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probable conformation in solution to the neutralization degree,
to the nature of the counterions, and to the ionic strength.

The four limiting spectra corresponding to the « helix, 8,
unordered, and extended structures have been obtained and
used to propose an interpretation of each of the experimental
CD spectra, The transitions are considered by introduction of
only two contributions depending on the neutralization degree
and on the DP: a-unordered, unordered-extended, or 8-unor-
dered forms. This treatment is original and gives very good
concordance between experimental and calculated spectra.

The limiting forms can be used when discussing the structure
of other peptides and proteins. This work proves that there is
characteristic DP for the existence of each ordered form and
implies that over DP = 10, there is practically no variation in
the CD characteristics of limiting structures. These results can
be used to get a better resolution of CD spectra on proteins by
taking into account the influence of the length of each se-
quence.

Finally, the stability of each oligomer is discussed and the

DP is shown to have a large influence on the most stable con-
formation for a given solvent condition.
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Abstract: The rates of the anaerobic reduction of Pseudomonas aeruginosa azurin, bean plastocyanin, and Rhus vernicifera
laccase and stellacyanin by Fe(EDTA)2~ have been measured in the pH range 5.6-7.8. The results in each case have been ana-
lyzed in terims of electron transfer to protonated and deprotonated protein species in rapid equilibrium. Rate constants for the
protonated (k,) and deprotonated (k) forms and pK values are as follows: azurin, k, = 2.4 (103), k, = 1.0 (103) M~1s~1 pK
= 6.4; plastocyanin, k, = 5.5 (10%), ky = 3.1 (104) M~1s-1 pK = 6.1; laccase, k, = 4.6 (102), kp = 1.6 (102) M~ s~! pK =
6.8; stellacyanin, k, = 5.7 (10%), k, = 5.1 (10%) M~15~!, pK = 6.4, The ionic strength dependences for the reduction of azurin
and plastocyanin have also been measured. Marcus theory has been employed to analyze the ionic strength data, and protein
self-exchange rate constants (k1) that include correction for electrostatic effects have been calculated. The electrostatics-cor-
rected k;y values (M~! s~1) for azurin are as follows: 7 (10~3) [Fe(EDTA)2-1, 2 (10%) (cytochrome ¢), and 8 (107) (cyto-
chrome ¢ss1). For plastocyanin, &, values are 10 [Fe(EDTA)2~1, 2 (10%) (cytochrome ¢), and approximately 4 (10'%) (cyto-
chrome f); all rate constants except the one based on cytochrome f are corrected for electrostatic effects. It is proposed that
Fe(EDTA)?~ cannot penetrate the hydrophobic region surrounding the blue copper center in azurin and is forced to transfer
an electron over a relatively long distance (>3 A). The redox centers in cytochromes apparently can approach the plastocyanin
and azurin blue copper centers, resulting in efficient electron transfer. For both blue copper proteins, electron-transfer reactivi-
ty is greatest when a physiological partner is involved.

We have previously reported! second-order rate constants
and activation parameters for the reduction of the blue (or type
1)23 copper in Pseudomonas aeruginosa azurin, bean plas-
tocyanin, and Rhus vernicifera laccase and stellacyanin by
Fe(EDTA)?". In order to compensate for the different po-
tentials of the type 1 copper in the four proteins, relative
Cu(Il)/Cu(l) self-exchange rates were calculated from
Marcus theory and found to vary over ten orders of magnitude,
according to 2 (1019) (stellacyanin) > 1 (10°) (plastocyanin)
> 7 (10%) (azurin) > 1 (laccase).! As our previous studies did
not give careful consideration to medium effects on the rate
constants, we report in this paper the nature of the pH and ionic

strength dependences for the Fe(EDTA)?~ reductions.
Employing Marcus theory with inclusion of electrostatic ef-
fects, we have analyzed in detail the ionic strength dependences
of azurin and plastocyanin electron-transfer reactions. This
analysis has allowed us to calculate electrostatics-corrected,
blue-protein self-exchange rate constants (k;;) from cross
reaction kinetic data. The k1 values for azurin and plasto-
cyanin based on cross reactions with Fe(EDTA)2~ and horse
heart cytochrome ¢ are compared with those estimated for
probable physiological substrates, and the results are discussed
in terms of the accessibility of the copper site to each redox
agent.
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Table I. Rate Constants Table II. Best Fit Parameters
A. pH Dependences Protein pK@ ko M—1g710 kp. M~1s-1
Protein pH k,M~15-1 o
. Azurin 6424001 24+02(10% 1.0+0.1(10%
Azurin® 5'88 fég E}gjg 888??2 Stellacyanin 6.4 + 0.3 5.7+ 0.95(105) 5.1 % 0.88 (109
P 136 (109 000153 Plastocyanin 6102  S55£0.4(10% 3.1 %0.1(10%
o 131309 D000y Laccaser 678001 464002 (10) 155001 (102
L 179 (10% Co007s7  Laccase? 6784001 39+06(103)  1.46%001 (109
3
Stell e ;gg ;(7)3 882; 8'2(5)05 15 @ Standard errors of the nonlinear least-squares treatment are those
tellacyanin ' 2‘79 (102) 3'39 quoted. # For all proteins except azurin, second-order rate constants
2(5)8 2'70 (102) 5.08 were calculated assuming a first-order dependence on Fe(EDTA)2~.
6:40 2:47 (102) 6:40 ¢ 1 mM Fe(EDTA)?~. ¢ 5mM Fe(EDTA)?".
6.90 2.04 (102) 1.45
2
;gg %é; 8823 (2)52;% Experimental Section
Plastocyanin4 5.73 48.1 0.9 Azurin was extracted and purified from P. aeruginosa (ATCC
593 45.9 1.3 10145) by a slight modification of procedures given by Ambler.# In
6.11 41.1 1.0 the present case, the pH of the acetone powder extract was lowered
6.31 413 1.0 only to 4.0 before the diluted extract was applied to a CM-cellulose
6.53 353 0.7 column (30 X 4.5 cm Whatman CM 23 equilibrated with 0.05 M
6.74 36.4 0.6 NH4OAc, pH 4.0). Subsequent stepwise elution and further purifi-
6.93 36.0 0.8 cation were performed as described elsewhere. The purified oxidized
7.15 345 038 azurin had an 45/ A2s0 ratio of 0.44 and showed one band on starch
7.34 33.2 0.7 gel electrophoresis.® A slight hint of a band at 415 nm was observed
7.72 30.3 038 in the most concentrated azurin solutions, indicating only a trace of
7.87 309 05 cytochrome impurity was present. The yield of purified azurin was
Laccase® 4.92 0.354 0.001 280 mg from 180 g of the acetone powder. Purified azurin was di-
5.40 0.421 0.009 alyzed into 0.05 M NH4OAc (pH 4.0) buffer, millipore filtered, and
5.92 0.421 0.002 stored at 4 °C. Before each series of kinetic experiments, the azurin
6.32 0.335 0.006 was dialyzed against the requisite buffer solution.
6.72 0.300 0.003 Bean plastocyanin, Rhus laccase, and stellacyanin were extracted
7.33 0.215 0.001 and purified by standard methods.! Reagent grade chemicals were
7.70 0.166 0.001 used without further purification and deionized distilled water was
4.94 1.54 0.02 used to prepare all solutions. Solutions of Fe(EDTA )2~ were prepared
5.39 1.74 0.03 as previously described.! Nitrogen gas was passed through two
Laccase/ 5.92 1.78 0.0034 chromous scrubbing towers to remove all oxidizing impurities.
6.33 1.62 0.05 All kinetic experiments and data analysis were performed as pre-
6.79 133 0.01 viously described! except that a weighting factor of 1/42 was used in
7.36 0.967 0.009 the nonlinear least-squares fit of the pH dependence data.
7.77 0.853 0.004

B. Ionic Strength Dependences
[Fe(EDTA)2")

Azurin (pH 6.8, 25.5 £ 0.1 °C, 5SmM phosphate)

M koped, 87! 4

0.3 mM 0.01 0.349 0.007
0.035 0.394 0.009
0.075 0.416 0.018
0.130 0.444 0.012
0.200 0.453 0.014
0.350 0.510 0.015
0.4 mM 0.010 0.452 0.014
0.035 0.532 0.013
0.075 0.558 0.014
0.130 0.583 0.009
0.200 0.612 0.017
0.350 0.676 0.022
Plastocyanin (pH 6.9, 25.1 £ 0.2 °C, 3 mM phosphate)
1.0 mM 0.05 31.1 1.0
0.10 49.5 1.7
0.20 75.9 1.2
0.30 89.1 4.0
050 113 4.0

4 For the azurin data, the standard deviations of the second-order
rate constants are those of the slopes from the 1/42 weighted least-
squares fits of the concentration dependences at each pH. For the other
proteins, the standard deviations are those from the mean of the
multiple determinations performed. ¥ 25.0 °C, x» = 0.2 M, 0.05 M
from buffer. € 25.2 °C, 4 = 0.5 M, 0.26 M from buffer, 0.5 mM

Fe(EDTA)?~, 425.0°C, » = 0.2 M, 0.18 M from buffer, 1.0 mM
Fe(EDTA)2~. €25.6 °C, u = 0.5 M, 0.3 M from buffer, 1.0 mM
Fe(EDTA)2-. /256 °C, u = 0.5 M, 0.3 M from buffer, 5.0 mM

Fe(EDTA)?-.

Results

The pH dependences of the rate constants (k) for reduction
of azurin, stellacyanin, plastocyanin, and laccase by
Fe(EDTA)?~ are given in Table 1. Detailed concentration
dependences establish that the azurin reaction is first order in
both reducing agent and total oxidized protein over the entire
pH range accessible in phosphate-buffered media. Five to eight
different Fe(EDTA)?~ concentrations were examined between
0.4 and 4.5 mM at each pH in the interval 5.8-7.8.

As Fe(EDTA)?~ does not have a pK, in the pH 6-7 region,®
it is reasonable to interpret the observed variation in k& with pH
for each of the proteins containing only type 1 copper in terms
of a rapid equilibrium between protonated and deprotonated
protein species. With K, the acid ionization constant for this
equilibrium, we have the following relationships.

—d[Cu(ID)]ior/d? = k,[Cu(II)H*][Fe(EDTA)2"]
+ kp[Cu(I)][Fe(EDTA)?"]
= k[Cu(ID]ix[Fe(EDTA)*"] (1)

k = (ka[H*] + kpKa) /(Ko + [H*]) ()

Values for k,, kv, and K, for azurin, plastocyanin, stella-
cyanin, and laccase were obtained from nonlinear least-squares
fits of the data in Table I to eq 2 and are given in Table II.
Figure 1 shows the experimental data and calculated curve for
each protein. As the results in Table II indicate, the rates of
reduction of azurin, plastocyanin, and stellacyanin by
Fe(EDTA)2~ are dependent on the degree of protonation of
a group with a pK, of ~6.3. In each case the rate is greatest at
low pH. For Rhus laccase the situation is more complicated,
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laccase (o)

Relative Rate

0.3 L ] 1 L
40 50 60 70 80 90
pH

Figure 1. Dependence of the rate constants on pH. The rates for each
protein are normalized to the mean of k, and ky as given in Table II. The
best-fit curves are shown for each protein. Data symbols are laccase, O;
azurin, ¢; plastocyanin, A; and stellacyanin, O.

as the reduction rate reaches a maximum at pH 5.9, indicating
that more than one ionizable group influences the electron-
transfer process. Lack of complete data in the lower pH region
precludes a detailed analysis of the laccase-Fe(EDTA)?~ re-
action. However, it appears that this reaction is also influenced
by the state of ionization of a group with a pK, between 6 and
7, and the fitting was done for data from pH 5.9t0 7.8.

The differences between the second-order rate constants for
the protonated and deprotonated forms of the oxidized blue
proteins are quite small, being less than a factor of 3 in all cases.
This small difference is consistent with the ionizable group
being located near, but not necessarily at, the site of preferred
electron transfer. We consider it unlikely that this groupisa
ligand of the copper, as the visible absorption spectra of these
proteins are unchanged over the pH range where ionization
occurs.’

The type of pH dependence observed for the rate of reduc-
tion of blue copper by Fe(EDTA)?~ has been observed for
other negatively charged reductants. For example, a proton-
ated form of Rhus laccase is reduced 23 times faster by
Fe(CN)g*~ than the corresponding deprotonated enzyme.?
Based on the calculated pK of 6.41, it was suggested that the
ionizable group on laccase is a histidine residue. The inter-
pretation of the small pH dependence observed with
Fe(EDTA)?2™ is probably more complex, at least in the case
of plastocyanin. Both spinach and bean plastocyanins possess
only two histidines,® and Markley and co-workers have shown!®
by NMR measurements that the residues in the former protein
have pK values below 5. Close sequence analogies between
spinach and bean plastocyanins!® suggest that it would be
unwise to propose histidine involvement as the origin of the
observed pH effects on the reduction rates. Indeed, it should
be emphasized that a detailed interpretation of the pH de-
pendences is not possible at this time, as factors such as variable
binding of salt and buffer ions and slight protein conforma-
tional changes may well be involved.

We have also investigated the effects of ionic strength
variations on the reduction rates of azurin and plastocyanin.
At pH 6.8 and 6.9, respectively, the rates of reduction of oxi-
dized azurin and plastocyanin increase with increasing ionic
strength (Table I). Analysis of the ionic strength dependences
will be considered in a subsequent section.

Discussion

In recent papers!:!! we have applied the relative Marcus
theory!? to the reactions of inorganic reagents with proteins.
The standard Marcus theory equation is

k12 = ViknkaKf (3)

where k,; and kj; are the self-exchange rates, K is the equi-
librium constant, f'is ca. 1 for small driving forces, and k5 is
the cross reaction rate constant. If the protein always uses the
same activation mechanism in cross reactions and if there are
no strong associations between the protein and the reagents,
the calculated &y, should be a true constant; alternatively, if
the contribution to the activation free energy attributable to
protein-reagent interactions is different for each small mole-
cule oxidant or reductant, the calculated self-exchange rate
could vary substantially. Such variation has been observed in
the reactions of HiPIP with several inorganic reagents.!!

Before we can assess the possible importance of specific
interactions leading to protein structural changes in the tran-
sition state, we must first take simple protein-reagent elec-
trostatic effects into account. We proceed by expressing the
free energies that correspond to each parameter in eq 3 in the
following way.13

AG1,° = AG° + wyz — wy (4)
AG* = AGn** + wn (5)
AG* = AGp** + wy (6)
AGyo* = AG** + wiy (7

The asterisked AG terms are activation free energies with the
subscripts as defined above, and AG,,° is the observed free-
energy change. The double-asterisked AG terms and AG,° are
corresponding quantities that are independent of electrostatic
effects. The w terms represent the electrostatic work required
to bring the reagents together from infinite separation to the
separation and orientation in the transition state; w); is defined
as the work needed to bring the protein and reagent together,
and w,) is the work required to bring the two products together.
In terms of free energies, the Marcus formula is

Aclz* = (AG“* + AGzz* + AG]ZO
+wiptwa —wn—wpn)/2 (8)

The problem of evaluating eq 8, then, becomes one of evalu-
ating the work terms. A simple but reasonable approach to this
problem is to consider the protein to be a sphere possessing a
totally symmetric charge distribution. The dielectric within
the sphere is lower than that of the medium, but its value is not
required.!'® The equation for the potential energy in this case

is!?
KR\ kR2 Z1Ze? e K"
V=t ) (P25) () o
/21+KR1 1 + «R, p r ©)

where R, is the protein radius at the distance of closest ap-
proach by the average small ion in solution, R is the similarly
defined radius of the reagent [estimated to be 4 A for
Fe(EDTA)?~ from examination of a molecular model], Z, and
Z, are the respective charges on the protein and its redox
partner, 7 is the distance of closest approach (taken as R| +
R in these calculations), e is the charge on an electron, e is the
dielectric of the medium (taken as 78.3 for water at 25 °C),
and « is the ionic strength parameter, equal t0 0.329 (u)!/2 A~!
in water at 25 °C. The protein radius may be estimated
from!4

R = 43—71_% (72 + 6121°)
where M is the molecular weight of the protein, V is Avoga-
dro’s number, , is the partial specific volume of the protein,
81 is the effective solvation, and »,° is the partial specific vol-
ume of water. Taking 7, = 0.73cm?/g, 8; = 0.2, and »,° = 1,14
we have

(11)

(10)

R, =0.717 M'/?
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Table III. Parameters Derived from Ionic Strength Dependences
Charge
Eq 14 Eg 13 Eq 16 from
k(u=0) Z, k(u=0) Z, k(xg=0) 4 sequence pl
Azurin 1.1(103)¢ -0.15 4.0 (102« -3.53 8.0 (10%)¢ -1.10 —-1¢ 5.4¢
Plastocyanin 2.0 (10)4 -0.55 0.574 —8.84 0.774 -7.19 —8¢ <6/

4 [nM~1s~' b Seeref 4a. ¢ T. Horio, I. Sekuzu, T. Higashi, and K. Okunuki, Haemaiin Enzymes, Symp. Ini. Union Biochem., 1959, 19,
302 (1961). 9 Ins~! ¢ Seeref9b./ P. R. Milne and J. R. E. Wells, J. Biol. Chem., 245, 1566 (1970).

L J 1 L

0 o.l 0.2 0.3 0.4 0.5
# (M)

Figure 2. Dependence of k on u for the reaction of azurin with
Fe(EDTA)?~. The curves are the best fits toeq 14 (A), 16 (B), and 13
(O).

Two general methods can be tested to estimate the charge
on the protein, given the information available. One is to sum
the charge contributions from the individual amino acids, as-
suming they have the normal pK’s of the free residues. The
second general method is to fit the known ionic strength de-
pendence to a protein charge, given the reagent charge and all
radii. In the latter calculation, there are several approaches that
could be chosen. Two of these arise from the standard treat-
ment of ionic strength dependences as activity coefficient ef-
fects, and the third is a Marcus theory result. The activity
coefficient theory leads to the equation?6

Z,? O(\/;

k= -5

In In ko TR
_ 2220(\/; (Z] + 22)201\/; (12)

1+ B8RV 1+ B8RV
which reduces to
(2Z,Z,+ Z»)aVu Zr2aVy

= + - 13
Ik =1lnko 1+ B8RV z 1+ B8Rz (13

under the assumption that the activated complex and protein
have the same radius (R| = Rz) and that the charge on the
protein does not vary. Only when the ionic strength is assumed
to be quite low, and all of the radii assumed to be approxi-
mately equal, does the commonly quoted relationship, eq 14,
result.

Ink =1In k0+2a2122\/; (14)

The Marcus theory treatment with work terms (eq 4-8) may
be written

AG12* = h(AG** + AGp** + AG:®) + wyy (15)

where w; is the only ionic strength dependent term. Expanding
w1z (from eq 9), the following expression for the ionic strength
dependence of the rate constant is obtained.

0.7

kx102 (M'sec!)

0.2 I ! ! L
0 0.l 0.2 0.3 0.4 0.5

K (M)

Figure 3. Dependence of k£ on u for the reaction of plastocyanin with
Fe(EDTA)2~. The curves are the best fits to eq 14 (A), 16 (B), and 13
Q).

e—xR|

1 4+ «R;

e‘“R2> Z\Z>
1+ KR] R] + R2

Ink=In ko—3.576< (16)
The In kg term in this case refers to infinite (not zero) ionic
strength.

The fits of the ionic strength data for the azurin and plas-
tocyanin reactions are shown in Figures 2 and 3. Parameters
are set out in Table III. In all cases, the charge has the same
sign as predicted from the isoelectric point and the amino acid
composition; however, eq 14 always gives a much smaller value
for the charge than either of the other two equations or the
amino acid composition. Equally good fits to eq 13 and 16
could be obtained with smaller radii and smaller charges, but
the choice of any radius smaller than that of the protein itself
would be totally arbitrary and would introduce another vari-
able. The agreement between the total charge calculated for
the protein from the sequence and from the treatment of the
ionic strength data with eq 16 is encouraging. Thus we have
used the parameters derived from the fits to eq 16 in the work
term calculations.

The parameters employed in making the work term calcu-
lations and the resulting calculated protein self-exchange rate
constants are set out in Table IV for azurin and plastocyanin
reactions with Fe(EDTA)?~ and horse heart cytochrome c.
The electrostatic corrections to the predicted k,; values are
modest both for the large charge on plastocyanin and the small
one on azurin, as the protein self-exchange and the cross re-
action work terms compensate. The calculated self-exchange
rate of 7 (1073) M~!s~! for azurin!7 based on Fe(EDTA)2~
is notably lower than the value of 2 (104) M~! s~! obtained
from the cross reaction with horse heart cytochrome ¢. Further,
it is of interest that the azurin self-exchange rate based on the
cross reaction with a possible physiological partner, cyto-
chrome ¢ssy, is calculated (Table IV) to be extremely high [8
(107) M~1! s71]. Thus, our analysis of azurin reactivity indi-
cates that a large variation in protein-reagent interaction oc-
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curs in the transition state, with kinetic access to the blue
copper center decreasing according to cytochrome css; >
cytochrome ¢ > Fe(EDTA)?~. As various physical studies
have shown that the blue copper is sequestered in a hydro-
phobic region away from solvent,!8 such a wide variation in
electron-transfer reactivity is not surprising.!® It is probable

"55 @ Iy E = ggg = that Fe(EDTA)Z‘, vyhich is }east reactive, cannot penetrate
~_ . | 5&N “l -t S the hydrophobic region and is forced to transfer an electron
z '2 2288 £ E EE 5SS ET0Ex to copper over a distance that.could beas greatas 3or4 A1
NP ot E 858 g & %g 2 With thg cytochromes., 'espemally cytochrome cssy, electrqn
2 EE2ES 55T transfer is greatly facilitated, presumably by a pathway in
<3G eESZE = which the heme edge and the copper center are brought into
3 IeTE s % 37 258 23955 close proximity. The fact that cytochrome css) is the best
Al g=¢gs| 2 &a_l"’ SZnss &2 electron-transfer agent yet fqund for azurin supports the
58S _é g %3 2E58 proposal?® bpt these two proteins are phy§1ologlcal partners.
3 E £55 To<aE e _ Further differences, not inconsistent with the above acces-
R Yoo o &= E %1\' |I| LES3 sibility argument, are assoqlated with the activation parameters
2| 22238 A 2R N R2 for the reduction of azurin by Fe(EDTA)?~ and ferrocyto-
| Iz E !l deaNEB % = chrome css;. With Fe(EDTA)2™ as reductant, AH™ is very
iy pgciodg3gns small (2.0 kcal/mol) and the reaction is essentially controlled
gerP5280 32 z3 by a large, negative activation entropy (—37 eu).! In the case
|l % wmo| E92<8, 25523 of ferrocytochrome css|, however, AH™ is much larger (10.6
S| RSS2 §ET72=ZE0- g kcal/mol) and AS¥ is positive (8.6 eu).?122 The reactions of
A 22vecel 32,5249 e g <= HiPIP also show distinctly different activation parameters
?E) N E ez Z g along with different predicted self-exchange rates.!! In both
8l g g § g 2l & 5=3N:2 NNS 528 HiPIP and azurin, it is generally found that the cross reaction
21 33238 = §'§ Q_LG'Z'«:E < & ? ‘_i thgt gives the hlg.her predicted self—;xcl}ange rate is charac-
o we] EESE 253 Sw s terized by a rglatlvely fa'vora'ble activation entropy, wh;reas
;| 83823 E-R 224 TR B —; the more forbidden reactions 1nv91ye mmlm:.il AH7 but highly
ScScSS| §a& :, & 3.2 < 5' 2 = g unfavorable AS¥ value;. The efficient reaction modes appear,
ozmoo| SERER3.T8, 5 then, to be those for which the interaction between the protein
38338 S eEa §asr LE and its oxidant or reductant, although perhaps requiring as
*l ocese :2)0{_% $< [\7< 52 ',}:':{\{3 much as 15 kcal/mol in activation energy, permits close ap-
22 ug.g 3 g 3 2% proaqh to the buried redox site. We assum;that the inefficient
o EZ283g| 275854 S5 8 reactions are blocked from such penetration (e.g., by AH* >
2 SSSsSs g £85% é‘ E‘i-§ 052 30 keal/mol) and thus find a lower energy pathway by trans-
! oz g® :5{ "2 e 22 ferring an electron from a large distance, with very unfavorable
ol Y¥TZTS 'g' 5 _§ G QQ_. f E ’;,% -;-:': entropic but minimal enthalpic activation requirements.
Sl 22ens| e E3 - S8 So3 The electrostatics-corrected self-exchange rate for pla.s'Fo-
o N 5> < = 2R Ex O -§ cysmn based on Fe%EDTA)Z‘ is 10}11\'1‘1 s71.23 Thhe react;lwty
e HEBT S s S— 2 order, azurin <« plastocyanin, is the same with or without
R ne¥Rg ::)o’:g s % - §>E ,}?EB corrections for electrostatic interaction. Thus our earlier
3 —C= = § §52 ‘é;o £ g’: = conclusion! that the copper center in plastocyanin is inherently
S x| voven| S8 E wa) ;T g0 & more react'ive than that in azurin appears to be secure. Tl}e
81 2 932291 1, S=c EE0 L & 3 electrostatics-corrected self-exchange rate for plastocyanin
Sl 3 Mms SR T"’ ES I 2R o based on the cytochrome ¢ cross reaction, 2 (109) M~1s7! is
éc’u < v S24& ;g 8= 2g~ & substantially smaller than the uncorrgct_ed value [1 (10%) M~!
2| | g388x E ? ;é 3»5 & £ _gf > s~1]. Taki‘ng either value, however, it is apparent that cyto-
5 | STTZ8| SwmEFEE, NS ‘g 0 g chrome ¢ is a better electron-.transfer.agent for plastocyanin
- NZZos ;0,;:5 £ 252 -_E s E than is Fe'(EDTA)Z‘. As w1th. azurin, the largest k,, for
3 ST 28802 h plastocyanin, 4 (10'%) M~'s™1,is obtained from the cross re-
5 . 22,8 SE 21 5% action with a physiological partner, cytochrome f.2* Although
2|4 A4 g8 ;;E TEER Eiﬂ-? the estimate of 4 (1019) M~15~! 22 has not been corrected for
5'-: g g =< <~ § S8~ :'\g; T23 Q % electrostatic effects, as the requisite data for cytochrome fare
°l §| o SR 29 2 E Eg E T2 not available, it is apparent that the reactivity of the blue
Sl x| @ssads) S8 D02 copper center in plastocyanin depends critically on the nature
= LTOET| YIralsgssn g of its redox partner.
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Abstract: Modification of rabbit muscle phosphofructokinase (PFK) (ATP:D-fructose-6-phosphate 1-phosphotransferase,
E.C. 2.7.1.11) with a-bromo-4-hydroxy-3-nitroacetophenone (BHNA) led to inactivation of the enzyme. The minimum molar
ratio of BHNA to PFK (based on a molecular weight of 380 000) sufficient to abolish most (>93%) of the catalytic activity
at pH 8 was 5:1. Under these conditions, one sulfhydryl group per protomer molecular weight of 93 000 was modified, and the
reaction of the most rapidly reacting thiol group per protomer with 5,5-dithiobis(2-nitrobenzoic acid) (DTNB) was abolished.
Carbamidomethylation of six thiol groups per protomer resulted in a 61% loss of catalytic activity. Incubation of the partially
carbamidomethylated enzyme with a fourfold molar excess of BHNA led to the modification of an additional thiol group per
protomerand toan overall loss of 82% of the activity exhibited ina control experiment. Protection against inactivation of PFK
by a fourfold molar excess of BHNA at pH 7.00 was afforded in the order: magnesium adenosine 5’-triphosphate (MgATP)
> magnesium inosine 5'-triphosphate (MgITP) > ATP > ITP. At pH 8.00, the order was MgATP > ATP > MgITP. Fructose
6-phosphate (F6P), fructose 1,6-diphosphate (FDP), cyclic 3/,5’-adenosine monophosphate (cAMP), adenosine 5’-monophos-
phate (AMP), and citrate offered no protection. Modification with a fourfold molar excess of BHNA did not denature the en-
zyme or alter its aggregation state significantly. Incorporation of 1 mol of BHNA per mole of protomer resulted in a 40%
quenching of the native enzyme fluorescence. The CD spectrum of this BHNA-modified enzyme showed that the bound chro-
mophore was immobilized. The binding of cAMP to PFK was unaffected by modification with a fourfold molar excess of
BHNA, but the binding of ATP at its single detectable site (apparent K4 = 3.2 uM) was abolished. Spin-labeling of the most
reactive thiol group per protomer with N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl)iodoacetamide abolished its reaction with
DTNB and resulted in a 40% loss of catalytic activity. No quenching of the native protein fluorescence accompanied this modi-
fication. Because modification of the single very reactive thiol group per protomer of rabbit muscle PFK does not result in com-
plete abolition of the enzyme’s catalytic activity, it cannot be an essential active site functional group. While there appears to
be an intimate connection between at least one MgATP binding site and this thiol group, the observation that BHNA-modified
PFK still exhibits a low level of catalytic activity suggests that the thiol group does not directly bind MgATP. The reactive thiol
plays no role in the binding of cAMP. Finally, depending on the modifying reagent, a conformational change may accompany
sulfhydryl modification and influence catalytic activity and binding at one or more MgATP sites.

Although phosphofructokinase (PFK) is an important
enzyme in the regulation of glycolysis, relatively little is known
about the constitution of its active site(s) and about its mech-
anism of action. In 1967, Paetkau and Lardy! showed that
sulfhydryl groups were necessary for the catalytic activity of
the muscle enzyme. Froede et al.2 modified sheep heart PFK
with the sulfhydryl-specific reagents, 5,5’-dithiobis(2-nitro-
benzoic acid) (DTNB) and p-chloromercuribenzoate
(PCMB), and concluded that the sulfhydryl groups were not
at the catalytic site but linked to it by a conformational change.
The evidence for the absence of sulfhydryl groups from the

active site was twofold: (1) the degree of inactivation was de-
pendent on the sulfhydryl reagent employed, and (2) neither
substrate, fructose 6-phosphate (F6P) or adenosine 5'-tri-
phosphate (ATP), protected the enzyme from indctivation by
these reagents. No evidence supporting the hypothetical con-
formational change was presened. On the other hand, Youn-
athan et al.3 suggested the proximity of thiol groups to the
catalytic site of rabbit muscle PFK, since magnesium adeno-
sine 5’-triphosphate (MgATP) and F6P protected the enzyme
against inactivation by iodoacetamide, and F6P prevented the
modification of two thiol groups per protomer by DTNB.
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