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ABSTRACT. The second-order rate constdap, for uptake of F& by the apoprotein of Ribonucleotide
Reductase R2 has been measured by letting that reaction compete with the uptakebpfféreozine

(rate constankg;). The rate of the Féferrozine reaction was studied at high ferrozine concentrations,
and an effective first-order rate constdat for the disappearance of Feetermined in the presence of
bovine serum albumin as a viscogen. Solutions of apoprotein and ferrozine in various ratios were mixed
with Fe' solutions in a stopped-flow apparatus, and the growth of the 562 f(feF®zine) absorbance
monitored. Attempts to fit the data to a variety of kinetic schemes imply that uptake of the second Fe
by apo is slower than uptake of the first, suggesting that the rate-determining step in the activation of R2
is a conformational changgfter the uptake of the first iron. The resulting valuel@fois 1.8(1) x 10°

M~1sL
In its active form the R2 subunit oEscherichia coli eq 4 (6).
ribonucleotide reductase containg-@xo diiron(lll) cluster
and a stable tyrosyl radicalY(122) essential for activityl— apoFg O fast X (60-80 5—1) then to active R2 (1—§)

8). These components can only be generated by the reaction

of O, with protein that contains Fe(ll). If ther122 of active (1, observed)

R2 becomes reduced, and the activity of the protein thereby | Kapo
quenched, the-oxo diiron(Ill) cluster must be reduced back apo+ Fe' —=apoFe (2, proposed)
to the Fe(ll) stage before the Y122 can be reoxidizéd ( K

Previous studies of the activation of R2 have identified apoFe—°m> (apd)Fe (3, proposed)
an intermediateX, which appears to be a spin-coupled
(H.O)Fe"OF€VY fragment (0, 11); X is converted to active (apd)Fe+ Fe' Kaporefast apoFe (4, proposed)

R2 at a rate of 1 §. As long as F& is present in excess
(or if ascorbate is present as a one-electron reducing agent), Thjs hypothesis creates the need to determine the kinetics

X is formed from apoprotein, Fe, andlq at a rate first- ot F()) uptake by the R2 apoprotein. The rate of the first
order in apoprotein (approximately 10%butindependent  ge (1) yptake will be independent of Fe(ll) if it is preceded

of the concentrations of Feand of Q (12, 13). The rate- 3 rate-determining conformational change, and first order
determining step in the formation &fthus does notinvolve Fe(ll) if it occurs by eq 2.

either Fé" or O,. Stubbe has suggested that a conformational Unfortunately, F& at micromolar concentrations is spec-

change must occur in the apoprotein before thé"Fig troscopically invisible (except in Mssbauer, by which

incorporated 14). Her group has shown that apoprotein yineics are cumbersome). UWis spectroscopy cannot be
preloaded with 2 equiv of Fe(ll) (diferrous R2) reacts with | sed to monitor the uptake of Fe(ll) by the apoprotein of

oxygen (eq 1) an order of magnitude faster{&0 s) than R2. We have therefore determined the kinetics of Fe(ll)

apoprotein freshly mixed with aq Fe(ll); Bollinger arld CO-  yptakeindirectly, by letting it compete with the spectroscopi-

workers have found the second-order rate constant’& 5 41y observable reaction between Fe(ll) and ferrozine. [The

to be 2.2x 10° M™* s (15). deep magenta (ferrozing)e' complex has:sgznm= 27 900
Thus the rate-determining step in the activation of R2 must M~ cm1 (17).]

occur beforethe secondre(ll) is incorporated. Stubbe has Previous Kinetic Studies on Chelation of Fe(ll) by

remarked that “The kinetics suggest that formation of the Ferrozine.In 1984, Thompsen and Mottola, using 8@

diferrous-R2 complex from apds slow” (14). However,

neither of the above results excludes a rate—determmlng 1 Abbreviations: apo, the metal-free form Bf coli ribonucleotide

conformational change that occurs (eco&tweereq 2 and reductase R2; apoapo before iron uptake but after a conformational
change; apoFe, apo with one boundFgrior to any conformational
change; (ap9Fe, apo with one bound Fe after a conformational

T Supported by NSF Grant CHE 99-74464. change; apoFe2, R2 with two bound?Féreduced R2); Fz, ferrozine;
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ferrozine, an ionic strength of 0.1 M, and a pH range of2.8
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to give a final (postmixing) ionic strength of 0.1 M. Fresh

5.5, reported an average ferrozine reaction order of 2.95 andferrozine and iron solutions were made each day; all reactions

a forward rate constant of 3.08(3) 10" M3 s at 20°C

(18). They therefore concluded that the reaction was first
order in F&" and third order in ferrozine (fourth order
overall) (eq 8) and proposed a mechanism consisting of the
three steps in eqs—5/.

K
Fé' + Fz=—FeFz

(5)
FeFz+ Fz==FeF ©)
FEFé + Fzﬁ FeF% (7)

d[FeF
% = K Koke[Fe(IN][FZ]® = k. [Fe"]  (8)
ke, = KyKololF2]” (9)

Independently in 1992 another group studied from 15 to
32 °C the kinetics of the ferrozine-Fereaction at 28-80
uM ferrozine (an order of magnitude lower than the
concentration Mottola employed), salinity-86%, and pH
6.0—8.4; they found the order in ferrozine to be 2.91(4) and
the rate constant to be about 2:0 10'* M2 st (19).
Considering the differences in pH, ionic strength and

were done in air.

BSA as a Viscogen in FgFerrozine A 400uM solution
of BSA was prepared from a solution of ferrozine (3.4 mM)
in HEPES buffer; dilution with more Fz/HEPES solution
provided BSA concentrations from 25 to 3&®1. Fresh iron/
salt solution was made as above, and the ferrozine-iron
reactions carried out in the stopped-flow apparatus at 5.0
°C.

Competition between Fz and Apo for Iron(IBerrozine
(1.4-8.7 mM), apoR2 (24198 M), and 3 mM sodium
ascorbate were dissolved in HEPES buffer and loaded into
one syringe of the stopped-flow apparatus. Fresh iron/salt
solution, made as in the previous sections, was placed in
the other syringe.

RESULTS

Preliminary Stopped-Flow Experiments Showed Competi-
tion between Apoprotein and Ferrozine for Fe(BBplutions
containing appropriate amounts of ferrozine (Fz), apoprotein,
and sodium ascorbate, buffered with HEPES at pH 7.6, were
mixed at 5.0°C with equal volumes of ¢ solutions; the
resulting mixtures were 33.0M in Fe**. The absorbance
due to the interaction of Eewith ascorbate was negligible
at the iron concentrations employed.

The experiments were done in air so that any apoFe

temperature between these two studies, the agreement i€ormed would be converted to active R2; the ascorbate

remarkable.

EXPERIMENTAL PROCEDURES

Materials The E. coli ribonucleotide reductase R2 was
produced in the overproducing strain BL21DE3 (Novagen)
containing the plasmid pR2wiindlll, and isolated in the
apo form as previously reportedd). Bovine serum albumin
(Cohn V fractionate powder), HEPES, sodium ascorbate,
ferrous ammonium sulfate hexahydrate, and ferrozine were
purchased from Sigma-Aldrich and used as received. Type
| reagent grade water (Barnstead/Thermolyne model D4751)
was used for all solutions.

HEPES buffer was made up as 100 mM (to account for
the 2-fold dilution in the stopped-flow apparatus) from the
free acid form. The solution was chilled to-% °C, then
titrated to pH 7.6 using NaOH, and the solution made to
volume.

Methods.Kinetic data were collected over the range of
approximately 396610 nm with an SF-40 Canterbury
Stopped-Flow (Hi-Tech Scientific) thermostated to 5.0 (1)
°C, with an RSM-1000 rapid-scanning device (On-Line

Instrument Systems) and software. Scans were collected in
dual beam mode, 1000 scans/s. Total reaction volume per

“shot” was approximately 20QL. Stopped-flow data were
fit iteratively using the kinetic modeling and simulation
program MacKinetics (developed by Walter S. Leopold llI,
formerly of E. I. du Pont de Nemours, Inc.).

Kinetics of Fé&"/Ferrozine in HEPES Buffer(Unless

otherwise noted, all concentrations listed are those placed

in the syringes, i.e., before mixing in the stopped-flow
apparatus.) Ferrozine (686V to 4.37 mM) was dissolved
in 100 mM HEPES buffer; ferrous ammonium sulfate (60
uM) was dissolved in 5 mN k80, with enough NaCl added

guaranteed thaX was the first observable intermediate in

the apoFgO; reaction and that it was the source of all of

the resultingeY1222 The experiment was repeated with

various [ferrozine]/[apoprotein] ratios, and the amount of
Fe'Fz; formed in each case was determined from the
absorbance at 562 nm.

At [ferrozine]/[apoprotein] ratios of 100, ferrozine com-
plexed all the Fe(ll), whereas at [ferrozine]/[apoprotein] ratios
of <8, ferrozine did not disturb the uptake of Fe(ll) by the
protein. Detectable amounts e¥122 were formed from
apoprotein only if [ferrozine] was lowered to a near-
stoichiometric ratio with iron (just 3.2 Fz/Fe). Good competi-
tion, with both apoprotein and ferrozine trapping some iron,
was observed at an [Fz]/[Fe]/[apoprotein] ratio of 45:2.3:1.

The order in ferrozine of its coordination by Fe(fyoved
to decrease at the higher [Fz] necessary for competition with
apoprotein. Equations 8 and 9 are correnty if both the
K1 andK; equilibria (egs 5 and 6) lie to the left, a requirement
that will cease to be met at sufficiently high [Fz]. An
appreciable fraction of the total irofi,(eq 10), will then be
FeFz and FeRzafter mixing.

T=[Fe""] + [FeFz]+ [FeFz) (10)

Substitution of expressions fé; andK; into eq 10 gives
(egqs 11 and 12) the equilibrium expression for [FgFz
Consideration of eq 7 leads to the complete rate law in eqs

2 The cation radicadW48H" (which absorbs at 560 nm) is initially
formed along withX from the reaction of F&, apoR2, and oxygen
(12, 13, 15). Either ascorbate or excess?Ferapidly reduces the
sW48H", leaving X to oxidize Y122 toeY122. Only ascorbate was
practical in our competition experiments, as they required that iron be
the limiting reagent.
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Ficure 1: Plot of data from Table 1. Conditions: 50 mM HEPES, pH 7.6 at®&030xM iron(ll), | = 0.1 M.

13 and 14. The limiting order in ferrozine should be three at
low [Fz] and one at high [Fz].

T [FeFz) [FeFz) +(FeF 1
= e
KK [Fz]?  KalFZ] [FeFzl ()
B TK, K [Fz]*
[FeFal =17 K,[Fz] + K K [Fz]? (12)
d[FeFz] K, K ks[FZ]*T
d T vk [Fz] + K,K [Fz]2=szT
1 1'™M2 (13)
3
k., K Kok[FZ] (14)

14 Ky[Fz] + KK [FZ]?

We have redetermined the kinetics of the ferrozine reaction

reason the third equilbrium is established more slowly than
the first two.

Viscosity Effects on the Rate of Iron Uptake by Ferrozine.
During our preliminary studies of ferrozine/apoprotein
competition for F&", we determined approximate first-order
rate constant&y,s by monitoring the growth of the HEz;
absorbance at 562 nm. Becausg; should be the sum of
ke, and the first-order rate constant for uptake of'Fby
apoprotein, we expected an increask,jgwhen [apoprotein]
was increased at constant [Fz]. While the outcome of the
reaction—the fraction of the initial F& converted to P&
Fzs—was plainly the result of competition between ferrozine
and apoproteink.ps actually decreased(Figure S-2 in
Supporting Information).

Because a high concentration of protein (up to 146
had been required in order to compete with ferrozine for the
Fet and that concentration had plainly increased the
viscosity of the solution, we explored the effect of viscosity
on kg, Bovine serum albumin (BSA) proved ideal as a
“proteinic viscogen” 23) to mimic the effects of R2. BSA

at higher concentrations than those employed by previousiS available in high purity, stable over a wide pH range, and

workers [28-80 uM, Lin and Kester 19); 800uM, Mottola
(18)], under conditions appropriate for the uptake of Fe(ll)
by apoprotein (5.0C, pH 7.6 with HEPES as a buffer, and
| = 0.1 M). The resulting values of the pseudo-first-order
rate constarkg; as a function of [Fz] are given in Table S-1
and shown in Figure 1; a plot of lk(,) vs In[Fz] (Figure
S-1) implies an order of 1.14 at [FZ 2.4 mM, and an
order of 2.16 at [Fzk 1.9 mM. Higher [Fz] were impractical
because the rates became too fast to measure.

From these data we can infer valueskgand the product
KiK. If we assume that the reaction is first order at [Fz]
4.37 mM, eq 14 reduces tg, = ks[Fz]; the experimental
ke, gives an estimate fdg of 5.8 x 10 Mt s% At [Fz] =
686 «M, low enough for the reaction to be third order, eq
14 simplifies toke, = K1Koks[Fz]3; the experimentals, and
our estimate foks give an estimate of 1.32 10f M2 for
K1Ks. Fitting the data (Table S-1 in Supporting Information
and Figure 1) to eq 14, witK;K, constrained to be 1.3
10° M2, suggests that; ~ 7.0 x 10* Mt sL

The binding constant for the third ferrozine is undoubtedly
larger than for the first two because of the change in the
spin of the F&, as observed classicall2y, 22) for Fe(o-
phenanthrolineft and Fe(2,2bipyridinek?". For the same

very soluble even at 8C, and has a molecular weight of
66.7K @4), close to that of R2 (87K)25). One BSA
conformation, the “N form,” is even heart-shape2b)(
somewhat like R227).

BSA does not bind Pe strongly; a recent paper notes
that “the affinity of free iron for albumin is rather weak”
(28). Even that weak interaction, occasionally suggested in
the literature 29, 30), may be due to partial oxidation of
the iron during the relevant experiments. '[As rapidly
oxidized to Fé' in phosphate buffer25) and Fé' binds
strongly to BSA 81—33).] However, as serum albumins are
known to bind Cé" weakly (25, 34), we tested the effect of
BSA on the uptake of Feby ferrozine; the formation of
Fé'Fz remained almost quantitative (an average of 98% of
that expected from the Feinitially present) (Figure S-3 in
Supporting Information). Experiments run at very high
[BSA], for instance 20Q«M, only lost 1—-2 uM (3—6%) of
the total Fé& in solution.

Figure 2 shows how BSA affected the uptake of by
Fz: the absorbance due to'fF&s grew more slowly with
increasing BSA, but approached the same final value. The
decrease of the measurkg with BSA is shown in Figure
3. A similar inverse dependence on viscosity has been noted
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Table 1: Rate Constants in Ferrozine/Apoprotein Competition
Experiments

0.64 protein 10° x Kapo % of [Fe),
;d 5 (uM) Fz(mM) ke(s?) (M's?)  asFeFz
S0 +  200uM BSA 31.1 (BSA) 1.83 55.5 99
= O I7SuMBSA 24.4 (apo) 1.83 55.5 3.38 38
203 X 125uM BSA 38.1 (BSA) 2.01 42.0 89
< + 10sMBSA 29.3 (apo) 2.01 42.0 2.12 37
R BeA 191.0 (BSA) 1.23 5.27 103
0.16
- = 25uMBSA 146.4 (apo) 1.23 5.27 0.7 8
: L 2o uMBSA 127.3 (BSA) 2.07 34.7 100
0 L PR S 97.6 (apo) 2.07 347 2.56 16
0 0.02 0.04 0.06 0.08 0.1 127.3 (BSA) 2.53 345 95
time (seconds) 97.6 (apo) 2.53 345 1.58 18
o ) 127.3 (BSA) 3.80 78.6 90
Ficure 2: Effect of viscosity from added BSA on the ferrozifie 97.6 (apo) 3.80 78.6 1.71 38
Fe(ll) reaction. Conditions after mixing in the stopped-flow= 214.8 (BSA) 1.83 38.7 94
0.1 M (NacCl), 5.0°C, pH 7.6, with HEPES 50 mM; Fz 1.7 mM; 164.7 (apo) 1.83 38.7 0.8 19
Fe(ll) = 30 uM; BSA 0—200uM. 257.0 (BSA) 2.01 39.0 93
197.6 (apo) 2.01 39.0 0.8 20
100 T T T 126.9 (BSA) 1.32 317 98
[ ] 97.3 (apo) 1.32 317 1.14 18
¢ ] 126.9 (BSA) 1.98 58.2 98
80 - § 97.3 (apo) 1.98 58.2 1.14 25
[ . ] aFor each ferrozine concentration the first line reports the apparent
~ 60 - s first-order rate constank,, in the presence of BSA as a viscogen; the
@ i . ] second line reports the value ki, that best fits (by iteration with
o 20 1 MacKinetics) [FeFZ; data obtained in the presence of the same weight
C * ] of apo. The last column is the percentage of {Réiimately trapped
- . 1 by ferrozine.
20 |- . . -
[ g . i 13). It was not practical to use a large excess of apoprotein
oL C1 R N ] (too much protein would have been required, and the
0 50 100 150 200 viscosity effects would have been too great). The details of
[BSA], uM each experiment are listed in Table 2.

Ficure 3: Observed rate constants for the ferrozifeFe(ll) Modeling.The fact that apoprotein was not present in large

reaction with BSA present. Postmixing conditidrs0.1 M (NaCl),
5.0°C, pH 7.6 with HEPES 50 mM; Fz 1.7 mM; Fe(ll)= 30
uM; BSA = 0—200uM.

excess meant that uptake of'H&y apoprotein could not be
treated as a pseudo-first-order process in competition with
the pseudo-first-order rate constdqt. The situation was,

) ) ) however, easily modeled by a kinetic simulation program
for the reactions of small ligands §@nd CO) with the heme (MacKinetics).
protein myoglobin 85) and for the reactions of various If we consider a second-order rate law, with rate constant
catalases with their substrate®} (36). ~ kapo for the uptake of the first Peby apoprotein (eq 15),

Theke, values used in evaluating the apo/Fz competition and let it compete for Fewith the knownke, (eq 16), it is

experiments were therefore measured with BSA present aspossible to determind,, from the time dependence of
a viscogen. The amount of BSA added during a giken [FeFz].

measurement equaled (same mg/mL) the amount of apo to

be used in the corresponding apo/Fz competition experiment; apo+ Fé' — apoFek,, (15)
the other conditiond (= 0.1 M, pH 7.6 with 50 mM HEPES P
buffer, 5.0°C) were the same as those to be used in the Fd — FeFz, ke, (16)

competition experiments. The results are included in Table

1 below. To have our simulations calculate the amount of ferrozine
Quantitatve Assessment of Competition between Apopro- consumed by eq 16 while retainifg, as a pseudo-first-
tein and Ferrozine for Fe(ll)Again, the experiments were  order rate constant, we used the artificial sequence in egs
done in air so that any apofFtormed would be converted 17 and 18. The first (eq 17) shows the first-order (rate
to active R2, but [apo] was kept greater than'[[Fie order constankg,) conversion of Féto the imaginary species “Q”,
to simplify kinetic modeling; under these conditions little  while the second (eq 18) calculates the amount of ferrozine
apoFe and thus littlesY122 were formed. One syringe of  consumed in a fast but formally separate reaction as Q
the stopped-flow apparatus contained a freshly prepared 60pecomes FekzThe results (an example of which is shown
uM solution of Fé*, along with enough NacCl to give a final
(i.e., after mixing) ionic strength of 0.1 M. The other syringe s pc «gdi” in eq 15 is technicallyT from eq 10, the total of [F],
contained appropriate concentrations of ferrozine and apoR2 [FeFz], and [FeFd. It might thus vary with [Fz], but (because we have
along with 3 mM sodium ascorbate, in 100 mM HEPES been unable to determirt; independently oK;) we cannot predict
buffer (pH 7.6). Ferrozine was used in excess sufficient to tzhgoaﬂ’ocﬁgro‘;vzifrggﬁ(‘:’gﬁh \[I';fr]] [TF'Q]eiﬁcﬁiégaﬁn'&%éﬁzﬁffé?fgﬁgf
establish pseudo-first-order conditions and to ensure that th v oy Y P -

- €y the position of the equilibria in egs 5 and 6. The valudgf for
rate of formation of F&~z; was alwayskr,T (see eqs 11 and  free [F&+] may differ somewhat from our result.
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Table 2: Rate Constants in Ferrozine/Apoprotein Competition Experiments from a Model Including a Conformational Change (eq 20) at

10 st
[apo] [Fz] Kez % yield % yield [FeFz]final [FeFz]o 10° x Kapo
run (M) (mM) (s of apoFe of FeFz (uM) (uMm) (M~1s™)
1 24.4 1.83 55.5 62 38.0 11.4 2.2 b
2 29.3 2.01 42.0 63 37.1 11.0 2.0 b
3 146.4 1.23 5.27 92 8.3 2.5 1.6 c
4 97.6 2.07 34.7 84 16.3 4.6 2.5 1.88
5 97.6 2.53 34.5 82 17.7 5.5 2.0 1.70
6 97.6 3.80 78.6 62 37.6 9.0 3.0 2.18
7 164.7 1.83 38.7 81.3 18.7 5.7 1.5 1.18
8 197.6 2.01 39.0 80 19.6 6.1 2.5 1.55
9 97.3 1.32 31.7 82.5 17.5 5.75 1.5 1.83
10 97.3 1.98 58.2 75.4 24.6 8.0 0.5 2.28

1.80(14)x 107

aFor each [apo]/[Fz] combinatiok; is the apparent first-order rate constant in the presence of BSA as a viscogen; the weight of BSA in these

experiments is equal to that of the apo it replaces. The valuds,pére those that best fit the [Fefrizdata.? No value given because it was
impractical to correct for the dead time of the stopped-flow apparatus (see‘tixt)value given because too little FeRwas formed for its

concentration to be measured accurately (see text).

2e-05

2.5e-05

2e-05

1.5e-05 —

opoa

le-05 =

0 0.020.040.060.08 0.1 0.120.140.160.18
Time

Ficure 4: Simulation of growth of FeFz3 with apoR2 and ferrozine
competing for Fe(ll). Calculated (solid line marked with “B”) and
observed (small letter “b”, from thhe observégk,) [FeFz] as a
function of time. Conditions after mixing in the stopped-flows=

0.1 M (NaCl), 5.0°C, pH 7.6 with HEPES 50 mM; Fz= 2.01
mM; Fe(Il) = 30uM; apoR2 29.3:M. A value of 42 s (obtained

by observing the ferrozine reaction under the same conditions but

with 29.3uM BSA instead of apo) was assumed fet.

in Figure 4) were the values &y, in Table 1.
Fe' — Q, ke,

Q + 3Fz— FeFgz, 1 x 107

(17)

(18)

Addition of a second iron incorporation step (eq 19)
allowed us to compare its rate with that of the first step.
apoFe+ Fe' — apoFg, k,pore (19)
Simulation of the observed data proved impossiblggfre
was assumed to be an order of magnitude greaterkhan
(unless iterative refinement d&pore reversed the order of
the rate constants). Similarly, kiporeWas set equal téigpo
iterative refinement okaporemade it less thakapo

we setkqons equal to 10 st

apoFe— (apd)Fe, 10 (20)

We therefore tested eqs-2 by attempting to iteratively
adjust egs 15 and 17220 to simulate the observed time
dependence of [Fekjz However, thekyo results in Table 2
do not differ appreciably from those in Table 1. Our results
are thusot inconsistentith a keons equal to 10 s, although
they require only that uptake of the second iron be appre-
ciably slower than that of the first. No information about
KaporeiS available from our experiments, as is apparent from
the scatter of the “best fit” values of that parameter in Table
2.

We also attempted to model the possibility (eqs 21 and
22) that a conformational change preceded uptake 6f Fe
by apoprotein. Very poor fits were obtained unless we
allowed ke to become so large that all apoprotein was
immediately converted to apomaking the reaction ef-
fectively second order (eq 23). It seems clear tgg 2-4
correctly describe the uptake of FFey apoprotein

apoiﬂi apd (21)
apd + Fé' e (apd)Fe (22)

d[Fé'
—[Zt 1 KyptakdaPd'l[Fe"] ~ k i dapo][F'] (23)

Best Value of k. Even by iterative refinement the

determination okaperequires knowledge of [apo] and [He

at the beginning of data collection ([apoand [Fé]o).
Unfortunately the reaction proved fast enough that some
FeFz was formed and some of each reagent consumed
during the dead time of the stopped-flow apparatus, so the
true [apop and [Fé]o, were not equal to [apeland [Fé],,

the nominal concentrations of these reagents obtained by
dividing the syringe concentrations by two. When [aps]
[F€'ln no good estimate of the correction was available, so

Of course, as explained in the introductory portion of this estimates oka,, from these runs have not been entered in
paper, agreement with the observed kinetics requires that theTable 2 (runs 1 and 2). However, when [ap®g][F€'], (runs

slow step in the formation of apofiee independent of [Fé]

4-10), we assumed that the product ratio at the beginning

and of [Q]. A conformation change (eq 20) between eq 15 of the reaction was approximately the same as at its end (eq

and eq 19 fulfills that requirement and gives us egg2} af

24); the resulting values of [appdnd [Fé]o were then used
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