REDOX PROPERTIES OF CHROMATIUM HIPIP
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ABSTRACT: The oxidation-reduction properties of the high
potential iron-sulfur protein (HIPIP) from Chromatium
vinosum have been investigated. Both equilibrium and ki-
netic measurements demonstrate electron transport by
HIPIP is pH independent in the pH range 7-11. The kinet-
ics of reduction (potassium ferrocyanide, SO,~, S,0427, so-
dium ascorbate, and Rhodospirillum rubrum cytochrome
¢2) and oxidation (potassium ferricyanide and Rhodospiril-
lum rubrum cytochrome c¢;) of HIPIP are reported. Based
on the data obtained with different reactants and the influ-
ence of ionic strength, pH, and temperature on the kinetics
of oxidation and reduction, a number of conclusions can be
drawn. (1) HIPIP undergoes rapid outer-sphere electron
transfer with no evidence of kinetic complexity and no indi-
cation of complex formation with various reactants. (2) The
site of oxidation of reduced HIPIP has an apparent negative
charge while the site of reduction of oxidized HIPIP is un-
charged. (3) HIPIP appears to interact with a physiological
reactant (R. rubrum cytochrome c¢;) at the same site as
nonphysiological oxidants or reductants suggesting single

Chromatium vinosum high potential iron-sulfur protein
(HIPIP)! has been the subject of extensive characteriza-
tion. This protein is a member of a class of small (molecular
weight about 9000) soluble proteins containing a single four
iron-sulfur cluster (Carter et al.,, 1971) associated with a
single polypeptide chain. Characteristic of HIPIP is its high
oxidation-reduction potential (Ey’ = 350 mV). This is op-
posed to other classes of non-heme iron proteins such as ru-
bredoxin and ferredoxins which are of low oxidation-reduc-
tion potential (<100 mV). Examples of HIPIP have been
isolated from the photosynthetic purple sulfur bacteria
Chromatium vinosum (Bartsch, 1963) and Thiocapsa
pfenigii (Meyer, 1970) and the photosynthetic purple bac-
teria Rhodopseudomonas gelatinosa (DeKlerk and Kamen,
1966), Rhodomicrobium vannielii, and Rhodospirillum
tenue (T. E. Meyer, personal communication). Moreover,
HIPIP has been isolated from a denitrifying bacterium Mi-
crococcus species (Hori, 1961). The biological function of
HIPIP is presently unclear although it has been implicated
in light-driven electron transport in Chromatium vinosum
(Kennel et al., 1972; Dutton and Leigh, 1973; Evans et al.,
1974). This latter observation does not explain the presence
of HIPIP in the denitrifying bacteria and, for the present,
leaves the question of function open.
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minimum energy pathways for the oxidation and reduction
processes. (4) Based on a comparison of the rates of oxida-
tion and reduction with different reactants, it appears that
steric restrictions and differences in oxidation-reduction
potential are less important than electrostatic attraction
and/or repulsion in determining the absolute rate constants.
(5) The thermodynamic activation parameters indicate that
both oxidation and reduction by the iron hexacyanides are
driven entropically with the enthalpic terms making no con-
tribution to HIPIP oxidation and a small contribution to
HIPIP reduction. Based on the data reported here and
available structural and physical-chemical information,
possible mechanisms of the oxidation and reduction of
HIPIP are discussed and their relative merits analyzed. The
more likely mechanisms include electron transfer via a tyro-
sine residue, electron transfer through a nonaqueous media
to the iron-sulfur chromophore, and direct interaction be-
tween the iron-sulfur chromophore and the different oxi-
dants and reductants.

Considerable physical-chemical work has been com-
pleted on Chromatium vinosum HIPIP, with the amino
acid sequence (Dus et al., 1973) and three-dimensional
structure (Carter et al., 1974a,b) determined. From the
structural studies the iron-sulfur cubane has been charac-
terized and compared to the almost identical cluster in Pep-
tococcus aerogenes ferredoxin (Carter et al., 1972). From
this work it has been proposed that three oxidation states
are available to the iron-sulfur cluster, with HIPIP (re-
duced) and ferrodoxin (oxidized) sharing the same “spin-
paired” oxidation state. Thus, it is clear that it is the pack-
ing of the protein about the iron-sulfur cluster not the clus-
ter itself that is responsible for the oxidation-reduction po-
tentials of HIPIP and ferredoxin.

Carter et al. (1974a,b) have discussed the structure of
HIPIP in detail and only the general features will be re-
peated here. In particular, the iron-sulfur cluster is sur-
rounded by nonpolar amino acid side chains including the
aromatics Tyr-19, Phe-48, Phe-66, Trp-80, and Trp-76. The
closest point of approach of the cluster to the solvent ap-
pears to be where two of the inorganic sulfur atoms are
about 4.5 A from the surface (Carter et al., 1974b). How-
ever, from space-filling models Carter et al. (1974b) feel
nonpolar residues pack so as to prevent direct contact of the
iron-sulfur cluster with the solvent, Carter et al. (1974b)
propose that an electrostatic charge-dipole interaction ex-
ists between the cluster and Tyr-19 which makes the tyro-
sine hydroxyl group available for hydrogen bonding, possi-
bly stabilizing a phenoxy radical transition state.

In view of the structural information available we have
investigated the oxidation-reduction properties of Chroma-
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FIGURE 1: (A) Oxidation-reduction titrations of HIPIP. Buffer, 25
mM TAGP-1 mM potassium ferricyanide. Temperature, 25 + 1°,
HIPIP concentration, 50 M, reductant sodium dithionite. (O) pH 5.0;
(@) pH 6.0; (o) pH 8.0; (A) pH 7.0. (B) Plot of measured oxidation-
reduction midpoint potentials vs. pH.

tium vinosum HIPIP. These studies include the effect of
pH on the oxidation-reduction potential and the kinetics of
oxidation and reduction using potassium ferro- and ferricy-
anide, sodium ascorbate, sodium dithjonite, and ferro- and
ferricytochrome ¢; (from Rhodospirillum rubrum). The
goals of the studies reported here are threefold: (1) to ob-
tain information on the mechanism of electron transfer to
and from the iron-sulfur cluster including the participation,
if any, of specific amino acid side chains; (2) to compare
and contrast the oxidation-reduction properties of HIPIP to
those of the c-type cytochromes to determine if any major
mechanistic differences exist; (3) to investigate the interac-
tion of two well-defined proteins (HIPIP and cytochrome
¢») and relate these data to those obtained with nonphysiol-
ogical oxidants and reductants.

Materials and Methods

Chromatium vinosum HIPIP (Bartsch, 1963) and Rho-
dospirillum rubrum cytochrome ¢, (Bartsch et al., 1971)
were isolated and purified as described in the indicated ref-
erences. Stock solutions of the oxidized or reduced proteins
were prepared by the addition of a slight excess of potassi-
um ferricyanide or sodium dithionite (Hardman and Hol-
den Limited) and the excess reagent was removed by gel fil-
tration on Sephadex G-25. Studies over a range of pH
values were performed in Tris-sodium acetate-glycine-po-
tassium phosphate buffer (TAGP buffer). All chemicals
were reagent grade and were used without further purifica-
tion.

All kinetic studies were conducted in a Durrum-Gibson
stopped-flow spectrophotometer with a mixing time of 3.5
msec. All reactions were maintained at 20 + 0.2°C unless
otherwise noted. The reaction of oxidized HIPIP with po-
tassium ferrocyanide was followed at 480 nm. The reaction
of reduced HIPIP with potassium ferricyanide was moni-
tored at 500 nm to prevent any interference by the ferricya-
nide absorbance. Anaerobic studies were performed as pre-
viously described (Miller and Cusanovich, 1975).

Oxidation-reduction titrations were performed anaerobi-
cally as described by Velick and Strittmatter (1956). For
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Table I: The Effect of Ionic Strength or the Reaction ot HIPIP
with Iron Hexacyanides.@

kred (M™' sec™)

Ionic Strength kox (M1 sec™)

0.008 1152 149
0.033 1470 138
0.058 1947 173
0.108 2525 152
0.158 3013 136
0.208

3818 154

2Reactions were conducted in 10 mM Tris-Cl (pH 7.3) supple-
mented with varying amounts of NaCl, temperature 20°, HIPIP
concentration 20—50 uM. Oxidation was monitored at 500 nm,
reduction at 480 nm.

equilibrium constant calculations, the midpoint potentials
for ferri-ferrocyanide given by O’Reilly (1973) were used.
All absorption spectra were obtained on a Cary 118 record-
ing spectrophotometer. The equilibrium constant for the
dissociation of S;042~ to SO,~ was measured by electron
spin resonance as described by Miller and Cusanovich
(1975).

Results

Oxidation-Reduction Potentials. Oxidation-reduction
potentials were measured in 25 mM TAGP buffer adjusted
to the appropriate pH. Figure 1A presents the effect of pH
on the oxidation-reduction titrations over the pH range
5-8. The solid lines in Figure 1A are calculated for a N =
1.0 reaction (from the Nernst equation) at the indicated
midpoint potentials. Below pH 5 HIPIP was found to be un-
stable for the time period of the titrations with a progressive
loss of visible absorbance with time. Titrations were also
conducted at pH 9 and 11 and yielded midpoint potentials
identical with those obtained at pH 7 and 8. However, at
pH 11 the protein was somewhat unstable and the curves
obtained were not linear at the extremes. Figure 1B sum-
marizes the midpoint potentials obtained as a function of
pH. At pH 7.0 our midpoint potential (356 mV) is in excel-
lent agreement with that reported by Bartsch (1963) (350
mV).

Reaction of HIPIP with Iron Hexacyanides. The reac-
tion of oxidized HIPIP with potassium ferrocyanide and re-
duced HIPIP with potassium ferricyanide was investigated
under pseudo-first-order conditions. In all cases to be re-
ported, the reactions were found to be accurately first-order
for at least 4 half-lives. Further, second-order plots (kobed
vs. [reactant]) for the reaction of HIPIP and iron hexa-
cyanides were found to be linear as long as constant ionic
strength was maintained.

The effect of ionic strength on the reaction of HIPIP
with iron hexacyanides is summarized in Table I. No effect
of specific ions was noted: the buffers Tris-Cl, potassium
phosphate, and TAGP and the salts KCl and NaCl gave
identical results at a particular ionic strength. Ferrocyanide
reduction was found to be independent of ionic strength
yielding a second-order rate constant of 150 + 13 M™!
sec™!. In contrast ferricyanide oxidation was clearly depen-
dent on ionic strength. From Debye-Hiickel plots (Frost
and Pearson, 1961) we obtained a value of 890 M ~! sec™'
for ferricyanide oxidation at infinite dilution and a slope of
+1.4. Thus, from the charge on ferricyanide (--3), we cal-
culated a charge of —0.47 on the HIPIP molecule at the site
of oxidation. As polyvalent ions are involved, the apparent
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Table II: Thermodynamic Parameters for the Reaction of HIPIP with Iron Hexacyanides.2

E ¢t (kcal/mol) H% (kcal/mol) St (ew) TS$b (kcal/mol) G1b (kcal/mol)
HIPIP reduction 6.0 42+1.0 —34.8 + 3.60 -10.2 14.4
HIPIP oxidation 0.0 00+1.3 —45.1:4.2 —-13.2 13.2
a Buffer, 10 mM Tris-Cl (pH 7.3); HIPIP concentration, 50 uM. b Temperature 20°.
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Conditions as given in the legend of Table I.
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FIGURE 2: Influence of pH on the reaction of HIPIP with iron hexa-
cyanides. Buffer 25 mM TAGP adjusted to the appropriate pH. Tem-
perature 20°; HIPIP concentration, 50 uyM. (O) Ferricyanide oxida-
tion; (A) ferrocyanide reduction.

charge and rate at infinite dilution can only be considered
estimates.

From the rates at infinite dilution (pH 7.3) an equilibri-
um constant (kred/kox) of 0.168 can be calculated. This
value compares favorably with an equilibrium constant of
0.125 calculated from the midpoint potentials of HIPIP
(356 mV) and the iron hexacyanides (400 mV, estimated
from the data of O’Reilly, 1973). The excellent agreement
between the kinetic and equilibrium measurements suggests
a simple reversible reaction as given by

k
ferrocyanide + oxidized HIPIP Zﬁ’
ka2t

ferricyanide + reduced HIPIP (1)

The influence of pH on the reaction of HIPIP and iron hex-
acyanides is given in Figure 2. In terms of eq 1, k3, is inde-
pendent of pH between pH 6 and 10, with the rate of oxida-
tion increasing as the pH is lowered below 6. Within experi-
mental error, k3 is independent of pH between pH 7 and 9
with the rate of reduction increasing at pH values below 7.
It is observed that k,, decreases somewhat (~40%) between
pH 9 and 11. However, as HIPIP is somewhat unstable at
alkaline pH (>10), the significance of this cannot be as-
sessed. In addition, the values of ki, and k»; at pH 4 are
less defined than those at higher pH values due to the insta-
bility of the protein at this pH.

The effect of temperature on the reaction of HIPIP with
iron hexacyanides is summarized in Table II. Thermody-
namic parameters were obtained by least-squares analysis
of plots of 1/T vs. In k2 or In k3;. We found k3, is indepen-

value is in excellent agreement with AG obtained from oxi-
dation-reduction potentials for the buffer used in this ex-
periment (AG = 1.36 kcal/mol, 10 mM Tris-Cl (pH 7.3)),
further supporting the application of eq 1.

Anionic Reductants. For the purpose of comparison to
other oxidation-reduction proteins (see Discussion) and to
ascertain if the observations with ferrocyanide were unique
we have investigated the reaction of HIPIP with sodium as-
corbate and sodium dithionite. The reactions were conduct-
ed in 10 mM Tris-Cl (pH 7.3) supplemented with varying
amounts of NaCl to vary the ionic strength. Reduction by
sodium ascorbate was found to be accurately first-order for
at least 4 half-lives with second-order plots linear over the
ascorbate concentration range 50-0.1 mM. For the ionic
strength range 0.01-0.11 (4 ionic strengths) we found a sec-
ond-order rate constant of 3.9 £1.4 M~! sec™! with no de-
pendency on ionic strength noted.

The reaction of oxidized HIPIP with sodium dithionite
was pseudo-first-order at any given dithionite concentration
(5-0.15 mM) but second-order plots were nonlinear (Figure
3B) becoming independent of S;04%~ concentration. Such
behavior has been noted for dithionite reduction of myoglo-
bin and horse heart cytochrome ¢ (Lambeth and Palmer,
1973; Miller and Cusanovich, 1975). Two possibilities are
likely in this situation as S;042~ is in equilibrium with the
anion radical SO;~ (8,042~ = 2S0,7). (a) SO, is the
sole reductant; hence a plot of kobsg vs. [S20427]'/2 should
be linear. As shown in Figure 3A, this is clearly not the
case. (b) Both SO;~ and S;04%~ act as reductants; then
complex kinetic plots would be expected. Indeed, if kobsa/
[S;0427] is plotted against (S;0427]71/2, a straight line
should be obtained with a slope of kso,- (Kq') and inter-
cept of ks,0,2- (Lambeth and Palmer, 1973). In this case,
K. is the equilibrium constant for the conversion of
S>04%2~ to SO,~ and can be determined by EPR (Lambeth
and Palmer, 1973). Typical data are given in Figure 3C and
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Table I1I: Effect of Ionic Strength on the Reaction of Cytochrome
¢, with HIPIP.

Ionic

Strengthd k., (M sec™) k, (M'sec™)
0.035 2.4 x 10° 7.5 x 10¢
0.055 6.5 x 10*
0.085 5.0 x 10*
0.135 1.8 x 10* 3.3 x 10¢

a Buffer 20 mM potassium phosphate (pH 7.0) supplemented
with varying concentrations of NaCl to give the indicated ionic
strengths. Cytochrome ¢, concentration 5 uM, 20°, the reaction
was monitored at 418 nm.

are consistent with reduction by both S$;042~ and SQO,™.
For the ionic strength range 0.01-0.11 (4 ionic strengths),
we found a second-order rate constant of 2.1 £ 0.9 X 106
M~ sec™! for SO, reduction and 1.2 + 0.3 X 103 A~!
sec™! for S»042~ reduction. In both cases, the reaction was
found to be independent of ionic strength.

Reaction of HIPIP and Cytochrome c;. As studies de-
scribed above utilized small nonphysiological reactants
which are not likely to be structurally representative of nat-
ural reactants, we have investigated the reaction of HIPIP
with Rhodospirillum rubrum cytochrome c¢y. The studies
reported in this section have been restricted by the concen-
tration range of the reactants due to the large absorbances
and limited quantities of the proteins.

The reaction of HIPIP and cytochrome ¢, (oxidation and
reduction) was investigated at the wavelengths 418, 450,
504, and 550 nm. In all cases, the reaction was pseudo-first-
order for at least 3 half-lives with no differences due to
wavelength noted. Based on these observations, subsequent
reactions were monitored at 418 nm to obtain maximum
absorbance changes and the HIPIP concentration was var-
ied relative to a fixed cytochrome ¢, concentration. Within
experimental error, second-order plots were linear and
yielded second-order rate constants of 3.1 X 10* £ 0.3 M~!
sec™! for oxidation of reduced HIPIP and 1.5 X 10° £+ 0.7
M~!sec™! for the reduction of oxidized HIPIP (20 mM po-
tassium phosphate-100 mM NaCl (pH 7.0)). In terms of
eq | this yielded an equilibrium constant (ky2/k2) of 4.8 as
compared with a value of 4.0 calculated from the respective
midpoint potentials (E, (cytochrome ¢») = 320 mV, E,
(HIPIP) = 356 mV).

The effect of ionic strength on the interaction of cyto-
chrome ¢; with HIPIP was investigated and the results are
tabulated in Table III. The reduction of oxidized HIPIP
was investigated at only two ionic strengths as within exper-
imental error the results were the same. In contrast, the oxi-
dation of reduced HIPIP was found to steadily decrease
with increasing ionic strength. This type of behavior is con-
sistent with cation-anion interaction and extrapolation to
infinite dilution yielded an approximate rate constant of 1.4
X 106 M~ sec™!. It must be stressed that due to the large
experimental error and the uncertainties involved in de-
scribing the interactions of polyvalent ions, this rate con-
stant is only an estimate. Nevertheless, the trend is observed
and is consistent with an ionic interaction.

Discussion

The results presented here demonstrate that Chroma-
tium vinosum HIPIP undergoes oxidation-reduction in
what appears to be a kinetically simple fashion. At pH 7.0
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where these studies were primarily focussed the reaction of
HIPIP with a variety of oxidants and reductants was found
to obey pseudo-first-order kinetics at any given reactant
concentration and to be second-order as a function of oxi-
dant and reductant concentration. Over the time span avail-
able to us we found no evidence for a complex between
HIPIP and the reactants used. This indicates that collisions
leading to electron transport by HIPIP must form com-
plexes with lifetimes of less than 5-10 msec.

Reduction of HIPIP is essentially independent of ionic
strength with ionic reductants (ferrocyanide, SO>~,
S,04%7, ascorbate, and cytochrome c¢3). Moreover, ferricya-
nide oxidation is only slightly ionic strength dependent, with
an apparent net charge on the HIPIP molecule of —0.5 as
compared to —3 or —4 for the net protein charge at pH 7.0
as estimated from the amino acid sequence (Dus et al,
1973) and the charge on the iron cluster (Herskovitz et al.,
1972; Averill et al., 1973). Thus, electron transfer clearly
does not result from random collisions and suggests specific
sites of oxidation and reduction. The noted discrepancy be-
tween apparent charge at the site of oxidation and reduc-
tion leaves open the possibility that oxidation and reduction
take place at different sites on the molecule. However, this
discrepancy could be accounted for by reorientation about a
single site of electron transport on oxidation and reduction.
Structural studies (Carter et al.,, 1974b) indicate no sub-
stantial changes in conformation on oxidation or reduction;
however, it is not clear that this approach would detect re-
orientations of surface residues in solution. Alternatively,
the greater negative charge of reduced HIPIP at the iron-
sulfur cluster could account for the observed charge differ-
ences.

The effects of pH on the reaction of HIPIP with the iron
hexacyanides and on the oxidation-reduction potential indi-
cate there are no or very slight effects of pH-induced ion-
izations in the pH range 7-11 on electron transfer. At pH
values below 7 both oxidation and reduction appear to be
influenced by an ionization with a pK, of less than 6. The
exact value of this ionization cannot be determined due to
the instability of HIPIP at pH values of less than 5. How-
ever, the observed increase in the rate of ferricyanide oxida-
tion at low pH values is consistent with the protonation of
an anionic group, hence facilitating the reaction with the
anionic oxidant. The apparent increase in the rate of reduc-
tion of HIPIP by ferrocyanide could result from two possi-
bilities: (1) a general unfolding of the protein (also a possi-
ble explanation for the increase in the rate of ferricyanide
oxidation) or (2) protonation of an anionic group which is
in close proximity to a cationic group. Hence at pH 7 the
net charge at the site of electron transfer (for reduction) is
zero and it becomes positively charged at pH values below
7.

Table IV summarizes the rate constants obtained for the
reaction of HIPIP with both physiological and nonphysiolo-
gical reactants. The individual rate constants for the non-
physiological reactants and the HIPIP are all substantially
less (1-4 orders of magnitude) than the analogous reactions
with horse heart cytochrome ¢ (Miller and Cusanovich,
1975) and Rhodospirillum rubrum cytochrome c; (Wood
and Cusanovich, 1975). In general, it would appear that the
major factor is electrostatic. Both cytochrome ¢, and cyto-
chrome ¢ have been shown to have positively charged sites
of electron transport (Miller and Cusanovich, 1975; Wood
and Cusanovich, 1975) and hence react rapidly with the
various anionic reactants used here. The driving force for
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most of the reactions studied should be more favorable for
HIPIP as it has a higher oxidation-reduction potential than
the cytochromes. Moreover, the reaction of HIPIP with cy-
tochrome ¢ is rapid. In this latter case the size of the inter-
acting molecules would rule out steric hindrance as a major
factor in the studies reported here. Thus it appears that
driving force and steric factors take on lesser importance
than electrostatic attraction or lack of repulsion. Further,
the reaction of cytochrome ¢; with HIPIP shows interac-
tions (plus-minus, neutral) as predicted from the reaction
of the respective macromolecules with the various non-
physiological reactants. This result suggests that physiologi-
cal and nonphysiological reactants interact in a similar
fashion and are consistent with single minimum energy
pathways for oxidation and reduction.

The iron hexacyanides are outer-sphere electron transfer
agents and their rapid reaction with HIPIP is consistent
with an outer-sphere reaction for HIPIP. The other reac-
tants used here (SO;~, S,042~, cytochrome c5, and ascor-
bate) are less well defined in mechanistic terms. However,
the effect of ionic strength on all reductants used is consis-
tent with the same site of reduction and suggestive of outer-
sphere electron transfer in all cases. Recently the reactions
of a number of cationic reductants with the non-heme iron
protein, rubredoxin, were reported (Jacks et al., 1974).
These studies were, in general terms, consistent with those
reported here. Jacks et al. (1974) proposed outer-sphere
electron transfer for reduction of rubredoxin by
Ru(NH3)62*, V(H20)62*, and Cr(H,0)6%* with rate con-
stants in the range 9.5 X 10% to 1.2 X 103 M~1 sec~!. Fur-
ther, they found that the reactions were driven entropically
(=31 to —41 eu) with little or no enthalpic term (0-1.4
kcal/mol). Jacks et al. (1974) attributed the small activa-
tion enthalpies to a favorable electrostatic interaction be-
tween the reactants as they found a negative charge at the
site of reduction of rubredoxin. The larger activation energy
(6.0 kcal/mol) reported here for the reduction of HIPIP by
ferrocyanide could in a similar vein be attributed to the lack
of electrostatic attraction. However, this argument fails to
explain the negligible activation enthalpy for ferricyanide
oxidation of HIPIP and leaves open the origin of the enthal-
pies of activation.

In the following discussion the relative merits of what we
consider to be the three most likely mechanisms for the oxi-
dation and reduction of HIPIP will be evaluated in terms of
available data. Although no final decision can be made at
this time, it is our view that the discussion is useful in devel-
oping a conceptual approach to biological electron transport
and bears directly on the design of future studies. From the
proposal of Carter et al. (1974), the iron-sulfur cluster can
be envisioned as buried in the interior of the proteins a
small distance (3-5 A) from the plane of the aromatic resi-
due tyrosine-19, with both oxidation and reduction mediat-
ed by a phenoxy radical transition state. To be consistent
with our results, this mechanism would require the presence
of a negatively charged amino acid side chain in the vicinity
(4-10 A) of Tyr-19 for reduced HIPIP with this side chain
reoriented upon oxidation so as not to affect subsequent re-
duction. A phenoxy radical transition state appears unlikely
to us as this would require a substantial energy of activation
for formation since the reduction potential of phenols has
been estimated to be on the order of —2 V (Castro, 1975).
Further, it has been proposed (Carter et al., 1974b) that a
water molecule serves to stabilize the transition state by ac-
cepting the tyrosine hydroxyl proton. This proposal should

Table IV: Summary of Rate Constants for the Oxidation and
Reduction of HIPIP.

Apparent Charge

k (M'sec™!) [nteractions

Oxidants

Ferricyanide 8904 Minus—minus

Ferricytochrome c, 1.4 x 10%a Plus—minus
Reductants

Ferrocyanide 150 Minus—neutral

Ferrocytochrome ¢, 2.2 X108 Plus(?)~neutral

Sodium ascorbate 39 Minus—neutral

SO,” 2.1x 10¢ Minus—neutral

$,0.*” 1.2x 103 Minus—neutral

aThese values are estimates from extrapolation to infinite dilution.

predict that at alkaline pH values a substantial change in
rate and oxidation-reduction potential would be observed.
This was not found in the studies reported here. A second
possibility would have the iron-sulfur cluster insulated from
the solvent near the site of electron transfer by the packing
of hydrophobic groups to provide a “dielectric barrier”.
Carter et al. (1974b) pointed out that the S*2 and S*4 inor-
ganic sulfur atoms are only 4.5 A from the surface of the
molecule but insulated by the side chains of Leu-17, Phe-
48, Leu-65, Phe-66, and Ser-79. It can be proposed that a
reactant approaches the region of S*4 and S*2 and the
electron “hops” the 4-5 A through a nonaqueous media to
or from the chromophore. In regards to charge, Asp-45 has
its carboxyl oxygen 8.4 A from S*2 (8.0 A from Fel which
is bonded to S*2; distances were calculated from available
coordinates, Carter et al., 1974a); hence it could provide a
negative charge near the site of oxidation of reduced
HIPIP. This negative charge would have to reorient on oxi-
dation so that the net charge would be zero for oxidized
HIPIP or the site of reduction is different from that for oxi-
dation.

Finally, it can be proposed that a portion of the iron-sul-
fur cluster is actually solvent exposed and electron transport
takes place on collision with the oxidant or reductant. Al-
though possibly the most attractive in terms of a simple in-
teraction of two redox chromophores with a minimum ener-
gy barrier, this proposal requires that the solution and crys-
tal structure of HIPIP be different. This is a difficult point
to address with available data. However, it is clear from the
size of interacting molecules (cytochrome c¢,-HIPIP) that
electron transfer is mediated largely by surface interactions.
Hence, the question can be reduced to whether or not the
surface structure is the same in the crystal as in the solu-
tion. It would seem that distortions in the crystal are possi-
ble (or even likely) as the packing into a crystal lattice of
similarly charged molecules could be expected to lead to
perturbations which facilitate lattice formation. If the iron-
sulfur cluster is solvent accessible, the negative charge at
the site of oxidation of reduced HIPIP reported here could
be in part or whole provided by the iron-sulfur cluster itself.

In summary, although the exact route(s) of electron
transfer to and from the iron-sulfur cluster of HIPIP can-
not be specified it is clear that the redox reactions are kinet-
ically simple and suggestive of outer-sphere electron trans-
fer. It appears that a wide variety of oxidants and reduc-
tants interact with HIPIP by the same general mechanism.
The oxidation and reduction of HIPIP appear to be primar-
ily controlled by electrostatic interactions and not differ-
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ences in oxidation-reduction potentials or steric restric-
tions.
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Phenylalanyl-tRNA Synthetases of Rat Liver:

Differential Effects of Thyroid Hormone*

Jennifer B. Nielsen and Audrey E. V. Haschemeyer*

ABSTRACT: Thyroxine and analogues inhibit rat liver ami-
noacyl-tRNA synthetase activity for phenylalanine and ty-
rosine. A high yield purification of the major cytoplasmic
form of phenylalanyl-tRNA synthetase (C) and its charac-
terization is reported. Polyribosome-bound and other sedi-
mentable forms are found to be indistinguishable from solu-
ble enzyme by immunoprecipitation. Mitochondrial phenyl-
alanyl-tRNA synthetase (M) and cytoplasmic activity (Cz)
resistant to anti-C, antibody have been partially purified
and characterized. Tissue levels of the three forms are esti-

The thyroid hormones thyroxine and 3,3’,5-triiodothyro-
nine are recognized to play a significant role in protein me-
tabolism, although the tissue-specific and dose-dependent
interplay of anabolic and catabolic effects have obscured
the primary mechanism of action of the hormone. Recently,
by use of rapid kinetic methods, it has been possible to show
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mated at 22, 1.8, and 4.1 units/g of liver for C;, Cy, and M,
respectively [1 unit = 1 nmol of Phe-tRNA /min, 30°C].
Charging capability toward rat liver and yeast tRNA, ki-
netic parameters, and physical properties are compared.
Only enzyme C; is hormone inhibited [K; = 4 X 107¢ M
for triiodothyronine]. The data indicate that C> and M are
not structurally related to C;; C» may represent an indepen-
dent cytoplasmic pool of M. Implications of C, inhibition in
relation to effects on liver protein synthesis are discussed.

a correlation between thyroid hormone level and the rate of
polypeptide chain assembly and release during protein syn-
thesis in rat liver in vivo (Mathews et al., 1973). A 40% de-
pression in elongation rate was found in surgically thyroid-
ectomized animals compared to euthyroid controls; rates
were restored to normal by triiodothyronine injections. A
small elevation in synthetic rate occurred in normal animals
given similar hormone injections. Data for other systems,
however, indicate opposite effects in more acute hyperthy-
roidism (Kivirikko et al.,, 1967, Nadkarni and Samuel,
1973; Griffin and Miller, 1973), suggesting the possibility
of multiple effects on the protein synthetic pathway particu-



