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ABSTRACT: Plant type ferredoxin (Fd) is a small [2Fe-2S] cluster containing electron-transfer protein with

a highly negative redox potential. Higher plants contain different iso-protein types of Fd in roots and
leaves, reflecting the difference in redox cascades between these two tissues. We have combined subdomains
of leaf and root Fds in recombinant chimeras, to examine structural effects and the relationship between
groups of residues on redox potential, electron transfer, and pratedtein interactions. All chimeras

had redox potentials that were intermediate to the wild type leaf and root Fds. Surprisingly, the largest
differences resulted from exchange of the N-terminus, the region farthest from the redox center. Homology
modeling and energy minimization calculations suggest that the N-terminal chimeras may indirectly
influence redox potentials by structurally perturbing the active site. Measurements of electron transport
and protein interaction indicate that synergistic interaction between the C- and N-terminal of root Fd
bestows a specific high affinity for accepting electrons in the root type electron cascade, and that there is
discrimination against photosynthetic electron donation to root Fd based on the C-terminus of the molecule.
Taken together, the experimental and computational studies support a model in which higher order structure
contributes to iso-protein specific interaction and electron-transfer properties.

Plant-type ferredoxin (Fdlis a soluble 11 kDa electron-  Fds have redox potentials around 50 mV more negative than
transfer protein, whose [2Fe-2S] cluster confers a highly root Fds; during NADP photoreduction, leaf FNR has a
negative redox potential). Fd is best known for accepting K, around 10-fold lower for leaf Fds than for root Fds, and
electrons from photosystem | (PSI) and donating them to during NADPH oxidation root FNR hak, values around
Fd-NADP' reductase (FNR, EC 1.18.1.2) for photoreduction five times lower for root Fds than for leaf Fds. As the redox
of NADP™ (2), but it also supplies reducing power to many potential of leaf Fd is aroune420 mV, a 50 mV difference
other enzymes of biosynthesis and bioassimilatign I does not initially appear dramatic, but the flux through
order that these reactions can continue under non-photosynphotosynthesis is so vast that small changes in efficiency
thetic conditions, such as in the dark or in roots, Fd is reducedare likely to have a profound physiological impact. In
by NADPH oxidation, in a reversal of the FNR reactial).(  addition, the concentration of Fd in the chloroplast is of the

Higher plants contain distinct leaf and root iso-forms of same order as the concentration of Fd dependent enzymes
Fd (6, 6) with conserved differences (Figure 1A), reflecting (10, 11), which will therefore effectively be in competition,

the different electron donors to Fd in photosynthetic and non- giving great physiological significance to even small differ-
photosynthetic tissues. Functional differences have beenences in affinity and activity.

demonstrated between leaf and root Fds, with respect to
redox potential and activity in assays of NADPhoto-
reduction and NADPH oxidation7(-9). These differences
are highly conserved across species boundarie®):( Leaf

Fd molecules have been very well characterized, with site
directed mutagenesi§,(12—15) and computer modelind.6)
studies helping to determine specific residues that contribute
to their redox properties. In addition, X-ray crystal structures
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Ficure 1: A comparison of leaf and root type Fds. (A) A phylogenetic tree of leaf and root Fd amino acid sequences from several higher
plants, includingArabidopsisleaf (AtFd2) andArabidopsisroot Fd (AtFd3), was drawn by aligning the sequences in ClustalW 1.8 (http://
www.ebi.ac.uk/clustalw/). (B) AtFd2 and AtFd3 amino acid sequences were aligned in ClustalW 1.8. Identical residues are shown as white
on black, and [2Fe-2S] cluster ligating cysteines are black on yellow. Asterisks above the line mark residues conserved among typical leaf
Fds, but absent from root Fds, and asterisks below the line show residues conserved among typical root Fds, but absent from leaf Fds. The
positions of restriction sites on the equivalent nucleotide sequence used to digest original Fd plasmids and create chimeras are indicated.
(C) Ribbon diagram of maizeZeéa maysroot Fd Il structure (PDB under submission). The [2Fe-2S] cluster is shown as red balls. The
regions with blue, yellow, and green colors correspond to the N-, middle, and C-terminal subdomains of the Fd chimeras respectively.

dimensional (3-D) structures of leaf and root Fd are very shift being on a substitution of F25l that resulted in
similar 8, 17, 18, 20). This is particularly true for the active  significant structural changes.
site regions, so the basis of the functional differences between These results suggest that structural interaction between
leaf and root Fd remains obscure. Indeed, from the wealth larger groups of residues could contribute to the fine-tuning
of information on the amino acids that define fundamental of Fd redox potential and interactions with FNR, ensuring
Fd-like parameters, only one, T488r&bidopsisroot Fd differentiation and therefore optimum function of the leaf
nomenclature), which determines a small change in redoxand root Fd iso-proteins. We previously examined the
potential in the cyanobacteriudinabaenard, has distinct  functional characteristics of the major leaf type and root type
conservation in root/leaf type Fd&4). Fd species fromirabidopsig8), and here we present analysis
Anabaenéahas vegetative (VFd) and heterotrophic (HFd) of chimeric molecules constructed by combining homologous
Fds, which are approximately homologous in function to subdomains of the two wild type proteins. This allowed us
higher plant leaf and root types respectively. VFd has a redoxto study the relationship between Fd subdomains and
potential 33 mV more negative than HFd, and the effect of properties such as redox potential, electron transfer, and
exchanging VFd and HFd residues in the cluster binding loop protein affinity. Structural effects are also investigated by
has been investigated4), but in no case could site directed simulating the perturbation to the wild type proteins induced
mutagenesis of these amino acids reconcile the differenceby the chimeric sequences through a combination of homol-
in potential between VFd and HFd. Moreover, exchange of ogy modeling and energy minimization.
single amino acids between [4Fe-4S] Fds A¥obacter
vinelandii and Peptococcus aerogené®l), which vary in EXPERIMENTAL PROCEDURES
redox potential by more than 200 mV, failed to identify any =~ Gene Construction, Recombinant Expression, and Puri-
determinants for this difference in potential, the only small fication of Chimeric Mutants of AtFd2 and AtFdBlasmids
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containing six chimeric AtFd genes were produced from 1 2 3 4 5 6
plasmids (pTrc99A, Amersham) containing the AtFd2 and
AtFd3 genes prepared previousl§),( by ligating cleaved
AtFd2 fragments into AtFd3 plasmids digested with the same
restriction enzymesNcd/Hindlll, Nad/HindlIll, or Nad/
Xbal), and vice versa (Figure 1B) to create constructs of all
possible combinations of the Fd subdomains. The chimeric
AtFd mutant proteins were expressedEscherichia coli
JM105 and then purified essentially as described by Akashi
et al. @).

Physicochemical AnalysidNative gradient PAGE was =
performed as described by Kimata and Ha28).(Redox -165 -115 -165 -125 -115 -125
potentials were calculated as the midpoint of cyclic volta- Ficure 2: Separation of purified wild type and chimeric AtFd
mmetric measurements made at 25 versus a standard proteins by native gradient PAGE. Five micrograms of protein was

hvdroaen electrode at pH 7.5 essentially as described byloaded in each lane. Lanes were 1, AtFd2; 2, AtFd223; 3, AtFd322;
T){:lniggchi et al. 12) P y y4, AtFd233; 5, AtFd323; 6, AtFd3. The numbers below each lane

represent the net charge of the corresponding Fd calculated on the
Affinity Chromatography AtFds were immobilized on  assumption that each acidic residue (Asp and Glu) confers one

CNBr-activated Sepharose 4B, and chromatography washegative charge, each basic residue (Lys and Arg) confers one
performed essentially as described by Onda efakxcept positive charge, and His residue is 0.5-positively charged.
that 2.2 nmol of each maize FNR iso-protein was loaded on
the column, and a linear gradient of NaCl from 0 to 300
mM in 50 mM Tris-HCI, pH 7.5 was applied to elute proteins

root

at a flow rate of 0.5 mL/min. . . . )
. ] respectively), with the weights given by the degree of
Enzymatic Analysidvieasurements of NADPH-dependent - stryctural similarity to the original structures. Given leaf and
cytochromec (cyt c) reduction by FNR iso-proteins were oot similarity values, NERy and NERs, the redox

performed as described by Onda et &). Photosynthetic  potential for a given chimeric protein was predicted to be
NADP* reduction using spinach thylakoid membranes was

.....

Redox Potential PredictioriThe redox potentials of the
chimeric proteins were predicted by a weighted sum of the
original leaf and root redox potentiald/J,; and V2

measured as desc_rlbed by Hanke et &). ( o 0 NER,+ V?Om NER
Structural ModelingHomology models of leaf and root pred = NER_ + NER 1)
eaf oot

AtFd were built using the corresponding maize structures

(PDB IDs 1gaw and PDB file under submission, respectively) RESULTS

as templates following a BLAST sequence alignment, and

did not include the [2Fe-2S] cluster. Initially, the backbone  Design and Expression of Chimeric Molecules Composed
and side chains of all common residues were fixed to the of Leaf and Root Type Fd&Ne previously constructed
template values. Missing residues were then introduced oneplasmids for recombinant expressior&ncoli of Arabidopsis

at a time by searching the Protein Data Bank for side chain thalianaleaf type Fd (AtFd2) and root type Fd (AtFd3®)(
conformations that minimized atomic clashes with the rest Their amino acid sequences are highly homologous, allowing
of the structure. The resulting leaf and root AtFd models simple insertion of restriction sites at exactly equivalent
were then structurally superimposed using the program positions in the coding DNA sequence. Fd is a small,
GASH (23), allowing the initial chimeric models to be built compact protein, and there are no obvious candidates for
by directly swapping the appropriate fragments. The initial domain exchange, although the central portion of the
models were then relaxed via a short (1 ns) annealedmolecule contributes 3 of the 4 cysteine residues that
molecular dynamics (MD) simulation in which the temper- coordinate the [2Fe-2S] cluster in a cluster binding loop. We
ature was lowered from 300 to 10 K. The higher temperature therefore defined three subdomains within Fd of approxi-
allows initial structures to escape from energetically unfavor- mately 30 amino acid each (Figure 1B, 1C). The resulting
able conformations introduced by homology building and N-terminal, central, and C-terminal subdomains of AtFd2
subdomain swapping. The lower temperature traps low and AtFd3 are 64%, 77%, and 53% identical respectively,
energy states at the end of the simulation. The minimized and all contain residues exclusive to, and conserved among,
chimeric structures were then structurally superimposed oneither root or leaf type Fds (Figure 1B). Plasmid DNA
the minimized wild type structures, and the degree of encoding all possible chimeric combinations of these sub-
structural similarity and dissimilarity upon relaxation was domains were constructed, and introduced iBtaoli.
computed. Each MD run was repeated 15 times for every All chimeras could be assembled into the holo form
initial structure using different random initial velocities in  following expression irk. coli, except those containing the
order to obtain the average similarity and dissimilarity overall combination of the AtFd3 central subdomain and AtFd2
and per residue. All MD calculations were performed using C-terminal subdomain (AtFd232 and AtFd332). The other
thecosgengrogram in thePrestoXsimulation package?d). four chimeras were purified to homogeneity, and their
Structural similarity was defined using the number of absorption spectra in the visible region were essentially the
equivalent residues (NER2%), which is bounded between same as those of the parental Fds, indicative of correct
zero and the number of residues in the shortest chain. Theassembly of the [2Fe-2S] cluster. A comparison of their
dissimilarity was given by the Euclidian distance between migration through native PAGE is shown in Figure 2, being
C, atoms. approximately proportional to net charge at pH 7.5.
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Ficure 3: Comparison of redox potentials of wild type and o

chimeric AtFd proteins. (A) Cyclic voltammograms taken in 100 FIGURE 4:  Structural changes from initial models upon MD
uM solutions of AtFd2 (solid gray line), AtFd223 (hashed gray relaxation. (A) Superimposition of the modeled AtFd2 (blue) and
line), AtFd233 (dotted gray line), AtFd322 (dotted black line), AtFd3 (red) structures. (B) Structural variation (blue red =
AtFd323 (hashed black line) and AtFd3 (solid black line): current increasing variation) from AtFd2 (upper panel) and AtFd3 (lower
(nA) versus a standard hydrogen electrode potential. Results arePanel) on exchange of the N-terminal. For each homology model
typical of at least three independent measurements. (B) Comparisorfhe structures before and after the MD simulation were superim-

of the average midpoint potentials of chimeric and wild type AtFd Posed and the distance between correspondipgatdms was
proteins. Potentials were-354, —369, —374, —390, —393, and computed. The figure shows the average distance over 15 MD runs.

—403 mV for AtFd3, 323, 233, 223, 322, and Fd2, respectively. )
SD was less than 2 mV in all cases. Structural Modeling Suggests Thatv€all Backbone

Folding Contributes to Redox Potential Differencéo

Additive Effect of the Fd Subdomains on Redox Potential investigate the origins of chimeric substitution effects on
Shift of the [2Fe-2S] ClusteiRedox potentials of Fd were  redox potential, we modeled the perturbations to the wild
taken as the midpoint potential over cyclic voltammetry type structure induced by subdomain exchange. Homology
(Figure 3A), and potentials of AtFd2 and AtFd3 were modeling of AtFd2 and AtFd3 was carried out using
consistent with previous measurements. The potentials of allcoordinates from maize leaf and root Fd respectively, and
chimeric molecules were intermediate, with the difference the resulting AtFd2 and AtFd3 structures are shown in Figure
from the potentials of parental molecules roughly propor- 4A. Subdomains of these structures were combined directly
tional to the relative composition of AtFd2 and AtFd3 to form chimeras, and structural similarity to both the relaxed
subdomains (Figure 3B). These results suggest that eachAtFd2 and AtFd3 models was computed following relaxation
subdomain exerts an influence on the active site environment.of each chimera.
Most remarkably, although the N-terminal subdomain has Structural perturbation has been linked with changes in
no direct contact with the [2Fe-2S] cluster, its exchange the redox potential of [4Fe-4S] Fd21). We therefore
causes a significant shift in redox potential20 mV relative examined whether exchange of one Fd subdomain caused
to AtFd3 and+10 mV relative to AtFd?2). structural changes in other areas of the protein molecule,
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in other Fd subdomains. For example, the greatest shiftin 10 20 30 40 200 30 40
redox potential was .ca.used by introduction of the AtFd2 Elution time {min)
N.-terml.nal subd_omaln into the AtFd3 molecule. The MD FiGure 6: Affinity chromatography of leaf type FNR (A) and root
simulation .predlcts that such an exchange would Causetype FNR (B) on wild type and chimeric Fd-immobilized Sepharose
profound differences from AtFd3 structure, far from the cojumns. Leaf FNR or root FNR (2.2 nmol each) were applied to
N-terminal region. Such perturbation includes residues in the each column and eluted over a linear NaCl gradiente®@ M in
microenvironment of the cluster (e.g., 560 and 90). 50 mM Tris-HCI, pH 7.5. Changes i and conductivity,
Reciprocal introduction, of the AtFd3 N-terminal into the reécorded during each chromatography, are shown as blue and red
AtFd2 molecule, also shows structural disruption, resulting curves, respectively. Hashed lines represent the elution point of
! s - A parental (AtFd2 and AtFd3) molecules for comparison.
in a +10 mV shift in redox potential (Figure 3B). These
modeling studies suggest that residue changes far from thewhich cluster ligating cysteines were constrained, the cor-
redox center have the potential to affect the microenviron- relation coefficient dropped slightly to 0.97.
ment of the [2Fe-2S] cluster through distortion of the spatial ~ Certain Chimeric Combinations Result in Weaker Interac-
distribution of atoms near the active site. tion with Leaf Type FNRTo examine the contribution of
The models were constructed without the [2Fe-2S] cluster, Fd subdomains to differential activity with electron-transfer
which probably stabilizes the active site to some degree, partners, we measured static interactions of Fds with leaf
through covalent bonding with sulfur atoms of ligating type and root type FNR enzymes (Figure 6), and their ability
cysteines. To investigate whether modeling of Fds without to receive electrons from leaf type (nondiscriminatory) and
the cofactor resulted in enhanced structural perturbation, weroot type (discriminatory) FNR, and transfer electrons
repeated simulations with inter-residue distances between thebetween PSI (discriminatory) and leaf type FNR (Table 1).
sulfur-binding cysteine side chain atoms (for atoms with  lonic interactions with nondiscriminatory (leaf) FNR were
distances<5 A) restrained to their initial values (in the only disrupted for chimeric Fds comprising the C-terminus
cluster containing maize Fd crystal structures). These con-of AtFd3 and the central subdomain of AtFd2 (AtFd323 and
strained models gave basically the same results as unconAtFd223) (Figure 6A). This correlates directly with the
strained models. reduced affinity of these Fds in receiving electrons from leaf
Given the apparent additivity of the different subdomains FNR. Such electron flow is in the opposite direction to that
toward the net redox potential, we sought to quantify the in photosynthesis (where Fd donates electrons to FNR), and
contribution from each subdomain. We treated the chimeric so may not relate to in vivo activity, but thg, of these Fds
sequence as a perturbation to the wild type structure, andfor the physiologically relevant transfer of electrons from
examined how each chimera reacted structurally upon PSI to leaf FNR also increased, most likely due to the same
relaxation. Because the wild type AtFd structures were also disruptive effects.
homology models, we computed the structural similarity and  The C-Terminal Subdomain Is Crucial for Interaction with
difference of each relaxed chimera relative to each relaxed PSI.It has previously been reported that transfer of electrons
parent. We found that the relative structural similarity to each from PSI to leaf FNR is mediated more efficiently by leaf
parent was directly proportional to the corresponding similar- type than root type Fd$(8), and this proved to be the case
ity in redox potential. This relationship, expressed in eq 1, in our measurements. The only chimera to show affinity
and plotted in Figure 5, has a correlation coefficient of 0.98 equivalent to that of leaf Fd contained the C-terminal
with respect to the observed redox potentials. For models insubdomain of leaf Fd (Table 1). This region has previously
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Table 1: Kinetic Parameters of FNR Iso-Enzymes for Fds during NADPH Oxidation, and of Photosystem | and Leaf Type FNR for Fds during

NADP* Photoreductioh

leaf FNR root FNR photosystem |
VITIaX Vmax Vmax
Km umol of cytc Km umol of cytc Km umol of NADPH
Fd species uM Fd (umol of enzyme)! st uM Fd (umol of enzyme) st uM Fd (ug of chlorophylly* s™*
AtFd3 4.84 0.7 76+ 1 6.0+ 0.2 212+ 4 24+11 0.022+ 0.008
AtFd233 4.3+ 0.5 77+ 1 10.9+ 0.9 226+ 10 1.5+0.8 0.032+ 0.012
AtFd323 8.6+ 0.1 79+ 1 48+0.3 199+ 2 2.1+0.8 0.024+ 0.008
AtFd223 16.3t 1.8 72+ 4 209+ 2.2 233+ 15 2.1+ 0.8 0.027+ 0.012
AtFd322 4.3+ 0.5 88+ 3 245+1.9 234+ 5 0.36+0.1 0.023+ 0.007
AtFd2 5.8+ 0.2 97+ 2 26.7+2.7 232+ 13 0.36+ 0.1 0.025+ 0.008

aEnzyme assays were performed to measure NADPH-dependent cytocbrmytec) reduction catalyzed by different FNR iso-forms, and
photosynthetic NADP reduction by photosystem | and FNR in thylakoid membranes, as mediated by wild type and chimericiA8Eds.

been implicated in the association of Fd with the PsaD tolerated. On the other hand, mutations distant from the [2Fe-
subunit of PSI 26), and our results confirm this role, while  2S] complex might generate more subtle or indirect changes.
indicating that PSI discriminates between electron donation Modeling results in Figure 4B suggest that Fd subdomains
to leaf and root type Fds based on the composition of this removed from the redox center have the capacity to influence
C-terminal subdomain. active site structure.

Electron Transfer between Root-Type Fd and Root-Type  With respect to redox potential, introduction of the AtFd2
FNR Is Not Necessarily Correlated with lonic Interaction. central domain (containing the cluster binding loop) into
Root type FNR discriminates between Fd types, preferentially AtFd3 caused a-15 mV shift. A single residue change
donating electrons to root Fd,(8) and showing a stronger  (T48S) may be responsible for this, because the same
static, ionic bridge based interaction with root Ft).(The mutation causes-a15 mV shift inAnabaena/Fd (14). This
only chimera which retains ionic interaction with root FNR  residue is heavily implicated in the electron-transfer process
equivalent to that of root type Fd is AtFd233 (Figure 6B), (16). To our surprise, in all other cases, exchange of either
whereas the only chimera which retains high affinity for the C- or N-termini caused shifts to intermediate redox
receiving electrons from root type FNR is AtFd323 (Table potentials roughly proportionate to the ratio of AtFd2:AtFd3
1). The column chromatography used in this interaction study subdomains in the molecule. The greatest single difference
mainly measures ionic effects on static interaction, and it in redox potential is caused by exchange of the region farthest
has been shown that, although these dominate the initial,from the redox center (introduction of the AtFd2 N-terminal
nonproductive complex between Fd and FNEO)( the to AtFd3). This is presumably due to changes far from the
kinetically active complex likely involves several other active site inducing structural perturbation around the [2Fe-
interactions, such as hydrogen bonding and hydrophobic2S] cluster, an explanation that is consistent with our
forces. This variation between strength of interaction and modeling results. The additive contribution of different
activity is therefore probably due to differential capacity of subdomains to tuning redox potential, and the linear cor-
these two chimeras to form initial and kinetically competent relation of redox potential with structural similarity to wild
complexes with FNR. The contribution of the C- and types, is probably coincidental, and may be related to the
N-terminal domains to the high affinity of the AtFd323 relatively small size and compact structure of ferredoxin.
chimera in receiving electrons from root FNR appears Whether this behavior is a general property of Fd proteins
synergistic, with neither domain alone (AtFd223 or AtFd322) or a special case of these particular chimeras is a subject for
causing a significant difference in affinity from leaf type Fd future work.

(Table 1). As we modeled the proteins without the [2Fe-2S] cluster,
it is possible that structural changes observed in the active
DISCUSSION site of our models may not accurately reflect those in the
The leaves and roots of higher plants contain different iso- experimental proteins. However, when modeling was re-
proteins of Fd, with highly conserved differences in redox peated with the ligating cysteines restrained to the same
potential and enzyme affinity that ensure they function position as in crystal structures of cluster containing Fds,
optimally in the different electron-transfer cascades of these we achieved basically the same result. Moreover, the parental
tissues. Although extensive research has identified universallyAtFd molecules, with which the chimeras are compared, were
conserved amino acid residues responsible for fundamentalalso modeled without the cofactor.
Fd function, the specific factors that fine-tune the redox  Chimeric Fds also provided insight into interaction with
potentials and interaction capacities of leaf and root type Fdspartner enzymes, and demonstrated that although redox
are not well understood. potential may play a role, Fd iso-protein specific enzyme
The difference in redox potential of various [2Fe-2S] interactions are also dependent on residue/structural interac-
proteins has been explained in terms of a dependence ortions between proteins. It has previously been shown that
the electrostatic environment of the active si#)(It follows the C-terminus of Fd is directly involved in associating with
that the environment will in turn depend on both the identity the PsaD subunit of PSI during photosynthe®),(and the
and spatial position of atoms near the [2Fe-2S] cluster. Sinceonly chimera with the AtFd2 C-terminal subdomain was also
mutations near the active site would, in general, result in the only chimera to retain leaf Fd type high affinity in
dramatic functional changes, they are not likely to be NADP" photoreduction. This suggests that PsaD may
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discriminate between leaf and root Fds based on specificidentifying the structural determinants of functional differ-
residues or structures at their C-termini. ences between leaf and root Fd proteins.

Root type FNR has a stronger interaction with, and higher
affinity for reduction of, root Fd than leaf Fd@(8). Despite ~ SUPPORTING INFORMATION AVAILABLE
this, the Fd residues that form ionic bridges with root FNR g e depicting structural changes from initial models
in the crystal structure of their complex are conserved among, 5, rejaxation. This material is available free of charge via
leaf and root type Fdsl@). Our results indicate that these o |nternet at http://pubs.acs.org.
two forms of discrimination are independent of each other,
with the combined C-terminal and central subdomains REFERENCES

ensuring high ionic interaction with root FNR, presumably L c ‘R Rao K K. B P Hutson K. G.. And

H H H H [ . Cammack, R., Rao, K. K., bargeron, C. P., Rutson, K. G., Andrew,
'T‘ the initial, nonprO(_:iuctlve comple>19_), while a c_omblna_ P.W., and Rogers, L. J. (1977) Midpoint redox potentials of plant
tion of_ the C-tgrmmal and N-terminal domalns,. acting and algal ferredoxinsBiochem. J. 168205-9.

synergistically, is necessary to ensure root Fd like high 2. Amon, D. I. (1988) The discovery of ferredoxin: the photosyn-
affinity in accepting electrons. In both cases we assume that _ thetic path,Trends Biochem. Sci. 130-3.
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