady-state activity measurements
were carried out as described previously (34) using a Cary 50
spectrophotometer (Varian). The binding of the NADPH coen-
zyme was monitored using fluorescence resonance energy
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TABLE 1

Steady-state kinetic and substrate binding parameters for wild type
and mutant forms of POR

All measurements were performed at 25°C as described under “Experimental
Procedures.”

Enzyme k Relative K,
et activity NADPH Pchlide

st % M
Wild type  0.164 = 0.002 100.0 £ 1.2 0.021 = 0.009 5.6 £ 0.6
Y193F 0.032 * 0.003 195+ 1.8 0.022 +0.003 189 * 14
Y193A 0.009 =+ 0.001 55*0.6 0.025*0.005 254+ 189
Y193S 0.004 =+ 0.0002 24 *+0.1 0.021 £ 0.002 >250
K197A 0.004 * 0.0001 2.7 *0.1 0.025 * 0.001 >250
K197R 0.004 * 0.0001 23*0.1 0.026 £ 0.003 >250
K197Q 0.003 * 0.0003 2.0=*0.1 0.021 £ 0.002 >250

transfer in a Cary Eclipse fluorimeter (Varian), and the binding
of Pchlide was measured by following the red shift in absorb-
ance at 642 nm, essentially as described (9, 35). The quantum
efficiency for the reaction was calculated as described (9).

Laser Photoexcitation to Access Hydride and Proton Transfer—
Rate constants for both the hydride and proton transfer reac-
tions were measured using laser photoexcitation of dark assem-
bled enzyme-NADPH-Pchlide ternary complexes. Samples
were excited at 450 nm, using an optical parametric oscillator of
a Q-switched Nd:YAG laser (Brilliant B, Quantel) in a 1-cm
path length cuvette as described previously (13).

Low Temperature Fluorescence Studies—Low temperature
fluorescence spectra of POR bound initially to NADPH and
Pchilde were measured in 44% glycerol and 20% sucrose con-
taining 50 mm Tris-HCl, pH 7.5, 0.1% Genapol, and 0.1%
2-mercaptoethanol using a Cary Eclipse fluorimeter. The exci-
tation light was provided from a xenon arc light source at 450
nm. Excitation and emission slit widths were 3 nm. 1-ml sam-
ples were maintained in an Optistat DN liquid nitrogen cryostat
at the desired temperature (Oxford Instruments, Inc.).

RESULTS

Initial Characterization of Tyr-193 and Lys-197 Enzymes—
The catalytic activity of wild type POR and the active site Tyr
and Lys variants were determined initially under steady-state
conditions (Table 1). All of the variants showed a significant
reduction in activity compared with the wild type enzyme. The
Lys variants were more impaired (typically <4% wild type activ-
ity) compared with the Tyr variants.

To provide a more in-depth rationale for this reduction in cat-
alytic activity, we measured the ability of each variant form to bind
the substrates NADPH and Pchlide. The dissociation constant for
NADPH was determined by measuring the fluorescence reso-
nance energy transfer signal from Trp residue(s) in the protein to
the bound NADPH coenzyme (supplemental Fig. S2) (35). The
apparent dissociation constant (K,) for each of the variant
enzymes was similar to that of the wild type POR (0.021 = 0.009
u; Table 1). The binding of Pchlide to the POR-NADPH complex
was monitored by measuring the red shift in the absorbance max-
imum of the pigment (supplemental Fig. S3) (9, 35).* It was only
possible to determine accurate K, values for the Y193F and Y193A
enzymes (the binding constant for the remaining mutants is >250

*The sequential binding mechanism dictates that Pchlide does not bind to
POR in the absence of NADPH (34).
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FIGURE 2. Impaired photochemical efficiency of the mutant enzymes.
A, the amount of chlorophyllide (Chlide) produced upon photoexcitation with
a 6-ns laser pulse at 25 °C for the wild type and mutant enzymes. Data were
collected using an equivalent concentration of ternary enzyme substrate
complex for each enzyme (determined from the K, values in Table 1), and
errors were calculated from the average of 10 laser pulses. The inset shows a
typical kinetic absorption trace measured at 696 nm over 150 us for wild type
and Y193F POR. B, the amount of chlorophyllide produced as a function of the
number of laser pulses for the wild type and Y193F enzymes. To ensure an
identical starting concentration of ternary complex, wild type POR was used
at 50 um and Y193F was used at 92.7 um enzyme (based on the K, for Pchlide
in Table 1).

mM; Table 1). In all cases, ternary complex formation is signifi-
cantly affected (weaker binding) for all variant enzymes compared
with wild type POR, indicating that both the Tyr and Lys residues
are important determinants for Pchlide binding.

Mutagenesis of Tyr-193 and Lys-197 Leads to Impaired Pho-
tochemistry in the POR-NADPH-Pchlide Complex—We have
shown recently that the catalytic reaction of POR can be trig-
gered by using a 6-ns laser pulse tuned to the Soret region of the
Pchlide absorbance spectrum, allowing the rates of both the
hydride and proton transfer steps to be determined (13). We
have used similar laser photoexcitation measurements to assess
the effects on hydride and proton transfer with all of the variant
enzymes (Fig. 24). To ensure that similar levels of the ternary
enzyme-substrate complex were used in the experiments, it was
necessary to use higher concentrations of enzyme for the
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mutant enzymes. The efficiency of the photochemistry is dra-
matically impaired for all of the variant POR enzymes com-
pared with the wild type, as is evident from the considerable
reduction in the chlorophyllide production per laser pulse (Fig.
2A). As aresult, it was not possible to measure accurate rates for
the sequential hydride and proton transfer steps for the variant
enzymes, although visual inspection of the traces suggests that
the rate of proton transfer is significantly reduced (Fig. 24,
inset). Consequently, to provide further evidence for the
impaired photochemistry in the variant enzymes, we monitored
the amount of chlorophyllide produced as a function of the num-
ber of laser pulses for the most active variant YI93F (Fig. 2B). By
taking into account the respective K, values for Pchlide bound to
the wild type and Y193F complexes, we ensured that an identi-
cal starting concentration of ternary complex was used in these
experiments. Although the amount of chlorophyllide produced
in the wild type enzyme saturates after ~20 laser pulses, it was
necessary to use at least 100 laser pulses to produce a compa-
rable level of the chlorophyllide product for the Y193F variant.

We studied the activation by light in more detail by meas-
uring steady-state activities over a range of light intensities
from 20 to 3000 wm photons s~ * M~ 2 for the wild type, Y193F,
Y193A, and K197A enzymes (Fig. 3A). In all cases, the steady-
state rate of reaction increases in a linear manner at higher light
intensities. However, the wild type enzyme is more sensitive to
changes in light intensity than any of the mutant enzymes, pro-
viding further evidence that the photochemistry is significantly
impaired in the variant forms. Moreover, the quantum effi-
ciency for photoreduction of Pchlide to chlorophyllide (Fig. 3B)
is much lower for Y193F (5.1 = 0.3%) compared with the wild
type enzyme (19.7 = 0.5%).

Low Temperature Fluorescence Studies of the Hydride Trans-
fer Step—As the quantum yield of the hydride transfer step is
significantly reduced in the variant enzymes, it is not possible to
kinetically observe the chemical steps following a single laser
pulse at room temperature. To negate this problem and to ana-
lyze the hydride and proton steps in more detail, we used low
temperature fluorescence measurements to follow the for-
mation of the catalytic intermediates under continuous illumi-
nation conditions. It has been shown previously that hydride
transfer involves the formation of a nonfluorescent charge
transfer species and that the rate of this step can be measured at
cryogenic temperatures by monitoring the decrease in the flu-
orescence band for the ternary enzyme-substrate complex at
644 nm (9). We conducted similar measurements to determine
the rate of hydride transfer for the Y193F variant over a range of
temperatures from 120 K to 200 K, using the fluorescence exci-
tation source to simultaneously trigger catalysis and monitor
fluorescence. Our studies show that, under continuous illumi-
nation conditions, a similar level of the nonfluorescent inter-
mediate is formed in the Y193F variant compared with the wild
type enzyme (Fig. 4A). There is also no significant difference in
the rate of hydride transfer for Y193F compared with wild type
POR at cryogenic temperatures (Fig. 4B).

Low Temperature Fluorescence Studies of Proton Transfer
Step— A similar approach has been used to determine the effect
of the mutations on the proton transfer step. Low temperature
fluorescence measurements were used to monitor the conver-
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FIGURE 3.Lightintensity dependence of Pchlide reduction for Tyrand Lys
mutants. A, the rate of chlorophyllide (Chlide) formation was measured
under steady-state conditions using 1 um of each enzyme in the presence of
10 um Pchlide and 20 um NADPH. Rates were measured at a range of light
intensities from 0 to 3200 umol/s~' M~ 2 The error bars were calculated from
the average of at least three traces. B, the quantum yield for the photoreduc-
tion of Pchlide was determined using 2.34 um wild type POR (19.7 * 0.5%)
and 3.6 um Y193F (5.1 = 0.3%) in the presence of 19.4 um Pchlide and 250 um
NADPH.

sion of the nonfluorescent intermediate to the POR-chloro-
phyllide-NADP™ species that is formed during the first dark
step. This intermediate has a fluorescence peak at 684 nm in the
wild type enzyme but becomes slightly blue-shifted in the
Y193F variant with a fluorescence maximum at 679 nm (Fig.
5A) and a relative fluorescence intensity that is much lower
than that for the wild type enzyme. In addition, the rate of the
proton transfer step is significantly reduced in the Y193F vari-
ant compared with wild type POR when measurements are
repeated over a range of temperatures from 200 K to 260 K (Fig.
5B). The enthalpy of activation, AH", for the proton transfer
step, which can be calculated from the Eyring plot, is 58.6 = 1.4
k] mol ! for wild type POR and 58.2 = 1.8 k] mol ' for Y193F;
the entropy of activation, AS", is —14.1 = 0.5 for wild type POR
and 21.2 = 1.2 T mol ! K~ ! for Y193F.

DISCUSSION

The light-driven enzyme POR catalyzes a key reaction in
chlorophyll biosynthesis and is an important model system for
studying the mechanism of catalysis of the large SDR superfam-

JOURNAL OF BIOLOGICAL CHEMISTRY 18163



Multiple Catalytic Roles of Active Site Residues in POR

1A 644 ¢
o
(8]
C
s 4
(8}
(7]
(0]
o |
o
=)
[
>
=
©
(0]
04
600 620 640 680
Wavelength (nm)
—~ 0.024 B g 120 K
0 3 Y
- S 140K
o) ®
Y
[0]
2 0.0151 8 160K
o 3
=] 3 180 K|
o o
2 001 E 200K
T, ki 50 100 150 200 250
- Time (s)
Y
(@]
@ 0.005; i
© P Wild type
I i e ] yp
8 e O Y193F
R 160 180 200

Temperature (K)

FIGURE 4. Low temperature fluorescence measurements of the hydride
transfer reaction. A, 77 K fluorescence emission spectra of 1.5 um Pchlide
and 250 um NADPH in the presence of 57.6 um Y193F (or 20 um for wild type
POR) was measured after illumination at increasing temperatures for 10 min.
The arrow indicates the disappearance of the ternary enzyme-substrate peak
at 644 nm. B, the rate of hydride transfer was measured over a range of tem-
peratures for the wild type and Y193F enzymes. The inset shows typical
kinetic traces that were obtained at each temperature.

ily of enzymes. Two conserved active site residues, a Tyr and a
Lys, are known to be essential for activity and are proposed to be
involved in proton transfer in the SDR family of enzymes (28 —
31). Although previous work has illustrated the importance of
these residues for POR activity, a lack of any enzyme activity
prevented a detailed demonstration of their exact role in catal-
ysis (8, 32). We have analyzed a number of site-directed variants
of the conserved Tyr-193 and Lys-197 residues in a thermo-
philic POR using a variety of kinetic and spectroscopic methods
to probe key aspects of the catalytic cycle. Although our studies
confirmed the importance of these two residues in catalysis, all
of the variants retained some activity. We have shown that both
residues have multiple roles in catalysis and participate in
ground state and excited state processes in the overall reaction,
which are summarized in Fig. 6.

Our data has illustrated the importance of Tyr-193 and Lys-
197 in formation of the photoactive ternary enzyme-substrate
complex. However, it appears that binding of the NADPH
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FIGURE 5. Low temperature fluorescence measurements of the proton
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250 um NADPH in the presence of 57.6 um Y193F (or 20 um for wild type POR) was
measured after illumination at 240 K for 10 min. The inset shows typical kinetic
traces that were obtained at each temperature. B, the rate of hydride transfer was
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The data shown are fitted to the Eyring equation to calculate activation enthalp-
ies, AH*, and activation entropies, AS¥, for the reaction. All error bars were calcu-
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FIGURE 6. Schematic model for the role of the active site Tyr and Lys res-
idues in the photoreduction of Pchlide by POR. Chlide, chlorophyllide.

coenzyme is relatively unaffected by mutations to either resi-
due, and it is therefore likely that the majority of the binding
interactions with NADPH are provided by the conserved nucle-
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otide binding domain, which is located near the N-terminal
region of the protein (27, 32). Previous studies have suggested
that both residues may interact with the ribose hydroxyl group
of the NADPH molecule (32), and it may be the case that such
an interaction is necessary to position the nucleotide cofactor
appropriately in the active site to enable efficient operation of
the photochemistry. Conversely, the binding of Pchlide sub-
strate is significantly compromised by mutations to the con-
served Tyr and Lys residues. Mutation of Lys-197 has a more
dramatic effect on Pchlide binding compared with the situation
following mutation of Tyr-193. This supports the notion that
Lys-197 provides key interactions with the carboxyl group on
the side chain attached to the C-17 position of the pigment
molecule (32). It appears that both residues have a key role in
forming a productive ternary complex and are responsible for
maintaining effective interactions between Pchlide, NADPH,
and protein within the active site.

Under conditions of identical ternary complex concentra-
tion, we have shown that excited state processes in the enzyme-
bound Pchlide species are also affected by mutations to the Tyr
or Lys residues. A significant decrease in the quantum yield of
the reaction is observed for the mutants, although it appears
that the rate of the hydride transfer reaction from the excited
state is unaffected. Therefore, it is likely that these conserved
residues are involved in the stabilization of the photoexcited
state, thus increasing the lifetime of the excited state species
and allowing the hydride transfer reaction to proceed more
efficiently. The involvement of phenol groups in excited state
and charge transfer processes has been reported previously in
other systems (36, 37), and such a role may also be important in
POR to ensure a high quantum yield for the hydride transfer
reaction. It has also recently been suggested that free Pchlide
can form a long lived triplet state upon photoexcitation, which
is quenched by specific chromophore-protein interactions in
the enzyme-substrate complex (19). Hence, it is possible that
the Tyr and Lys residues are involved in quenching the triplet
state, thus ensuring that this nonproductive pathway is not
populated during the reaction. Alternatively, the OH group of
the Tyr residue may interact with the Pchlide excited state, and
removal of this group in the mutant enzymes may lead to a
more rapid relaxation to the ground state, thereby reducing the
lifetime of the excited state species.

It has been suggested that the conserved Tyr residue is
responsible for transferring a proton to the C-18 position of the
Pchlide molecule and that the Lys residue is required to lower
the relative pK, of the Tyr hydroxyl group. We have shown that
substitution of the Tyr residue with other residues is not suffi-
cient to prevent proton transfer. Also, our cryogenic fluores-
cence spectroscopy studies have shown that the fluorescence
peak of the intermediate formed after proton transfer is consid-
erably blue-shifted compared with that formed with wild type
enzyme. This likely reflects changes in the active site geometry
of the ternary enzyme-product complex, as a consequence of
the loss of interaction between chlorophyllide product and Tyr-
193. We have also shown that the rate of the proton transfer
reaction decreases significantly in the variant enzymes. Conse-
quently, whereas Tyr-193 remains the most likely putative pro-
ton donor, the variant enzymes are still able to satisfy the
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valence of the C-18 atom of Pchlide by using a surrogate proton
source, as is often the case when key proton donors are removed
from an enzyme active site by site-directed mutagenesis (38,
39). The most likely source of the proton is solvent, although we
cannot rule out other conserved residues that might be suffi-
ciently close to the pigment molecule to enable proton transfer.

In summary, we have used a variety of spectroscopic and
kinetic techniques to analyze the role of the conserved active
site Tyr and Lys residues in the catalytic mechanism of the
light-driven enzyme POR. We have shown that a single muta-
tion of either residue has a dramatic effect on the reaction but is
not sufficient to prevent the formation of chlorophyllide prod-
uct. We find that both residues have multiple roles in catalysis,
involving formation of the ground state ternary enzyme-sub-
strate complex, stabilization of a Pchlide excited state species,
and proton transfer to the reaction intermediate formed after
the light reaction (hydride transfer; Fig. 6). Whether these res-
idues have multiple roles in other members of the SDR family
remains to be seen. In the absence of a crystal structure for
POR, our studies are consistent with the reported homology
model of the enzyme. Our studies also provide new insight into
the role of these residues in facilitating both the hydride
(excited state) and proton (ground state) transfer reactions
through stabilization of both the excited and ground electronic
states of the POR ternary complex.
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