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Light-absorption
spectra of complexes between reduced iron-protoporphyrin
IX
(2 X 10-S M) and various polylysine
samples (up to 2 X 1OW residue molar) were measured in the range 380-630 rnp in deaerated aqueous solutions of pH 12 and at 27”. The
absorption spectra obtained were very similar to well-known
ferrohemochrome
spectra of proteins or of complexes of protoheme with low-molecular-weight
nitrogenous
bases at high concentrations.
In contrast to analogous complexes of trivalent, iron,
there was no fundamental
spectral difference,
under opt,imum conditions,
betweeu
complexes involving
either poly- a,L-lysine
or poly-a,nL-lysine.
A 0.04 M L-lysine
formed it, to a
monomer did not, produce a ferrohemochrome,
but 0.01 M n-butylamine
large extent. The hemochrome band at 558 rnp of the synt,het.ic complex ferroprotoporphyrin
IX-poly-CY,L-lysine
had its maximum ext’inction at pH 12.1. In the abseuce
of air and at, room temperature,
reduction of the trivalent
iron-protoporphyrin
IX in
the presence of poly-a,~-lysine
by either excess sodium ascorbate or dithionite
led
to the same spectral data. The synthetic
macromolecular
ferrohemochromes
were
autoxidizable.
The integrat,ed absorption
of the various light-absorption
bands was
significantly
higher
for synthetic
complexes
involving
higher molecular
weight
poly-a,L-lysine
(up = 700) than for those of lower molecular weight (DP = 70).

It has been known for a long time that
the prosthet,ic group iron-protoporphyrin
IX
forms distinct octahedral complexes under
certain conditions, in particular with nitrogenous substances [(l-5)
and refs. cited
therein]. These are generally termed hemochromes or hemochromogens. Many hemochromes of FOP’ have two characteristic
light-absorption
bands in the visible region
with maxima at about 550-560 rnp (a-band)
and 520-530 rnp (p-band), respectively,
while the Soret band positions are usually
near 420-430 rnp. Low-spin values have been
measured for many of these complexes involving strong-field ligands [see, for example, ref. (4), pp. 61-661. Mammalian cytochrome c at neutral pH constitutes
a
1 Abbreviations
used: FiP, ferriprotoporphyrin
IX; FOP, ferroprotoporphyrin
IX (in both subst,ances coordinated
ligands not specified) ; PLL,
poly-cu,~-lysine;
PDLL,
poly-a,o~-lysine;
DP,
average degree of polymerization.

naturally occurring hemochrome [ref. (I),
p. 349, and refs. cited]. Most ligands of prot’oheme hemochromes investigated so far
were small molecules (1, 3). Recently, hemochromes of FiP with synthetic polyamino
acids, in particular PLL (6-8) and poly-Lhistidine (6, 9), have been described which,
as hemoprotein models, are considered to be
structurally closer to the native complexes
t’han low molecular weight analogues. The
polylysine also allowed for effective coordination of primary amino groups to the
porphyrin iron (7). The present investigation deals with the formation and properties
of hemochromes of divalent iron-protoporphyrin IX with either I’LL or PDLL in
aqueous medium in which t’he ligands are
considered to originate from t-amino groups
which constitute part of the macromolecular
struct,ure. It will be shown t,hat,, as in the
case of trivalent heme iron, typical hemochromes are formed at relatively low concen587
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trations of the polyamino acids, although
there are significant differences in the conditions of complex stability in both valence
states of the iron. h preliminary report of
this work has been presented (10). Formation of a ferrohemochrome spectrum had
been observed previously on sealing an aqueous solution of the trivalent iron complex
FiP-PLL in a high vacuum (7) and also for
FOP-PLL at pH 8.5 (11). Very recently,
hemochromes of heme a with polylysine have
been reported which were considered as
models of cytochrome oxidase (12).
MATERIALS

AND

METHODS

Protohemin
(chloro-ferriprotoporphyrin
Ix).
Twice-crystallized
Sigma (St. Louis, Missouri)
bovine hemin was further
recrystallized
and analyzed as described previously
(7). The cryst,als
were stored in a desiccator
in the dark at 2-5”.
After dissolving
lo-20 mg of protohemin
in 100 ml
of 0.01~ aqueous NaOH,
which took about 2
hours at room temperature,
the stock solutions
were stored in the dark and in air at 2-5”. Under
these conditions,
the light-absorption
spectrum of
FiP remained constant for about 2 weeks [EmM at
room temperature
of absorption
maxima in the
region 3m50
rnp (see also ref. 13): 385 rnp, 61 f
2; 490-493 mp, 6.4 f 0.1; 61@612 mp, 4.6 f 0.11.
The band at 490-493 rnp seemed to be most sensitive to changes. Care was taken to exclude CO2
and direct light from all solutions containing
the
heme.
Poly-a+-lysine-HBr
and poly-or,Dt-lysine-HBr
were obtained
from the Biophysics
Department,
Weizmann lnstitute,
and the Yeda Co., Rehovot,,
Israel,
respectively.
These poly-m-amino
acids,
which were prepared from the corresponding
t,Scarbobenzoxy-cu,A-carboxy-lysine
anhydrides
by
conventional
polymerization
in solution
using
amines as initiators
(14), were t,reated and characterized as described previously
(7). Two PLL samples were used: Sample PLL-H
(D
= 700) and
Sample PLL-L
(DP = 70) as estimated
on the
parent
carbobenzoxy
compounds
by viscosity
measurements
in ,L’ ,A\j-dimethylformamide
which
were calibrated
by sedimentation-difiusion
data.
Aft,er recarbobenzoxylation
of the PLL samples
(15)) practically
the same molecular weights as for
the parent
carbobenzoxy
compounds
were obtained by the above method. Thus the average
molecular
weight of these PLL samples did not
change significantly
upon removal of the carbobenzoxy groups by HBr. The parent c,N-csrbobenzoxy compound of PDLL (1:l copolypeptide)
had an estimated DP of 190.

YONATH

Stock solutions of the polyamino acids [(l-2) x
lO-2 MI in water were stored near 0”. Their concentrations
were checked by micro-Kjeldahl
determinations of nitrogen. In all cases, concentrations
of the polyamino
acids are given in monomolar
units (moles amino acid residues per liter).
L-Lysine-HC1.
A commercial
preparation
was
dried in oacuo at room t,emperature.
n-Butylamine.
A B.D.H. product was distilled
and the middle fraction was taken.
L-Ascorbic acid. Both N.B.C. (Cleveland,
Ohio)
and B.D.H.
(Poole, England)
analytical
grade
product,s were used. Titration
with 2,6-dichlorophenolindophenol
indicated over 99% purity, even
when titrated immediately
after bringing solutions
to pH 12. Under the experimental
conditions used
in this work (see below),
95% of the original
amourlt was titrated
after two hours in alkaline
solution
and in an atmosphere
of argon. In air,
and under ot,herwise similar conditions,
only 80%
of the ascorbic acid remained after one hour.
Sodium difhionife
was a commercial
B.D.H.
product.
In some experiments,
a N.B.C.
preparation was used.
Argon was 99.8ojo according to the manufacturers (Chemicals
and Phosphates
Ltd.,
Haifa,
Israel).
Nitrogen was 99.9% (Matheson
Co., New Jersey). It’ was passed through a bubbler containing
10% aqueous NaOH t)o remove residual CO% .
Other chemicals were analytical
grade. Double
distilled water was used and its conductivity
was
checked frequently.
pH measurements. Two pH meters were used: (a)
Photovolt
(New York) with Beckman entire pH
range glass electrodes;
and (b) Radiometer
(Copenhagen, Denmark)
Titrator
TTTla with B-type
glass electrodes (low Na-ion error).
Light-absorption
spectra. Both Beckman
DU
and DB spect,rophotometers
were used. In the DU
instrument
the cell compartment
was kept at
constant temperature
by circulation
of water from
a thermostat.
The absorbance read by the instruments was checked frequently
by standard alkaline chromate solutions
(lo), and the wavelength
scale by a mercury lamp. The absorbance in the
range 400-600 rnM of mixtures of either PLL and
ascorbat,e or PLL and dithionite
as used under the
usual experimental
conditions
of this work was
found t)o be negligible.
Distilled
water was therefore used as reference in all cases. The absorbance
of the bands at 428 and 558 mp, respectively,
of the
ferrohemochrome
FOP-PLL (see below) was found
to be independent
of slit width in the range of
measurements
of 0.02-0.1 mm. If not indicated
ot,herwise, reproducibility
of absorbance maxima
was within
about 5yo.

MACROMOLECULAR

tAlllM = decadic extinction coefficient
length X (mp) in my--l cm-l, calculated
atom of heme iron.
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sults. The absorption spectrum in the visible
range was diffuse (Soret band at about 390
mp). Better reproducibility
was obtained by
1Iethod
B
(dithionite)[cE%l
‘v
6 (max.) under
Procedure
conditions given for Fig. 11. Both FiP and
Solutions
of FiP and polyamino
acid or any
FOP are considered to be aggregated in alkac~ther component were mixed at room temperature
line aqueous medium under the conditions
and adjusted to the desired pH by aqueous NaOH.
of this work (see, for example, refs. 19,21, 4).
Aqueous solutions
of the reducing
agent were
L-&s&c>. Under the conditions given for
brought close to the desired PH. They were used
Fig.
1 (2 X 10-j 11 E’oP) with dithionite as
not later than 15 minutes after their preparation.
reducing agent, and up to 0.04 >t lysine, no
Two principal
met.hods of reduction
were emcomplex formation could be ascertained.
ployed :
(-4) A reaction
vessel consisted
of a roundComplexes of FOP with polylysine. Typical
bottomed
flask and an optical cell of l-cm light
light-absorption
spectra obbained under
path as a side arm. Four ml of the solution confavorable conditions (see below) at pH 12
taining FiP (and a complexing
component)
was
upon reduction of systems involving l:iP
placed into the round-bottomed
flask together
and various samples of polylysine are prewith a magnetic stirrer. An alkaline solution of the
sented in Fig. 1. In all cases, the a-band has
reducing agent (ascorbic acid in most cases), O.Olits
maximum absorpt,ion at 55s rnp, the fi0.03 ml, was introduced
into the optical cell by
band
at ,528 rnp, and the Soret band at 42%
means of an Agla syringe fitted with a micrometer.
The reaction
vessel was then connected
to a 429 rnp. The corresponding t-values, however, obtained by dividing the measured
vacuum line and the solutions were degassed b)
absorbance per centimeter by the molar conrepeated
cycles of freezing,
pumping,
thawing,
and admitting
argon at a pressure close to one
centration of total heme, are significantly
atmosphere while stirring
the solution. The reacdifferent for complexes involving an excess
tion vessel was detached from the vacuum line,
of eit,her high or low molecular weight PLL
t,he main solution was brought to a desired tem(see Fig. 2). For PLL-H: ~2~~= 35.0 f 0.7;
perature in a thermostat
and mixed with the reEti8
m31= 15.7 =t 0.7; E$,~ = 137 f 3 (arithducing agent in the cell, and the latter was placed
met’ic
means of 30, 30, and 10 experiments,
into the spectrophotometer;
precalltions
were
for
each
maximum, respectively, involving
taken to exclude light from t,he cell compartment.
The absorbance
at. 558 rnp was followed
until a both Nethods A and B. Maximal deviations
are indicated). For PLL-L: tg% = 29.0 f 1;
constant value was obtained
(see below) and the
128
428
complete spectrum was then measured. lmmedihnr = 13.0 =t 0.3; EmX = 110 f 4 (15, 15,
ately afterward,
t,he pIi was recorded and taken
and 3 experiments, respectively). The ratio
as t.he value prevailing
at the time of the spectral
of Ed/@ is 2.2 & 0.2 for both PLL systems.
measurements.
This value was always lower than
The complex involving PDLL has absorpthe pH before reduction.
tion values close to those observed for PLL(B) The solution
containing
FiP and other
528
L: $& = 29.0 * 1.5; c*&.,<
= 13.3 f 0.2;
nonreducing
components was brought to the tem125 - 105 f 2.5 (all from 3 experiments).
perature
of measurement
in an optical cell (1.0
Z..i,
ta/ 8 = 2.2 rk 0.2.
cm light path) and argon was bubbled through it
Reproducibility of spectral data under moclifor several minutes. Some grains of solid dithionite
Jied conditions. The system FOP-PPL-H was
were then dissolved in t,he solution by rapid stirring. After reaching a constant
absorbance
and
measured under the conditions given for Fig.
recording the spectrum a small additional
quantity
1 with the following changes introduced: (a)
of dithionite
was added. No further
significant
addition of 0.01 31 sodium carbonate; (b)
change in absorbance
could be observed in most
rigorous exclusion of air from all solutions
cases. pH determination
and changes were as in
prior to the regular deaeration procedure
Xethod
A.
described above (Alethods A and B) ; (c) reRESULTS
duction by ascorbate (Method A) in an
Spectra of FOP in the absence of bases. Re- atmosphere of nitrogen; (d) I\,Iethod ,4 was
duction of FiP at pH 12 by Method A (excess used to introduce PLLH into the side arm
ascorbate) did not lead to reproducible re- t,ogether with the ascorbate prior to evacuaat a waveper gram-
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FIG. 1. Light-absorption
spectra in water of reduced iron-protoporphyrin-polylysine
complexes. Temp., 27 f lo; pH 12.0-12.1; anaerobic conditions.
l FOP 2.0 X l&5 M; PLLH 8.5 X 1W M; reducing agent: dithionite.
a FOP 1.4 X 10m6M; PLL-H 8.5 X 1W M; reducing agent: ascorbate. 0 FOP 2.0 X 10d6 M; PLL-L 2.4 X 1V M; reducing agent,: dithionite. X FOP 2.0 X lop5 M; PDLL 8.8 X lO+ M; reducing agent: dithionite.
All reducing
agents were in large excess of FOP.

tion and filling with argon; (e) the ascorbate
was added to FiP in the flask, and PLL-H
was placed in the optical cell; (f) FiP was
reduced by dithionite at pH 12, and after 15
minutes a solution of PLL-H at pH 12 was
added.
In all cases except (c), the e-values obtained for the (Y- and P-bands were identical with
those of Fig. 1, within the limits of error.
Lower values obtained in case (c) may have
been due to impurities (residual oxygen) in
the nitrogen used. Apparently, the order of
addition of complex components or reducing
agent had no influence on the final values of
absorption maxima of both (Y- and P-bands.
Dependence of FOP-PLL complex formation on time and temperature. Under the conditions given for Fig. 1, reduction by dithionite (estimated lop3 M) led to constant Cvalues within several minutes of its addition.
No further change could be observed up to
96 hours. Upon reduction under similar con-

ditions but at 3” , cEM was 33.6 after 10 minutes (PLL-H).
Again under the conditions given for Fig.
1, upon reduction by excess ascorbate (minimum concentration required was 4 X 10e4 M)
about 40 minutes elapsed before attainment
of the final value of $58. Both e558and ~528
then remained constant up to 20 hours at
least. Intermediate
and final spectra had
isosbestic points at about 590, 490, and 400
rnp, respectively.
When the reduction by ascorbate was
carried out at temperatures between 20 and
40”, the same final e-values were obtained in
each case. Below 20”, however, lower final
values resulted and the time required to
reach a constant value was longer. For example, at 3”, tFM = 26.2 and ~2~ = 13.3
were maximum values reached after about
100 minutes under the conditions given for
Fig. 1, in the presence of PLL-H. If brought
to 27” from low temperatures, the e-values
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titration
of FOP with PLL. Total FoP 2.0 X 10-j “; pIf 12.1
agent,: dithionite
(Method B). 0 PLL-H; l PLL-L.

corresponding to the higher temperatures
were obtained within several minutes. On
subsequent cooling back to a lower temperature (e.g., 7”), however, the E-values remained pract’ically unchanged. Thus, some
kind of inhibition of the reduction by ascorbate seems to occur when the reduced complex is prepared at lower temperatures.
E$ect of added salt. Reduction of the system FiP-PLL (either PLL-H or I’LL-L) by
dithionite under the conditions given for Fig.
1 and in the presence of 1 M NaCl resulted
in the same band positions and corresponding e-values as were obtained in the absence
of added salt.
Complex formation at varying concentrations of PLL. Results are summarized in Fig.
2. For the saturated complex, an average
mole rat#io of lysine residues: bound heme
of about 12: 1 is estimated for both PLL-L
and PLL-H, which is very similar to t,hat
obtained from the analogous tit,ration of the
trivalent iron complex F’iP-PLL (7). With
increasing concentrations of PLL, higher
equivalent concentrations of NaBr will be
present owing to neutralization of the PLLHBr. These are not considered to influence
the results (see Effect of Salt). For spectra
measured at different concentrations of PLLH, isosbest,ic points were obtained near 570,
500, 450, and 405 rnp, respectively.

pH dependence. Each point in Fig. 3 was
obtained in a separate reduction experiment.
h maximum value of c558is found at pH 12.1.
Reproducibility
at various pH values as well
as agreement, between both methods of reduction were fair. However, the final absorption
values were found to depend considerably on
the mode of preparation of the complex.
When the trivalent. complex was prepared
and reduced at pH 5 10 and then brought
to pH 12 by concentrated NaOH, the maximum absorption values were considerably
lower than those obtained at pH 12 by starting from about pH 12.5-11.5, if all ot#her conditions are kept constant. The data of Fig. 3
refer to the regular conditions where the pH
was higher before t,han after reduction (see
Procedure).
Dilution
of co@ex. l?xperiments were
conducted at an initial FOP concentrat,ion of
2.0 X 10-j M, at, pH 12.1, 27 f 0.5”, and
using dithionite (Method B). Up to fourfold
dilution of t,he reduced complex with aqueous SaOH of pH 12 at excess of either PLLH or IcoP (see Fig. 2) did not- result, in any
significant change in t558. Thus Beer’s Law
is obeyed and the complex does not appear
to dissociate under t,hese conditions. Dilution of either complex component while
keeping the other constant resulted in values
of G5* which corresponded to those expected
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FIG. 3. pH dependence of ~558.FOP 2 X 10-5 M; I’LL-H
0 Reduction
by (4-5) X 1V M ascorbate (Method A).
(estimated of the order 1OP M) (Method B).

for a particular mole ratio of FOP :PLL-H
according to Fig. 2, provided c558were unaffected by dilution. Thus, reversibility of the
system is indicated under these conditions,
since similar c-values could be obtained
directly by mixing more dilute solutions.
All solutions used for dilution were deaerated by argon prior to their use.
Autoxidation of the reduced complex. When
a limited amount of air was admitted to a
complex involving 1 X lop3 M PLL-H and
which was reduced by ascorbate (Method -4)
at optimum conditions (Fig. l), G58 decreased at first but increased again with time
provided an excess of ascorbate was present.
Cycles of increase and decrease of absorption
at 555 rnp could be repeat’ed until $,“,
remained below 10. The final spectra obtrained were different from those measured for
the trivalent iron system FiP-PLL-H
under
analogous conditions. This indicates irreversible reactions which may take place upon
reoxidation of the complex.
Attempts to measure the oxidation-reduction potential of the complex were unsuccessful so far. The system was sluggish even
in the presence of a mediator and results
were not reproducible.
n-Butylamine. 2 X 10-j M FiP in 0.01 N
NaOH and at 27” was reduced with dithionite (Method B) in the presence of 1.0 ~9

(a-10) X lo-* M; temp. 27 f lo.
by excess dithionite

l Reduction

aqueous n-butylamine. Spectra were similar
to those obtained with low molecular weight
PLL-L, though there was a shift of about 4
rnp to shorter wavelengths in all maxima
554
(EnlM = 30.5; ~2~ = 13.4; c?,, = 105).6j1~the
presence of 0.01~ n-butylamine:
emM =
26.3; $$,, = 13.2 (for the effect of n-propylamine, see ref. 3, p. 74).
DISCUSSION

Complex ligands. In summarizing the effects of the various variables investigated
on complex formation between the prosthetic group iron-protoporphyrin
IX and
polylysine, the conditions given for Fig. 1 are
considered optimal at the FoP concentration
given. According to the spectral type obtained, this complex may clearly be classified
as a ferrohemochrome (l-5). (For recent and
short reviews on theoretical aspects of these
spectra see, for example, refs. 4, 17). Per
analogiam to other complexes of a similar
spectral type it may be assumed that two
c-amino groups of the polylysine side chains
provide the ligands on coordination positions
5 and 6 of the porphyrin iron (l-5, 18). This
octahedral complex may be expected to be
diamagnetic (3, 8).
Steric requirements for complex formation
and stability. There is practically no spectral
difference between ferrohemochromes
of

PDLL
and low molecular weight PLL
formed under similar conditions (Fig. 1).
In conbmst, two different complexes ((‘red”
w&h I’LL and “green” with PDLL of DP =
190, respectively) were found at pH 11 in the
case of trivalent iron-protoporphyrin
(6, 7),
where an ordered structure of the polyamino
acid was considered necessary for formaCon
of the “red” complex (6, 7). [It may be assumed for &eric reasons, that PDLL has a
random-coil structure at pH 12 while PLL is
helical above about pH 10 and “randomly
coiled” at lower pH (see refs. 6, 7 and refs.
cited therein)]. In the present’ ferrohemochromes the absence of a spectral difference
could be explained by greater stability in
the pH range considered of the ferrohemochrome as compared with t)he ferri-complexes
(see refs. 19, 11; 1, p. lS2), so that t’he ferrohemochrome is formed with PDLL even
under less favorable steric conditions. Also,
the formation of a “green” complex seems
to depend on the hydroxyl ion coordinated
to the t,rivalent protoheme iron (20; 21, for
pvridine as ligand) which is absent in the
divalent iron complex in the pH range considered (see, for example, refs. 21; 1; p. 4s).
A full discussion of the mode of binding
and of the factors affect’ing sta,bility of “red”
hemochromes involving t,rivalent iron has
been present,ed previously (7, S) and could
be applied in the present case, at least for
complexes involving helical PLL: In this
case it’ has been postulated that the two Eamino groups coordinating to t’he heme iron
originate from two helices (8) and that cooperative binding such as hydrogen bonding
and/or certain entropy terms contribute to
the overall stability of t,he complex (7). Previously, hemochrome formation with lysine
residues in polylysine has been reported to be
more effective than with lysine monomer
(11, 18). Also, ferrohemochrome formation
of I’oP wit,h some alkali-denatured proteins
was found to occur more readily than with
basic amino acids (22; see also ref. 23 and
refs. cited). A better comparison between the
macromolecule and it.s monomer with regard
to hemochrome formation is offered by the
use of primary amines of low molecular
weight. As the present data show, 0.01 JI
n-butylamine forms some hemochrome with
FOP, but under similar conditions, 0.04 nr L-

lysine does not. This difference may be due
to electrostatic repulsion between the carboxylates of FOP and of L-lysine (7). It
remains to be shown to what extent ferrohemochromes formed with macromolecules
are more stable than those with the corresponding monomeric bases.
pN dependence. The pH optimum (Fig. 3)
of formation of the ferrous complex is about
1 pH unit higher than that of the ferric complex as measured for 7 X 10-j M FiP (7).
This difference may be due to more effective
competition between hydroxyl ion and a
nitrogenous ligand in the ferric complex.
The decrease in the absorption maximum of
the ferrous complex in the range pH lo-12 is
more difficult to explain. The increasing
charge on the E-amino groups of polylysine
[intrinsic pK, = 10.4 at room temperature
(24)] may interfere with complex format,ion
at pH < 10 (electrost’atic dissociation of
complex; ligand inactivabion by protonation).
E$ect of salt. The ferrohemochrome differs
from the trivalent iron system by the absence of a spectral effect at high concentraCons of salt’. As above, both increased complex stability, and absence of coordinated
OH- in the ferrous system may account for
this result.
E$ect qf molecular weight. It appears from
Fig. 1 (also E’ig. 2) that the light absorption
in all bands is significantly higher for the
higher molecular weight polyamino acid.
The ratio 1’ of the integrated absorption
bands (apparent oscillator strengths) of
PLL-H (cl-values) and I’LL-L (ES)>respectively,

s

El &l/h)

1’- J

E2cz(1,/x)

is found to be 1.075 for the combined a-and
P-bands and 1.19 for the Soret band. In the
presence of excess PLL-.L it is unlikely t,hat
this effect results from a significant fraction
of unbound heme (Fig. 2). This may therefore be considered to constitute a hyperchromic effect due to opGca1 interactions of
FOP molecules arrayed between helical molecules of PLL-H as in the case of the analo-

594

BLAUER

AND

YONATH

TABLE

I

OF FOP IN
SELECTEDXmax~4~~ckax V,XLUEP OF SOME NAW'KAL .~NI) SYNTHETIC FERROHEMOCHROMES
AQUEOUSMEDIUM
Soret-bandmax.

B-bandmax.

I

m-bandmax.

I

Conditionsb

Substance

I

A(w)
__-

Cytochrome
cc
pH 6.8
41G
(horse heart)
Cytochrome
b@ ~ neutral phi 423
(baker’s
yeast)
pH > 12
Denatured
human globinFOP
Pyridine-FOP
20 vol. 70
418.8
pyridine
+ alkali ,
PLL-H-FOP
See Fig. 1 429
PLL-L-FOP
See Fig. 1 428
Poly-L-histipH 10
425
dine-FOP

Ref.

‘dl

129.
232

Ref.

25

520.5

3(p. 509) 528

15.9

I

fmM

550.:

27.7

3(p. 509) 556.!

38.8

25

18.6

Ref
25
3(P. 509)

I

157

137
110
115

27

9

528

14.8

526.5

17.0

528
528
529

15.7
13.0
12

26

30.6

9

27

558
558
560

9

-

-

a Units [(mM Fe)-’ (cm)-‘] assumed where these not stated explicitly
in original reference.
b For further details, see references.
c At least part of the shift to shorter wavelengths
is due to saturation
of vinyl groups of the heme
by thioether
linkages (26, 1, 28).
d Contribution
of flavin to the absorption
considered to be small (3, D. 509).

gous ferric complexes (7). Since PDLL (1: 1
copolymer) (Fig. 1) probably has a random
conformation for steric reasons, the absence
of the above effects would not be surprising.
Reduction. A large excess of reducing agent
is always required for the present system.
This may be due, at least in part, to the rapid
oxidation of the reducing agent by residual
oxygen in solution. It is assumed that no
changes other than reduction of the iron are
taking place on the prosthetic group during
the course of reduction. This is in accordance
with the fact that two different reducing
agents lead to the same spectrum of the reduced complex.
Comparison with other ferrohemochromes.
A comparison of the selected spectral data
of Table I confirms both the hemochrome
nat’ure and the strong binding properties of
t,he synthet,ic macromolecular models. No
definite conclusions with regard to the nature
of the binding groups in the various proteins
can be drawn from the models because of the
similarity of spectra obtained with different
ligands and because of the different possible

states of protonation of a given ligand in the
proteins as compared with the synthetic
complexes under the conditions measured.
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