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ABSTRACT: The light-driven enzyme, protochlorophyllide oxidoreductase (POR), has proven to be an
excellent model system for studying the role of protein motions during catalysis. POR catalyzes the trans
addition of hydrogen across the C17—C18 double bond of protochlorophyllide (Pchlide), which is a key
step in chlorophyll biosynthesis. While we currently have a detailed understanding of the initial
photochemical events and the subsequent hydrogen transfer reactions, there remains a lack of information
about the slower substrate binding events leading to the formation of the catalytically active ternary complex.
As POR is light-activated, it is relatively straightforward to isolate the ternary enzyme—substrate complex
in the dark prior to catalysis, which has facilitated the use of a variety of spectroscopic and kinetic probes
to study the binding of both substrates. Herein, we provide a detailed kinetic and thermodynamic description
of these processes and show that the binding events are complex, involving multiple conformational states
en route to the formation of a ternary complex that is primed for photoactivation. The initial binding of
NADPH involves three distinct steps, which appear to be necessary for the optimal alignment of the
cofactor in the enzyme active site. This is followed by the binding of the Pchlide substrate and subsequent
substrate-induced conformational changes within the enzyme that occur prior to the formation of the final
“poised” conformational state. These studies, which provide important information on the formation of
the reactive conformation, reveal that ternary complex formation is the rate-limiting step in the overall
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Conformational Events during Ternary Enzyme—Substrate Complex Formation Are

reaction and is controlled by slow conformational changes in the protein.

Protochlorophyllide oxidoreductase (POR;' EC 1.3.1.33)
is a light-activated enzyme that has proven to be an excellent
model system for studying the role of protein dynamics and
thermodynamics in enzyme catalysis (/). POR catalyzes the
light-dependent trans addition of hydrogen across the
C17—C18 double bond of the D-ring of protochlorophyllide
(Pchlide) to produce chlorophyllide (Chlide) (Figure 1),
which is a key reaction within the chlorophyll biosynthesis
pathway and the subsequent assembly of the photosynthetic
apparatus (/—3). In addition, POR has previously been
shown to be a member of the large short-chain dehydroge-
nase/reductase (SDR) superfamily, which includes other well-
studied enzymes such as carbonyl reductase, alcohol dehy-
drogenase and dihydrofolate reductase (4—7). However, the
experimental advantages offered by studying a light-activated
enzyme make POR an important model system for elucidat-
ing the mechanism of catalysis by this family of enzymes,
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and more generally, for enzyme catalysis involving proton
and hydride transfers.

During the reaction a hydride is transferred from the pro-S
face of the nicotinamide ring of NADPH to the C17 position
of the Pchlide molecule (8, 9) and a conserved Tyr residue
has been proposed to donate a proton to the C18 position
(10). The close proximity of a conserved Lys residue is
thought to allow the deprotonation to occur at physiological
pH by lowering the apparent pK, of the phenolic group of
the Tyr (/0). As POR is driven by light, the ternary enzyme:
substrate complex can be formed in the dark, prior to
catalysis, thus removing the diffusive components from the
kinetic analyses. The reaction can then be initiated by
illumination at low temperatures, which allows intermediates
in the catalytic cycle to be trapped and characterized using
arange of spectroscopic techniques (//—16). Consequently,
a number of catalytic steps, involving the initial photochem-
istry followed by a series of “dark™ reactions, have been
identified, resulting in a comprehensive understanding of the
entire reaction pathway (/3—15). The initial light-driven step,
which can occur below 200 K, results in the formation of a
nonfluorescent intermediate with a broad absorbance band
at 696 nm (/3). Subsequent EPR, ENDOR and Stark studies,
in conjunction with low temperature absorbance spectros-
copy, revealed that this intermediate is a charge-transfer
complex that is formed by hydride transfer from the NADPH
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FIGURE 1: The light-driven reduction of protochlorophyllide (Pchlide).
(A) The trans addition of hydrogen across the C17—C18 double
bond of Pchlide to form chlorophyllide (Chlide) in the chlorophyll
biosynthesis pathway is catalyzed by the light-driven enzyme,
protochlorophyllide oxidoreductase (POR). (B) An overall scheme
for the catalytic cycle of POR showing the stepwise formation of
the reaction intermediates together with the rate constants that have
been calculated previously (/7).

molecule to the C17 position of Pchlide (/6). This then
facilitates the protonation of the C18 position of Pchlide from
the protein during the first of the “dark™ reactions (16).

A role for domain movements and/or reorganization of
the protein has been proposed for the remaining “dark”™ steps
in the reaction, which only occur close to, or above, the
“glass transition” temperature of proteins (/4, 15). These
latter catalytic events have been shown to represent a series
of ordered product release and cofactor binding events. First,
NADP" is released from the enzyme and is replaced by the
NADPH coenzyme. This is followed by release of the Chlide
product and subsequent binding of the Pchlide substrate to
complete the catalytic cycle (/5). Laser photoexcitation
techniques have also been used to follow the interconversion
of the various bound/unbound Chlide product species, which
has provided a detailed thermodynamic and kinetic descrip-
tion of these latter steps in the catalytic cycle (7).

In addition to using cryogenic temperatures to identify
catalytic intermediates it is also possible to study the reaction
by using ultrafast pulses of light (/8—22). These measure-
ments have revealed that spectral changes on the picosecond
time scale are likely to represent conformational changes that
occur before the reduction of Pchlide (217, 22). Furthermore,
it appears that prior excitation with a laser pulse leads to a
more efficient conformation of the active site and an
enhancement in the catalytic efficiency of the enzyme (22).
While all of these studies have provided a detailed under-
standing of the chemistry and product release steps in the
catalytic cycle, little is currently known about the rate-
limiting steps in the overall catalytic cycle, which are likely
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to involve substrate binding and any associated conforma-
tional changes. In contrast to the majority of enzyme systems,
with POR it is possible to isolate the ternary enzyme—substrate
species in the dark, thus removing any subsequent catalytic
events that proceed upon illumination from the kinetic
analyses. Consequently, in the present work we have been
able to measure the kinetics and thermodynamics of binding
of both substrates and identified a series of conformational
changes using a range of spectroscopic techniques in
conjunction with stopped-flow methods. Our studies reveal
that the binding processes are complex with multiple steps
required to form the active ternary enzyme substrate complex.
In addition, we show that ternary complex formation is the
rate-limiting step in the overall reaction cycle and is
controlled by slow conformational changes in the protein.

MATERIALS AND METHODS

Sample Preparation. All chemicals were obtained from
Sigma-Aldrich, except NADPH and NADP* (Melford Labo-
ratories). Recombinant POR from the thermophilic cyano-
bacteria Thermosynechococcus elongatus was overexpressed
in Escherichia coli and purified as previously described (75).
The Pchlide pigment was produced and purified as previously
described (15).

Absorbance and Fluorescence Measurements. Absorbance
measurements were recorded using a Cary 300 UV/visible
spectrophotometer (Varian Inc.) in 50 mM Tris pH 7.5, 0.1%
(v/v) 2-mercaptoethanol, 0.1% (v/v) Genapol X-080. Fluo-
rescence emission and anisotropy measurements were per-
formed using a QuantaMaster fluorimeter (Photon Technol-
ogy International) in 50 mM Tris pH 7.5, 0.1% (v/v)
2-mercaptoethanol, 0.1% (v/v) Genapol X-080 at 25 °C. The
exciting light was provided from a xenon light source and
excitation and emission slit widths were 3 nm.

Stopped-Flow Experiments. Stopped-flow fluorescence and
anisotropy kinetics were measured by using a Hi-Tech
Scientific SF-61SX2 stopped-flow spectrophotometer (TgK
Scientific, Bradford on Avon, U.K.). For fluorescence energy
transfer from Trp to NADPH, POR (final reaction cell
concentration of 1 M) in 50 mM Tris pH 7.5, 0.1% (v/v)
2-mercaptoethanol was mixed with various concentrations
of NADPH at 25 °C and the fluorescence was measured by
using an excitation wavelength of 295 nm and a 400 nm
cut-off filter on the emission detector. For fluorescence
anisotropy measurements, various concentrations of POR
were mixed with either NADPH (final reaction cell concen-
tration of 2 uM) in 50 mM Tris pH 7.5, 0.1% (v/v)
2-mercaptoethanol or Pchlide (final reaction cell concentra-
tion of 2 uM) in 50 mM Tris pH 7.5, 0.1% (v/v) 2-mercap-
toethanol, 0.1% (v/v) Genapol X-080 at 25 °C. The fluo-
rescence anisotropy of NADPH was measured using an
excitation wavelength of 340 nm and a 400 nm cut-off filter
on the emission detector, and the fluorescence anisotropy of
Pchlide was measured using an excitation wavelength of 450
nm and a 595 nm cut-off filter on the emission detector. The
rapid binding of Pchlide was followed by measuring the
absorbance at 642 nm using an Applied Photophysics
SX.18MV stopped-flow spectrophotometer. Various con-
centrations of POR in the presence of 2.5 mM NADP™ were
mixed with Pchlide (final reaction cell concentration of 2
uM) in 50 mM Tris pH 7.5, 0.1% (v/v) 2-mercaptoethanol,
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0.1% (v/v) Genapol X-080 at 25 °C. All measurements were
repeated at least 3 times, and transients were analyzed by
fitting to a standard single- or double-exponential expression.
Where appropriate, the concentration dependence of ko, was
analyzed by fitting to eq 1 to obtain values for the apparent
dissociation constant for the enzyme—substrate complex, Kq:

ks = Ky [S1/(K, -+ [S]) (1)

where kqps 1S the observed rate constant at each concentration
and kpax 1s the maximum rate constant as [S] approaches
infinity. For temperature dependence studies of rate constants,
measurements were repeated at various temperatures between
5—50 °C by using a circulating water bath (Fisherbrand) and
the thermodynamic parameters were obtained by fitting the
data to the Eyring equation.

FTIR Spectroscopy. FTIR spectra were measured using a
Vertex 80 spectrometer (Bruker Optics, Ettlingen, Germany).
Measurements were recorded in 50 mM Tris pH 7.5, 0.1%
(v/v) 2-mercaptoethanol, 0.1% (v/v) Genapol X-080 at 25
°C using an AquaSpec flow cell accessory (MicroBiolytics,
Freiburg, Germany) and a buffer only sample as the
background. IR absorbance difference signals in the fre-
quency range 1600—1700 cm™! can be assigned to the am-
ide I protein region and changes in the frequency range
1500—1600 cm™! can be assigned to the amide II region.

RESULTS

Binding of NADPH to POR. The binding of NADPH to
the enzyme was followed by measuring the FRET signal
from Trp residue(s) in the protein to the NADPH coenzyme
(Figure 2A). Upon binding there is a quenching of the Trp
fluorescence emission band at approximately 320 nm together
with a simultaneous increase in the fluorescence emission
from NADPH at approximately 450 nm. By measuring the
maximum quenching in the Trp fluorescence signal and by
assuming a Forster distance for Trp—~NADPH energy transfer
of 23.4 A (23) the distance from the proposed Trp donor
(Trp 31) to the NADPH molecule was calculated to be 21.9
A. We have been able to measure the rate of NADPH binding
by exciting samples at 295 nm and monitoring the increase
in NADPH fluorescence following rapid mixing in a stopped-
flow spectrometer. The kinetics of NADPH binding were
found to be complex and kinetic traces were fitted to three
distinct phases (Figure 2B). Subsequently, the observed rate
constants for each kinetic phase were measured over a
range of NADPH concentrations, and are shown graphically
in Figure 2C. Under the pseudo-first-order conditions used
in the stopped-flow experiments none of the phases exhibited
a dependence on the concentration of NADPH. The rates
and relative amplitudes of each phase are shown in Table 1,
and the data reveal that the majority of the fluorescence signal
comes from the initial step in the binding process.

In addition to using FRET signals, there is also an increase
in fluorescence anisotropy from the NADPH molecule upon
binding to POR. The fluorescence anisotropy at 435 nm
increases from approximately 0.09 in the absence of enzyme
to approximately 0.28 at 2 uM POR. This anisotropy change
can also be used as a separate probe to measure the rate of
NADPH binding in a stopped-flow instrument. Again, the
rate of increase in fluorescence anisotropy was shown to
follow triphasic kinetics with similar rate constants to those
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FIGURE 2: The binding of NADPH measured by fluorescence energy
transfer. (A) Fluorescence emission spectra of 1 uM POR in the
presence and absence of 20 uM NADPH following excitation at
295 nm. (B) Typical stopped-flow fluorescence transient measured
over 25 ms and fitted to a single exponential (see Table 1) upon
mixing of 1 uM POR and 20 uM NADPH. The inset shows a
typical kinetic transient recorded over 100 s, which could be fitted
to a double exponential function. An excitation wavelength of 295
nm was used, and the fluorescence emission was measured using
a 400 nm cut-off filter. (C) The dependence of the observed rate
(kops) of all three phases of the fluorescence increase on the
concentration of NADPH. The error bars were calculated from the
average of at least 3 traces. All measurements were recorded at 25
°C as described in the Materials and Methods.

obtained in the FRET experiments (Figure 3A). Although
the initial step remains the major component in the overall
anisotropy change, the second phase also contributes sig-
nificantly to the total amplitude; the slower phase contributes
only approximately 6 % of the anisotropy signal (Table 1).

Competitive Inhibition of NADPH Binding in Stopped-
Flow Studies. To investigate the nature of the interactions
formed in the three kinetic phases for NADPH binding we
have repeated stopped-flow experiments over a range of 2’5’
ADP and 3-nicotinamide monophosphate concentrations. We
found that the rate of the initial (fastest) phase of the binding
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Table 1: Kinetic and Quasi Thermodynamic Parameters for the Binding of NADPH to POR“

% of total signal

kinetic phase kobs (s71) FRET anisotropy AH* (kJ mol™!) AS* (J K~! mol™!)
first 436.4 £53.8 60.6 +7.9 66.9 £+ 15.1 34.6 £ 3.0 —77.8 +£6.7
second 1.62 £0.43 93+ 0.6 27.1£1.0 81.2+44 36.3+£23
third 0.045 + 0.004 30.1 £1.2 59+02 67.8 14 —5.1+0.2

“ The rates and relative amplitudes of each step have been measured at 25 °C. The enthalpies of activation, AH*, and the entropies of activation, ASF,
have been calculated by fitting the temperature-dependence data to the Eyring equation for each step.
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FiGURE 3: The kinetics of NADPH binding probed by fluorescence
anisotropy and competitive inhibition studies. (A) Typical stopped-
flow fluorescence anisotropy transient measured over 100 s and
fitted to a double exponential function upon mixing of 1 uM
NADPH and 20 uM POR. The inset shows a typical fluorescence
anisotropy transient recorded over 30 ms, which has been fitted to
a single exponential. An excitation wavelength of 340 nm was used
and the fluorescence anisotropy was measured using a 400 nm cut-
off filter as described in the Materials and Methods. (B) The
dependence of the observed rate (kobs) of the fast phase of NADPH
binding on the concentration of 2’5" ADP. The error bars were
calculated from the average of at least 3 traces. All measurements
were recorded at 25 °C as described in the Materials and Methods.

trace is dependent on the concentration of 2’5" ADP with a
competitive inhibition constant, K;, calculated to be 3.02 £+
0.29 uM (Figure 3B). In contrast, the presence of -nicoti-
namide monophosphate has no effect on the rate of this step
(data not shown). Furthermore, various concentrations of 2’5’
ADP (0—1 mM) and f-nicotinamide monophosphate (0—5
mM) were found to have no influence on the rate of the
subsequent two steps in the binding process (data not shown).

Temperature-Dependence of Rate Constants for NADPH
Binding. The rates of all three kinetic phases observed for
NADPH binding were measured over a range of temperatures
from 5—50 °C, although it was not possible to measure rate
constants for the initial phase above 30 °C as it became too
fast to observe in stopped-flow experiments (Figure 4A). To
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FIGURE 4: Temperature dependence of the kinetics of NADPH
binding. (A) The dependence of the observed rates (kobs) of the
second phase of NADPH binding on temperature. The inset shows
the temperature dependence of the fast and slow phases of NADPH
binding. Transients were recorded over a range of temperatures
from 5—50 °C and fitted to either a single (fast phase) or a double
(slower phases) exponential function. (B) Eyring plot of In (kops/T)
versus 1/T for all three phases of the NADPH binding process.
The circles represent the fast phase, the triangles represent the
second phase and the squares represent the slow phase. The data
were fitted to the Eyring equation, allowing the enthalpy of
activation, AH*, and entropy of activation, AS*, to be calculated
(Table 1). The error bars were calculated from the average of at
least 3 traces.

obtain quasi thermodynamic information for NADPH bind-
ing, data were analyzed in the form of an Eyring plot of In
(kobs/T) vs 1/T (Figure 4B). The enthalpy of activation, AH?,
was calculated from the slope of each plot, and the entropy
of activation, AS*, was calculated by extrapolation to the
ordinate axis for each of the phases (Table 1).

Spectral Changes Associated with Pchlide Binding. Low
temperature spectroscopy measurements have previously
shown that upon binding to POR, in the presence of either
NADPH or NADP™, the absorbance and fluorescence
maxima of Pchlide red-shift by several nanometers (/3). In
room temperature measurements this manifests itself by a
broadening of the Pchlide absorbance band in the 630—650
nm region (Figure 5A inset). Absorption difference spectra
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FIGURE 5: Absorbance and kinetic changes associated with Pchlide
binding. (A) Absorbance difference spectra of Pchlide (2.35 uM)
in the presence of either POR (45 uM), POR + NADPH (250 uM),
POR + NADP" (2 mM) or POR + 2’5" ADP (2 mM), using a
Pchlide only sample as a blank. The inset shows the full absorbance
spectra of the various Pchlide species. (B) Typical stopped-flow
absorbance transient at 642 nm, measured over 1 s and fitted to a
double exponential function (see Table 1), upon mixing of 2.5 uM
Pchlide with 30 uM POR and 250 uM NADPH. The inset shows
a typical stopped-flow fluorescence anisotropy transient measured
over 2 s and fitted to a double exponential function. An excitation
wavelength of 450 nm was used and the fluorescence anisotropy
was measured using a 595 nm cut-off filter as described in the
Materials and Methods. (C) A typical kinetic trace of 2.5 uM
Pchlide in the presence of 30 uM POR and 250 uM NADPH,
recorded over 10 min in a spectrophotometer, showing the
absorbance increase at 642 nm. All measurements were recorded
at 25 °C.

revealed that this broadening is due to a decrease in the 630
nm band associated with “free” Pchlide together with an
increase in absorbance at 642 nm attributed to the formation
of the ternary complex species (Figure 5A). Absorption
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FIGURE 6: Dependence of the kinetics of Pchlide binding on Pchlide
concentration and temperature. (A) The dependence of the observed
rate (kobs) Of all three phases of the absorbance increase at 642 nm
on the concentration of Pchlide. The data for the fast phase were
fitted to eq 1 (Materials and Methods) to calculate the rate
constant and Ky for binding. All measurements were recorded
at 25 °C, and the error bars were calculated from the average of
at least 3 traces. (B) The dependence of the observed rates (kops)
of the slow phase of Pchlide binding on temperature. The inset
shows the temperature dependence of the initial two phases of
Pchlide binding. Transients were recorded over a range of
temperatures from 5—50 °C and fitted to either a double (faster
phases) or a single (slow phase) exponential function. (C) Eyring
plot of In(kons/T) versus 1/T for all three phases of the Pchlide
binding process. The circles represent the fast phase, the triangles
represent the second phase and the squares represent the slow
phase. The data were fitted to the Eyring equation, allowing the
enthalpy of activation, AH*, and entropy of activation, AS*, to
be calculated (Table 2). The error bars were calculated from
the average of at least 3 traces.

spectra also revealed that changes are not observed in the
630—650 nm region when measurements are repeated in the
absence of cofactor or in the presence of 2’5" ADP (Figure
5A).
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Table 2: Kinetic and Quasi Thermodynamic Parameters for the Binding of Pchlide to POR”

kinetic phase rate (s71) % of total amplitude AH* (kJ mol™!) AS* (J K~! mol™!)
first 30.2+0.9 120£1.9 81.4+42 553432
second 1.67 £0.25 20.6 £ 3.5 757 +2.3 162 £ 0.6
third 2.05+034 x 1073 674+72 69.9 4.0 —54.6 £5.1

“The rates and relative amplitudes of each step have been measured at 25 °C. The enthalpies of activation, AH*, and the entropies of activation, AS¥,
have been calculated by fitting the temperature-dependence data to the Eyring equation for each step.
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FIGURE 7: Protein conformational changes probed by FTIR spec-
troscopy. (A) FTIR absorbance difference spectra of POR (270 uM)
in the presence of increasing concentrations of NADPH coenzyme,
using a POR only sample as a blank. (B) FTIR absorbance
difference spectra of POR (270 uM) and NADPH (1 mM) in the
presence of increasing concentrations of Pchlide, using a POR—
NADPH sample as a blank. The spectral changes in the amide |
and amide II regions indicate conformational changes in the enzyme
upon binding.

In addition to red-shifts in the absorbance and fluorescence
maxima, there is also an increase in fluorescence anisotropy
from the Pchlide molecule upon binding to POR in the
presence of NADP™. The fluorescence anisotropy at 635 nm
increases from approximately 0.025 in the absence of enzyme
to approximately 0.16 at 25 4uM POR (data not shown). There
is no noticeable increase in the anisotropy signal when
measurements are repeated in the absence of NADP(H)
coenzyme or in the presence of 2’5" ADP, confirming that
Pchlide is only able to bind to POR in the presence of
NADP(H).

Rate Constants for Binding of Pchlide Substrate to the
POR—NADP*t Complex. We measured the rate of Pchlide
binding to the POR—NADP* complex by measuring both
the increase in absorbance at 642 nm and the increase in
fluorescence anisotropy from the Pchlide molecule following
rapid mixing in a stopped-flow spectrometer. These measure-
ments revealed that binding traces for Pchlide binding
comprise an initial biphasic absorbance increase that is

accompanied by a simultaneous increase in fluorescence
anisotropy (Figure 5B). A much slower third phase, occurring
over several minutes, is identified in a standard spectropho-
tometer by monitoring the increase in absorbance at 642 nm
upon binding of Pchlide to a POR—NADPH complex (Figure
5C); a comparable result was also obtained on adding Pchlide
to a POR—NADP* complex.

We measured the observed rate constant for each kinetic
phase over a range of Pchlide concentrations. The analysis
showed that only the initial (fast) phase exhibits a dependence
on the concentration of Pchlide with a calculated K4 of 2.8
+ 0.4 uM for dissociation of the POR—NADP*—Pchlide
complex to the component POR—NADP* complex and free
Pchlide (Figure 6A). The rate constants and relative ampli-
tudes of each phase are summarized in Table 2, which reveal
that the majority of the absorbance change at 642 nm is
associated with the final step in the binding process.

Temperature-Dependence of Pchlide Binding. As for
binding of NADPH to POR, we also measured the rates of
all three phases of Pchlide binding to the POR—NADP*
complex over a range of temperatures from 5—50 °C (Figure
6B). Again, quasi thermodynamic information was obtained
by fitting data using an Eyring plot of In(ko,s/7T) vs 1/T (Figure
6C). The enthalpy of activation, AH*, was calculated from
the slope of each plot, and the entropy of activation, AS*,
was calculated by extrapolation to the ordinate axis for each
of the phases (Table 2).

FTIR Measurements. To probe further the involvement of
protein conformational change in substrate binding we
measured the absorption spectra of POR in the mid-infrared
region in the presence and absence of substrates (Figure 7).
The FTIR difference spectra (NADPH-bound minus “free”
enzyme) revealed that relatively large changes in the amide
I and II regions are observed upon binding of NADPH,
consistent with changes in the secondary structure of the
enzyme (Figure 7A). In addition, there are further structural
changes induced upon binding of the Pchlide substrate, as
shown by the FTIR difference spectra (Pchlide—POR—NADPH
minus POR—NADPH) in Figure 7B.

DISCUSSION

Owing to its unique dependence on light for activity, it
has been shown previously that the chlorophyll biosynthesis
enzyme, POR, is an excellent model system for studying
aspects of enzyme mechanism (/). A series of reaction
intermediates have been identified, which has allowed the
entire catalytic cycle to be resolved (//—16). However,
despite the fact that it is possible to isolate the ternary
enzyme—substrate species in the dark, there is currently a
lack of information about the slower substrate binding events
leading to its formation, especially in connection with
conformational events linked to substrate binding. Conse-
quently, in the present work we have shown that stopped-
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FIGURE 8: Kinetic scheme of the substrate binding events in POR. The calculated rates of all of the binding steps are the sum of the forward
and reverse rate constants and provide a detailed kinetic description of these initial steps in the reaction mechanism of POR. The binding
of both substrates is controlled by conformational changes in the protein.

flow measurements, when combined with a variety of
spectroscopic probes, are excellent vehicles for studying these
slower events in the catalytic cycle, prior to the subsequent
chemical steps. The binding of each substrate is accompanied
by distinct spectroscopic signals, and these have allowed us
to study in detail conformational events linked to substrate
binding and to propose the more complete kinetic scheme
depicted in Figure 8. We emphasize that binding of NADPH
to POR alone is not a step within the proposed catalytic cycle
of POR (15, 17), but the multiple conformational changes
observed serve to indicate the complex nature of the binding
process (see below for further discussion), which is likely
to be a feature of NADPH binding to the catalytically
relevant POR—Chlide complex (Figure 1). By contrast, the
binding of Pchlide to the POR—NADPH complex is directly
relevant to the catalytic cycle, and as with NADPH binding
to POR alone, involves a series of complex conformational
events.

Our studies reveal that Pchlide can only bind to the
coenzyme-bound form of POR and has no apparent affinity
for the “free” enzyme. This finding is consistent with
previous studies in etioplasts (24, 25) and confirms that the
initial step in the complete catalytic cycle is the binding of
NADPH coenzyme, which then facilitates binding of the
Pchlide substrate to form the ternary enzyme—substrate
complex. This appears to be common to all members of
the SDR superfamily of enzymes, such as the dihydrofolate
reductases, where binding of nicotinamide coenzyme pre-
cedes binding of the second substrate (26—28). Similarly,
the order of product release also appears to be the same
between POR and other members of the SDR family, where
release of the coenzyme product occurs prior to the Chlide
product (15, 17).

We have also shown that the binding of NADPH is itself
a complex process, involving at least three distinguishable
kinetic phases. The rate constants for these identified kinetic
steps do not exhibit a dependence on coenzyme concentra-
tion, indicating that they do not represent encounter complex
formation. They do show, however, that the binding process
is driven by conformational changes in the protein, and this
therefore rules out a simple bimolecular mechanism for
complex assembly. This is substantiated by our FTIR
measurements which, through changes in the amide I and
amide II regions of the IR spectrum, confirm that binding
of the NADPH is accompanied by structural changes in the
enzyme. Such conformational rearrangements are likely to
be analogous to the structural changes that have been
proposed to occur during the product release steps later in
the catalytic cycle (14, 15, 17).

The first identified kinetic phase in the NADPH binding
process has the largest associated anisotropy signal and is

inhibited by ADP, suggesting that it involves an initial
anchoring of the ADP moiety of NADPH in the active site.
That nicotinamide monophosphate has no apparent influence
on any of the kinetic phases suggests that the nicotinamide
portion of NADPH binds later and/or is less tightly held by
the enzyme, a finding that is similar to the observed bipartite
binding of NADPH in diflavin reductase enzymes, such as
cytochrome P450 reductase (29). The second kinetic phase
for NADPH binding to POR is accompanied by a significant
anisotropy signal. This suggests that a “locking in” of the
nicotinamide portion of the NADPH coenzyme might occur
in this kinetic phase, mediated by rearrangements in the
protein that are responsible for the correct positioning of the
nicotinamide portion of the NADPH molecule. Finally,
there are likely to be further small structural changes during
the final phase of the binding process as the cofactor is
optimally aligned in the enzyme active site prior to light
induced hydride transfer from NADPH to Pchlide.

We have also shown that the subsequent binding of the
Pchlide substrate is a complicated process involving further
conformational changes in the protein. While a relatively fast
biphasic reaction with an associated increase in fluorescence
anisotropy is likely to represent the formation of an initial
complex, slower substrate-induced conformational changes
within the enzyme are required for the formation of the final
photoactive ternary complex. These slow structural rear-
rangements appear to be the rate-limiting step in the entire
catalytic cycle and are responsible for the red-shift in the
Pchlide absorbance maximum, which has previously been
suggested to result from interactions with the nicotinamide
cofactor (/3). Combined, the conformational changes identi-
fied allow proposal of a more detailed kinetic scheme in
which rate limiting conformational changes accompanying
sul;strate and coenzyme binding have been identified (Figure
8).

In summary, we have now used a number of spectroscopic
and kinetic probes to study the kinetics and thermodynamics
of the rate-limiting substrate binding events in the light-driven
enzyme, POR. We have shown that the binding processes
are complex, involving a number of different conformational
states leading to the formation of the final “poised” photo-

2 The reported turnover number for thermophilic POR enzyme is
~0.2 s~ at 50 °C (30). The observed rate constants (i.e., the sum of
the forward and reverse rate constants) for the third, slow conforma-
tional changes observed on binding NADPH or Pchlide are lower than
the steady-state turnover number. However, it is important to note that
these observed rate constants for the conformational changes were
measured in the absence of light activation, and at ligand concentrations
approximately equal to the dissociation constant for the POR—ligand
complex. For this reason, a rigorous comparison of the observed rate
constants for the conformational events and the turnover number
measured under steady-state turnover conditions is not possible.
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active state. As a result, this work presents the first detailed
studies on the slow, rate-limiting steps in the POR-catalyzed
reaction and provides important information on the formation
of a reactive complex that is primed for catalysis.
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