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ABSTRACT: Rate constants have been determined for the electron-transfer reactions between reduced free
flavins and flavodoxin semiquinone and several blue copper proteins. Correlations between these values
and redox potentials demonstrate that spinach plastocyanin, Pseudomonas aeruginosa azurin, Alcaligenes
sp. azurin, and Alcaligenes sp. nitrite reductase have the same intrinsic reactivities toward free flavins, whereas
stellacyanin is more reactive (3.3 times) and laccase considerably less reactive (~12 times). Electrostatic
interactions between the negatively charged flavin mononucleotide (FMN) and the copper proteins show
that the interaction site charges for laccase and nitrite reductase are opposite in sign to the net protein charge
and that the signs and magnitudes of the charges are consistent with the known three-dimensional structures
for plastocyanin and the azurins and with amino acid sequence homologies for stellacyanin. The results
demonstrate that the apparent interaction site charge with flavodoxin is larger than that with FMN for
plastocyanin, nitrite reductase, and stellacyanin but smaller for Pseudomonas azurin. This is interpreted
in terms of a larger interaction domain for the flavodoxin reaction, which allows charged groups more distant
from the actual electron-transfer site to become involved. The intrinsic reactivities of plastocyanin and azurin
toward flavodoxin are the same, as was the case with FMN, but both stellacyanin and nitrite reductase
are considerably less reactive than expected (approximately 2 orders of magnitude). This result suggests
the involvement of steric factors with these latter two proteins which discriminate against large reactants
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such as flavodoxin.

Txe electron-transfer reactions and spectroscopic properties
of the intensely blue copper proteins have been the focus of
considerable research [for reviews, see Holwerda et al. (1976),
Solomon et al. (1983), and Adman (1985)]. Most kinetic
studies have utilized reactions with inorganic and small organic
reductants and oxidants, although in some cases protein—
protein interactions have been examined (Farver et al., 1982;
Augustin et al., 1984; Takabe et al., 1984; Beoku-Betts et al.,
1985). Both temperature (Sailasuta et al., 1979) and pH
(Rosenberg et al., 1976) effects have been investigated. Ionic
strength effects, which are known to be large in other systems,
have also been studied to some extent [cf. Sisley et al. (1983)].
This previous work has led to the conclusions that electron-
transfer rate constants are relatively insensitive to pH [cf. also
Ugurbil and Mitra (1985)] and that the apparent charge at
the electron-transfer site has the same sign as the overall
protein charge at pH 7 [cf. Holwerda et al. (1976) and Sisley
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et al. (1983)], although one exception to this has been reported
with stellacyanin (Cummins & Gray, 1977).

The most commonly used copper proteins for kinetic analysis
have been plant plastocyanins, bacterial azurins, tree (Rhus
vernicifera) laccase, and stellacyanin. All but laccase are
simple, low molecular weight proteins containing a single
copper atom. Amino acid sequences of azurin, plastocyanin,
and stellacyanin indicate that they are homologous, although
the sequences are difficult to align because of insertions and
deletions (Boulter et al., 1977; Norris et al., 1983). The
three-dimensional (3-D) structures of azurins (Adman et al.,
1978; Norris et al., 1983) and plastocyanin (Colman et al.,
1978; Guss & Freeman 1983) show that both proteins have
very similar copper binding sites and that there is considerable
conservation of 8-type secondary structure and indicate where
insertions and deletions are likely to have occurred. Laccase
is a large oxidase that contains, in addition to the intensely
blue or type 1 copper, a paramagnetic but otherwise spectrally
invisible type 2 copper and a diamagnetic, UV-absorbing type
3 binuclear copper center. Previous kinetic studies have in-
dicated that stellacyanin is significantly more reactive, and
the type 1 copper center in laccase is considerably less reactive,
than plastocyanin and azurin [cf. Holwerda et al. (1976)]. On
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the basis of relative Marcus theory calculations of self-ex-
change rate constants, Rosenberg et al. (1976) have concluded
that the copper center in plastocyanin is inherently more re-
active than that in azurin.

In our approach to the investigation of the mechanisms of
electron-transfer reactions of redox proteins, laser flash pho-
tolysis is used to generate either neutral or charged free flavin
semiquinones, and the transient kinetics of protein reduction
are followed spectrophotometrically. Alternatively, flavodoxin
semiquinone is produced by steady-state photolysis, and protein
reduction is followed by rapid-mixing techniques. Using these
methods, we have established relationships between rate
constants for reduction by reduced free flavins and flavodoxin
semiquinone and the redox potentials of the protein oxidant
for homologous series of ¢-type cytochromes, high redox po-
tential ferredoxins (HiPIP’s), and cytochromes ¢’ (Meyer et
al., 1983, 1984, 1986; Tollin et al., 1984; Przysiecki et al.,
1985).- We were also able to show that deviant behavior could
be related to the relative degree of exposure of the redox center
or to steric hindrance to approach of the reductant. Elec-
trostatic effects on the rate constants for reaction of flavin
mononucleotide (FMN) semiquinone or flavodoxin semi-
quinone with electron-transfer proteins could be analyzed by
fitting the kinetic data and extrapolating to infinite ionic
strength. We have found that the signs and the magnitudes
of the electrostatic interactions generally did not correlate with
net protein charge but rather were consistent with local and
long-range interaction at the specific site of electron transfer.
Steric, electrostatic, and redox potential effects were all greatly
magnified in flavodoxin semiquinone reactions as compared
to FMN reactions, providing a quantitative basis for under-
standing protein—protein specificity. As will be demonstrated
below, our results are generally consistent with earlier work
with regard to the relative reactivities of the copper proteins,
although we find azurin and plastocyanin to have closely
similar reactivities. Further, our knowledge of the roles of
steric and electrostatic factors in determining reaction rate
constants for this class of electron-transfer protein has been
appreciably extended.

MATERIALS AND METHODS

The laser flash photolysis and stopped-flow techniques and
methods of data collection and analysis were as described
previously (Ahmad et al., 1981; Simondsen & Tollin, 1983;
Meyer et al., 1983, 1984; Tollin et al., 1984; Przysiecki et al.,
1985). The pseudo-first-order decay of the flavin semiquinone
and appearance of the reduced protein were monitored in the
575-600-nm region under anaerobic conditions over three to
four half-lives. The protein purification procedures were as
follows, Pseudomonas aeruginosa NCTC 10332 azurin was
purified by using a modification of the method of Ambler
(1963). Alcaligenes sp. NCIB 11015 azurin was purified by
using the general procedure developed by Suzuki and Iwasaki
(1962). Alcaligenes sp. NCIB 11015 nitrite reductase was
purified by using the method of Masuko et al (1984) as a
guideline. Plastocyanin was obtained from spinach by using
the general procedure of Ellefson et al. (1980). Laccase and
stellacyanin were purified from 100 g of acetone powder of
the September harvest of Japanese lacquer tree (R. vernicifera)
sap supplied by Saito and Co., Tokyo, by using the general
procedure of Reinhammer (1970). Purity was established from
the ratio of the protein absorbance (~280 nm) to that of the
blue copper band (~ 600 nm), which in all cases was consistent
with literature values. Protein concentrations for the kinetic
experiments were varied over a 5—10-fold range (the extinction
coefficient values used are given in Table I). Depending upon
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the reaction studied, concentrations were 0.5-7 or 14-300 uM.
Typically, three to five concentrations were used to determine
the second-order rate constants. No saturation effects were
observed at the higher protein concentrations. FMN was
purified by passage through a Bio-Gel P-2 gel filtration column
equilibrated with double-distilled water (Nagy et al., 1982)
and lyophilized. Solutions were made up just prior to use.
Standard buffers contained 40 uM flavin, 10 mM ethylene-
diaminetetraacetic acid (EDTA), and 20 mM sodium phos-
phate, pH 7.0, for lumiflavin and riboflavin experiments. The
16 mM ionic strength buffer for the FMN experiments con-
tained 1 mM EDTA and 5 mM potassium phosphate; the 60
mM ionic strength buffer contained 5 mM EDTA and 16 mM
potassium phosphate. Higher ionic strengths were made up
with 10 mM EDTA and 20, 52, 100, and 222 mM potassium
phosphate, pH 7.0, giving ionic strengths of 96, 160, 256, and
500 mM, respectively.

For most of the proteins, we determined the second-order
rate constants for reduction by both flavin semiquinone and
fully reduced flavin (the latter is a product of semiquinone
disporportionation, which is always in competition with the
electron transfer to the redox protein). In general, for the
copper proteins the rate constants for the reaction with fully
reduced flavins were more difficult to measure (and are thus
less accurately determined) than for other redox proteins
because the values are very similar to those for the semiquinone
reaction (see below). This made deconvolution of the two
processes rather difficult.

For computer graphics analysis, atomic coordinates were
taken from the Brookhaven Protein Data Bank (Bernstein et
al., 1977). Exposed molecular surfaces were calculated by
using the program MS (Connolly, 1983). The molecular
surface calculation mathematically positions a water-sized
probe sphere (1.4-A radius) representing a solvent water
molecule to touch the van der Waals surface of the protein.
Molecular surface calculations used individual van der Waals
radii including implicit hydrogen atoms (Getzoff et al., 1986).
Computer graphics analysis of the molecular surfaces and their
underlying stereochemistry was done by using the interactive
graphics language GRAMPS (O’Donnell & Olson, 1981) and
the molecular modeling program Granny (Connolly & Olson,
1985).

RESULTS AND DiISCUSSION

Our previous work (Meyer et al., 1983, 1984, 1986; Tollin
et al., 1984; Przysiecki et al., 1985) has shown that the sec-
ond-order rate constants for the reduction of homologous series
of cytochromes c, cytochromes ¢/, and HiPIP’s by free flavin
semiquinones can be correlated with the differences in redox
potential (AE) between the reactants, as expected on the basis
of Marcus electron-transfer theory (Marcus, 1964). By use
of an equation developed by Marcus, two parameters are
required to fit the data: vgr (which measures the limiting rate
constant as AE approaches infinity and thus defines an intrinsic
reactivity) and AG*(0) (which is called the intrinsic barrier
and which reflects the structural rearrangement that must
occur prior to electron transfer). The vgr values for the re-
duction of the above series of proteins by lumiflavin semi-
quinone have been found to vary from 9.6 X 107 M~ s™! (for
the HiPIP’s) to 2.8 X 108 M~! s7! (for the cytochromes ¢’) and
the AG*(0) values from 2.75 (for the cytochromes ¢) to 3.7
kcal mol™ (for the HiPIP’s). In the present series of exper-
iments, we do not have enough copper proteins with a wide
enough range of redox potentials to adequately determine the
parameter values for this electron-transfer group. However,
we can make use of our previous results to ask the following
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Table I: Electron-Transfer Rate Constants for Copper Proteins

lumiflavin riboflavin
semiquinone, lumiflavin, fully semiquinone,
kX107 (M reduced, k X 1077 kx 1077 (M
redox potential (mV) (M-1sh s €soonm’ (MM™)

(A) laccase 434 a 0.21 £ 0.02 b 57
(B) spinach plastocyanin 370 24 £0.2 25+£04 20£0.2 49
(C) Pseudomonas azurin 327 22£0.1 22£1.0 1.8 £ 0.2 4.8
(D) Alcaligenes azurin 299 22£03 22£0.2 1.8 £0.2 4.8
(E) Alcaligenes nitrite reductase 260 1.9£0.2 21x05 0.9 £0.1 37
(F) stellacyanin 180 41£03 2005 38+03 4.1

4Too slow to measure. ®A value of (0.23 % 0.02) X 10" M~! s7! was obtained with fully reduced riboflavin for this protein. °These values were
chosen from among those that have been reported in the literature. There is some uncertainty as to whether the differences are in fact real or
represent experimental error. The values for the azurins and plastocyanin are probably the most reliable. If we were to use these same extinction
coefficients for all of the proteins, the conclusions based upon this table and Figure 1 (see text) would not be changed.
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FIGURE 1: Semilog plot of second-order rate constants for reduction
of various copper proteins by free flavins vs. the difference in redox
potential between reactants (AE,, ;). Solid lines correspond to plots
of the Marcus exponential equation using parameters as given below.
Letter designation of proteins is as given in Table I. Symbols: (®)
LFH:; vgr = 4.4 X 10" M™! s7}; AG*(0) = 3.5 kecal/mol (these pa-
rameters were determined by a least-squares fit to the data points;
however, because of the limited number of points, they should be
considered as approximations); (X) fully reduced lumiflavin; (O)
FMNH: (k. values); vgr = 2.3 X 10" M™! s7}; AG*(0) = 3.5 kcal /mol
(these parameters are merely estimates); (H) fully reduced FMN (k.
value).

question: does this group of proteins form a single reactivity
series (i.e., do they fall on a single Marcus curve)? The answer
to this question is clearly shown by the data in Figure 1 and
Table I. We conclude, from the results obtained with lu-
miflavin and riboflavin semiquinones and with fully reduced
lumiflavin,! that plastocyanin and the two azurins are ho-
mologous in their reactivities toward these reagents (within
experimental error), whereas stellacyanin has a significantly
higher reactivity (3.3-fold for lumiflavin semiquinone) and
laccase an appreciably lower reactivity (~12-fold for lumi-

! The relatively small differences between the rate constant values for
the reduction by lumiflavin semiquinone and fully reduced lumiflavin of
plastocyanin, the two azurins, and nitrite reductase are probably not
significant. However, the difference for stellacyanin is clearly larger than
our experimental uncertainty. The reason for the relative slowness of the
fully reduced lumiflavin reaction with stellacyanin is not apparent.

flavin on the basis of the rate constants for the fully reduced
form).2 This is in partial agreement with the earlier work
in this field (see above) and represents the first instance for
which we can compare the relative reactivity results obtained
by using our approach with those obtained in other labora-
tories. The main discrepancy involves the relative reactivities
of azurin and plastocyanin. However, it should be noted that
the previous assessment is based upon calculations of protein
self-exchange rate constants (Rosenberg et al., 1976) and that
the values for these constants can vary over many orders of
magnitude, depending upon the reaction used as the source
of data for their calculation, and thus can be very different
from the directly measured value (Augustin et al., 1984;
Ugurbil & Mitra, 1985). Furthermore, many of the studies
were done with ionic reagents, and stoichiometric binding to
the copper protein (Goldberg & Pecht, 1976; Cho et al., 1984)
as well as multiple interaction sites [cf. Adman (1985)] could
have complicated the results. We have also extended the
previous work to include nitrite reductase, which is seen to have
an intrinsic reactivity identical with plastocyanin and azurin
toward lumiflavin semiquinone. We can conclude from this
that the structural and stereochemical features of the copper
binding site in this protein should be similar to those of these
other two copper proteins, even though it is much larger in
size (M, 70K for the dimer) (Masuko et al., 1984). This is
consistent with recent X-ray absorption spectroscopic mea-
surements (Sano & Matsubara, 1984). The differences in
reactivity for stellacyanin and laccase could reflect either steric
(i.e., accessibility) effects [cf. Holwerda et al. (1976)] or
differences in copper ligation, or both. The copper binding
sites for the azurins and plastocyanins are quite similar, on
the basis of the 3-D structure work (cf. Figure 3, below),
whereas stellacyanin lacks methionine (one of the possible
ligating groups)® and thus must have at least a partially dif-
ferent copper site.

Riboflavin semiquinone is somewhat less reactive toward
all of the copper proteins than is lumiflavin semiquinone, a
pattern that we have consistently observed with other classes
of redox proteins (Meyer et al., 1984, 1986; Przysiecki et al.,
1985) and that we have attributed to a steric effect of the
ribityl side chain.

2 Laccase reacts too slowly with lumiflavin semiquinone to compete
with disproportionation, and thus we cannot determine a value for k;. In
this case, however, the k; value for the reaction with fully reduced flavin
can be measured quite accurately. Thus, a quantitative comparison using
this rate constant is meaningful.

3 Norris et al. (1983) have concluded that the copper is either tri-
dentate or pentacoordinate in Alcaligenes denitrificans azurin. There
are three definite or strong ligands, His-46, Cys-112, and His-117, and
two possible, but weak, ligands, Met-121 and the carbonyl oxygen of
Gly-45.
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Table II: Analysis of the Effect of Ionic Strength on the Reduction
of Copper Proteins by FMN Semiquinone?

Vi
net (kcal/ k. % 107
charge? mol) Z, (M1'sh
laccase® + 1.27 -1.2 0.17
spinach plastocyanin -8 2.51 -3.0 1.6
Pseudomonas azurin -2 1.72 -2.0 1.7
Alcaligenes azurin 0 0 0 1.1
Alcaligenes nitrite + 1.14 -14 0.6
reductase
stellacyanin 5 -0.70 0.8 2.2

2The parameters used in the analysis were as follows: p (the radius
of the interaction domain) = 4.5 A, D, (the dielectric constant within
the interaction domain) = 50, Z, = —-1.9 (for FMN semiquinone) and
~2.9 (for fully reduced FMN), and r;, = 3.5 A (this assumes that the
entry point for electrons is at the protein surface, i.e., the exposed his-
tidine). These are similar to ones that we have used previously (Meyer
et al., 1984, 1986; Przysiecki et al., 1985). ¢Net charges are based on
sequences, except for nitrite reductase and laccase for which the se-
quences are unknown, With these proteins, the net charge assigned is
based on chromatographic behavior. ¢The values for this protein were
obtained with fully reduced FMN (Z; = -2.9).

Plots of the apparent second-order rate constants vs. the
square root of the ionic strength for the reduction of the copper
proteins by FMN semiquinone (or by fully reduced FMN in
the case of laccase) are shown in Figure 2. The solid lines
were obtained from theoretical fits to the data using the ap-
proach that we have described previously (Meyer et al., 1984,
1986; Tollin et al., 1984; Przysiecki et al., 1985) with the
parameters as given in Table II. As is evident, the agreement
with experiment is quite good. The numerical results of the
theoretical calculations are also presented in Table II. The
V;; values represent the electrostatic potential energy of the
interaction and are comparable in magnitude with those we
have obtained for other redox proteins. The Z, values, which
represent the charge at the site of electron transfer in the
copper proteins, have the same sign as the net protein charge*
except for laccase and nitrite reductase. This result is similar
to previous observations (Meyer et al., 1984, 1986; Tollin et
al., 1984) for those cytochromes in which localized charge
effects were predominant, especially where the charge dis-
tribution was not uniform. In contrast, for those redox proteins
in which there were no charged side chain residues at the
presumed site of electron transfer, or where the charges were
more uniformly distributed, the interaction site charges ob-
tained from kinetics were more in accord with net protein
charges. Both laccase and nitrite reductase are large proteins,
and therefore it is not unexpected that interaction site charges
should be different from net charges. Additional structural
work is required for further analysis of the kinetic data with
these proteins.

The 3-D structures of poplar plastocyanin, P. aeruginosa
azurin, and Alcaligenes denitrificans azurin are similar to one
another [cf. Norris et al. (1983)]. Computer graphics rep-
resentations of the plastocyanin and Pseudomonas azurin
structures are shown in Figure 3. The copper is nearest to
the surface of the protein at a region known as the
“hydrophobic patch”, which presumably is the site of electron
transfer. The copper itself is not exposed to solvent, but the
edge of one of the histidine ligands (in plastocyanin, His-87,
and in azurin, His-117) is at the surface. In azurin the hy-
drophobic patch is bounded by residues 11-14, 37-44, 6568,
and 114-120. In plastocyanin, this region is bounded by

4 Note that our results with stellacyanin are consistent with those of
Cummins and Gray (1977).
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FIGURE 2: Ionic strength dependence of rate constants for reduction
of various copper proteins by FMN semiquinone and fully reduced
FMN (only for curve A). Letter designation of proteins is as given
in Table I.

residues 10-12, 33-36, 62—-64, and 86-90. In spinach plas-
tocyanin, the negative charge observed in FMN kinetics may
be due to interaction with the negative charges at Glu-59,
Glu-60, Asp-61, and possibly Glu-9, which are all about 14
A away from His-87 (Farver et al., 1982; Guss & Freeman,
1983). In Pseudomonas azurin, the charges are more uni-
formly distributed (Adman et al., 1978), and the smaller
negative charge observed in FMN kinetics is probably due to
the net effects of Asp-11, Lys-41, Asp-62, Asp-69, Lys-70, and
Asp-71, which are 9-17 A from His-117. Asp-11 should be
dominant on the basis of its proximity to the copper site (9
A). In Alcaligenes azurin, opposing charges at Asp-11,
Lys-38, Lys-41, and Asp-69 cancel one another, consistent with
the kinetics which indicate no ionic strength effect and thus
zero interaction site charge.

The 3-D structure of stellacyanin is unknown, but the amino
acid sequence is homologous to those of azurin and plasto-
cyanin (Bergman et al., 1977). Alignment is a serious problem
except near the copper ligands, but the small positive charge
observed in the kinetic experiments can be rationalized by

0

contributions of Arg-43, Arg-44, Lys-91, and Asp-94, at a

minimum. On the basis of the amino acid sequence, the
carbohydrate binding sites (Asn-X-Thr) are likely to be at the
opposite end of the protein from the copper. Since stellacyanin
is intrinsically more reactive with small flavins than either
plastocyanin or azurin, the carbohydrate apparently does not
cause steric hindrance. It is not obvious from the pattern of
possible insertions and deletions why stellacyanin should be
more reactive, but one can predict that there will be more
substantial differences in the 3-D structure of the hydrophobic
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Table III: Analysis of the Effect of Ionic Strength on the Reduction
of Copper Proteins by Flavodoxin Semiquinone?®

k. X 1075
V; (kcal/mol) Z, M1s
spinach plastocyanin 8.90 -3.9 1.3
Pseudomonas azurin 0.92 -0.4 0.27
Alcaligenes nitrite reductase 5.35 ~2.4 0.004
stellacyanin —6.85 3.0 0.013

?The parameters used in the analyses were as follows p = 7.25 A, D,
= 15, Z, = -4 (for flavodoxin semiquinone), and r, = 3.5 A. These
are similar to those used previously (Tollin et al., 1984).

patch than are found for plastocyanin and azurin.

The k., values for the FMN reactions shown in Table II are
plotted in Figure 1. Again, plastocyanin, the two azurins, and
nitrite reductase cluster together, with stellacyanin being
significantly above and laccase being significantly below this
grouping. For the former proteins, a theoretical curve has been
drawn parallel to the curve for lumiflavin semiquinone re-
duction. Although the scatter about the curve is considerably
greater for the FMN data, as we have consistently observed
for other redox protein systems (Meyer et al., 1984, 1986;
Przysiecki et al., 1985) and which we have ascribed to a greater
degree of steric discrimination resulting from the bulkier ribityl
phosphate side chain, the correlation is not unreasonable. Also
as we have previously found, the FMN curve lies below the
lumiflavin curve (i.e., the vgr value is smaller), again for steric
reasons. The results obtained for stellacyanin and laccase are
consistent with this.

Plots of the apparent second-order rate constants vs. the
square root of the ionic strength for the reduction of four
copper proteins by flavodoxin semiquinorie are shown in Figure
4a. The solid lines again represent the theoretical fits, and
again the agreement is good. The parameters used in the
calculations, as well as the results, are given in Table III. The
p value was the same as we have previously used for reactions
between other redox proteins and flavodoxin semiquinone
(Tollin et al., 1984; Meyer et al., 1986; Przysiecki et al., 1985),
and we have used the same effective dielectric constant (D,)
as in our previous study of c-type cytochromes (Tollin et al.,
1984). This latter value assumes a nonpolar interaction do-
main with water largely excluded, which is consistent with the
hydrophobic patch about the copper site in the plastocyanin
and azurin structures. As we have invariably observed in our
earlier work, the signs of the electrostatic interactions are the
same for both FMN and flavodoxin, whereas the magnitudes
are different. Most frequently, the ¥} values have been larger
for flavodoxin than for FMN (e.g., with the cytochromes ¢
and ¢’ and for most HiPIP’s), although for some HiPIP’s the
V;; values were the same for these two reductants. As can be
seen from a comparison of Tables II and III, for plastocyanin,
nitrite reductase, and stellacyanin, Z, is larger for flavodoxin
than for FMN. With Pseudomonas azurin, however, this is
reversed; i.e., the strength of the electrostatic interaction with
flavodoxin is smaller than that with FMN. This unusual
behavior for azurin can be rationalized as follows. FMN, being
a smaller molecule, interacts with a more restricted region of
the azurin surface than does flavodoxin (reflected in the
smaller p value) and thus is likely to be influenced mainly by
charged groups lying close to the electron-transfer site. Fla-
vodoxin, on the other hand, sees a more global surface. As
is shown by the distribution of charged side chains illustrated
in Figure 3, azurin has a negatively charged group (Asp-11)
located relatively close to the exposed histidine, but as one
moves further away from this site the overall charge distri-
bution becomes quite uniform. This would account very nicely

TOLLIN ET AL.

10 F T T T T T T T T ]
F o) 1
I F
. 4
N
= 1o 4
5 n
s o x
s |
z
3 B
S
2 103: =
S8 ]
S ]
i _S
L E/
102 1 | . 1 L 1 L
0 02 04 06 y 08
Square Root of lonic Strength (M"/2)
[ v Ve
L //
B
ok > //
3 / E
. /
r /
[ /
I /xC
o0 /! i
% /
Z 4 /
N4 0 3 / 3
[ / <
/ ]
I / ]
L ) q
//
A
10’ 4
: a
: xE :
) 1 1 1 1 i ! A
0 02 04 06 08
AEMJ(V)

FIGURE 4: (a) Semilog plots of ionic strength dependence of sec-
ond-order rate constants for reduction of various copper proteins by
flavodoxin semiquinone (from Clostridium pasteurianum). Letter
designation of proteins is as given in Table 1. (b) Semilog plots of
k., values obtained from theoretical analysis of data in panel a vs.
the difference in redox potential between reactants (AE, ;). The
dashed line corresponds to a Flot of the Marcus exponential equation
using vgr = 2 X 10° M™' -1 and AG*(0) = 10.7 kcal/mol. These
parameter values were chosen to obtain a curve parallel to that found
with ¢-type cytochromes (Tollin et al., 1984) and HiPIP’s (Przysiecki
et al., 1985), assuming that the k. values for plastocyanin and aeurin
were on the same curve.

for the experimental results. The plastocyanin results can also
be accounted for by the charged side chain distribution shown
in Figure 3; i.e., with a larger interaction domain Glu-9 and
Glu-68 would likely become involved, and the negative charge
cluster of residues 42—-45 might also contribute. On the basis
of the results obtained with nitrite reductase and stellacyanin,
we would predict nonuniform charge distributions for these
proteins as well.

In Figure 4b we have plotted the k. values obtained from
the theoretical analyses (cf. Table III) vs. the difference in
redox potentials between the reactants. Again, as we have
observed in our previous work, the dependence of k.. upon
redox potential is much larger for flavodoxin than for FMN
(i.e., the slope of a Marcus curve that correlates the data is
much greater, as reflected in the AG*(0) and vgy values). A
quantitative measure of this can be obtained from the fol-
lowing: upon going from FMN to flavodoxin, the ratio of rate
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constants for reduction of plastocyanin and nitrite reductase
changes from 2.7 to 325. Note also that stellacyanin, which
was intrinsically more reactive toward LFH: and FMNH- than
plastocyanin and azurin, is considerably less reactive toward
flavodoxin semiquinone than these other two copper proteins.
This is similar to what we have observed previously for cyto-
chromes ¢’ relative to cytochromes ¢ (Meyer et al., 1986),
which we have interpreted as resulting from steric factors; i.e.,
although the heme is more exposed at the protein surface in
the cytochromes c¢’, it lies at the bottom of a deep cleft that
restricts access to large molecules such as flavodoxin but not
to small molecules such as the free flavins. We can therefore
suggest that a similar situation exists for stellacyanin, with
the steric hindrance to flavodoxin arising from the protein
surface topography around the electron-transfer site. We can
also predict, on the basis of the fact that nitrite reductase has
a much lower intrinsic reactivity toward flavodoxin than ex-
pected relative to plastocyanin and azurin, that it too will have
a copper site that is sterically less accessible to large reactants.
This is in contrast to the surfaces of plastocyanin and azurin
near the electron-transfer site, which are rather smooth and
featureless (cf. Figure 3) and thus should not present any
appreciable steric barriers to reactants.

CONCLUSIONS

The results of the present investigation have shown that the
commonly studied blue copper electron-transfer proteins ap-
pear to fall into three separate intrinsic reactivity groupings
(stellacyanin > plastocyanin, azurin, nitrite reductase > lac-
case) with respect to free flavins and that surface topography
is an important determinant of reactivity for nitrite reductase
and stellacyanin when flavodoxin semiquinone is used as a
reductant. Electrostatic interactions during electron transfer
are generally dominated by charged groups lying approxi-
mately 9-17 A from the predominantly nonpolar active site.
The results are quite consistent with our earlier studies of other
classes of electron-transfer proteins (cytochrome ¢, cyto-
chromes ¢, HiPIP’s), thus demonstrating that a common set
of structural parameters are involved in controlling reaction
rate constants for a wide range of prosthetic group types. This
permits a high level of predictability with regard to struc-
ture/function relationships.
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Mechanism of Action of Aromatic Amines That Short-Circuit the Visual Cycle'
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ABSTRACT: DAPP [1,5-bis(p-aminophenoxy)pentane] is an antischistosomal drug that can inhibit dark
adaptation in vertebrates by impairing formation of 11-cis-retinoids in the eye and by depleting preformed
stores of them [Bernstein, P. S., & Rando, R. R. (1985) Vis. Res. 25, 741-748]. It has recently been shown
that p-phenetidine and other monofunctional analogues of DAPP (a symmetric bifunctional molecule) can
duplicate DAPP’s effects, and it was proposed that these retinotoxic compounds exert their effects in vivo
by “short-circuiting” the visual cycle, catalyzing the thermodynamically downhill isomerization of 11-cis-retinal
to all-trans-retinal [Bernstein, P. S., Lichtman, J. R., & Rando, R. R. (1986) Proc. Natl. Acad. Sci. U.S.A.
83, 1632-1635]. In this paper, the “short-circuit” hypothesis is investigated more fully. Numerous
phenetidine-like molecules are assayed for their ability to inhibit rhodopsin formation and 11-cis-retinyl
palmitate formation in the living frog eye. It is found that virtually any aromatic amine with a moderately
hydrophobic alkyl chain “tail” is an active inhibitor in vivo. The tail can be in either the para or the meta
position and can be attached to the aromatic ring either by direct linkage or by an ether linkage. Compounds
that can be metabolized in vivo to such active compounds are also inhibitory. Amino group modification
studies demonstrate an absolute requirement for structures that can form a Schiff base with retinal. Further
support for the short-circuit hypothesis is evidenced by the detection of Schiff bases of aromatic amines
with retinal in the eyes of frogs injected with the amines; these are the catalytic intermediates postulated
in the short-circuit hypothesis. Additionally, it is demonstrated that Schiff base formation in vitro in
phosphatidylcholine-based liposomes enhances the catalysis of retinal isomerization by aromatic amines by
a factor of 10 over the rate in n-heptane. This work introduces a novel, mechanistically defined class of
inhibitors of dark adaptation that can be used to probe the biochemistry of the visual cycle. It also provides
a model that predicts possible ocular toxicity of drugs in advance of clinical trials and animal studies.

']:xe biochemical basis of the vertebrate visual cycle is an area
of very active scientific research, and the initial events triggered
by the absorption of a photon have been extensively charac-
terized. Light induces the photochemical isomerization of the
11-cis-retinal Schiff base chromophore of rhodopsin to the
all-trans-retinal form (Hubbard & Wald, 1952; Bownds,
1967). The activated rhodopsin can then catalyze the exchange
of GTP for GDP in a G protein (Fung & Stryer, 1980), which
in turn can activate a ¢cGMP-specific phosphodiesterase
(Wheeler & Bitensky, 1977), eventually leading to hyperpo-
larization of the rod cell. The isomerized retinal chromophore
of rhodopsin is released, and it is reduced to all-trans-retinol.
Under bright light conditions the released retinoid is esterified
to long-chain fatty acids such as palmitic acid and stored in
the pigmented epithelium (Bridges, 1976). As part of the
process of dark adaptation, the all-trans-retinyl esters in the
pigmented epithelium must be mobilized and converted to
11-cis-retinal, which can then combine with the apoprotein
opsin to form rhodopsin once again. In contrast to the
enormous amount known about the initial events of vision, very
little is understood about the biochemistry of the conversion
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supported by U.S. Public Health Service Training Grant GM 07306 from
the National Institutes of Health and by the Albert J. Ryan Foundation.
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of all-trans-retinoids to 11-cis-retinoids in the eye. 11-cis-
Retinoids are compounds whose free energies are approxi-
mately 4 kcal/mol higher than those of their al/l-trans-retinoid
counterparts in both nonpolar and polar solvents (Rando &
Chang, 1983; Futterman & Futterman, 1974), due primarily
to steric crowding of the methyl group at C-13 with the hy-
drogen at C-10. The form of retinoid isomerized, whether
alcohol, aldehyde, or ester, as well as the anatomical site of
isomerization in the eye, is unknown, nor is it understood where
the energy comes from to drive the all-trans to 11-cis con-
version. Recent work has shown that the actual isomerization
event may not even be enzyme-mediated (Bernstein et al.,
1985).

One way of approaching the problem of how 11-cis-retinoids
are formed in the eye is to study the biochemistry of phar-
macological agents that inhibit dark adaptation in vivo. 1,5-
Bis(p-aminophenoxy)pentane (DAPP,! 1), an antischistosomal
drug, is one of the most powerful and selective inhibitors of
dark adaptation available (Goodwin et al., 1957). In addition
to decreasing the rate of dark adaptation in frogs approxi-
mately 50-fold, this compound will also inhibit formation of

! Abbreviations: DAPP, 1,5-bis(p-aminophenoxy)pentane; PE, pig-
mented epithelium; CHAPS, 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate; HPLC, high-performance liquid chro-
matography; RSB, retinal Schiff base; ADH, alcohol dehydrogenase;
PC-MLYV, phosphatidylcholine multilamellar vesicle.
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