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Hemerythrin, the non-heme iron-contalning oxygen carrler
of sipunculids, 1s composed of eight essentlally identical sub-
units, (Keresztes-Nagy and Klotz, 1963) each of which contains
two iron atoms. The octameric protein may be dissoclated into
subunits, each of which contains one cystelne residue (Groskopf
et al., 1966), by mercaptan-blocking reagents.

It has been shown previously (Keresztes-Nagy and Klotz,
1965) that the Fe sites form complexes with a variety of
anionic 1ligands (e.g. Na~, SCN™, C17),and that this coordina-
tlon enhances the reactivity of the protein sulfhydryl sites
as judged by the rate of dissociation of octamer into monomers.

We have now found that certaln specific anlons are bound
to hemerythrin, at a site different from the iron locus, and
produce a pronounced effect on the behavior of both iron and
sulfhydryl groups.

Behavior at Iron Site

The effect at the iron locus has been evident from two
types of experiments, one involving equillbria, the other
rates. Typical coordination equilibria of hemerythrin may be

represented by the equation

lpostdoctoral Fellow of the National Insfitute of General Medi-
cal Sciences, U. S. Public Health Service, 1966-1968.

2This investigation was supported in part by a grant (HE-08299)
from the National Heart Institute, U. S. Public Health
Service.

264



Vol. 32, No. 2, 1968 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

[HrFel (

H0)_ls + 80 = [HrFeoTTT(1) 1%%7 + 8n He0 (1)
where I is the iron ligand (e.g. OH , Na , NCS™). The formation
of the ligand complex creates a net negative charge at the iron
locus. Binding of a non-llgand near the iron should tend to
make the Fe-lligand complex less stable, thermodynamically,
through electrostatic effects, and thus will drive the equilib-
rium in equation (1) towards the agquo side. It should also re-
tard the rate of formation of the Fe-ligand form. Both of these

effects have been observed.

A (mp)

Figure 1. Absorption spectra showlng conversion of met-hydroxo-
hemerythrin to met-@quohemerythrin in the presence of sodl-
um perchlorate at 5 C.

pH 8.62, 0.00 M NaClOs
pH 8.62, 3.75 x 107* M NaClO,
pH 8.62, 1.00 x 1072 M NaClOs
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pH 8.62, 3.75 x 10_2 M NaClOs
pH 8.62, 2.50 x 10" 2 M NaClO4
pH 6.36, 0.00 M NaClO4
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Non-1igand anion binding was detected by adding non-coordi-
natlng anlons to a solution of met-hydroxchemerythrin
[HrFeo 'T(0H ) ]s, at pH 8.5. The magnitude of the spectral
change (see Flgure 1) towards met-aguohemerythrin,

[HrFeaTY(

Hzo)m]a, then indicated the magnitude of non-ligand
anion binding present. Using this as a criterion for anlon
binding we find that strong binding occurs wlth perchlorate and
with nitrate ions, weak binding with phosphate lon and no bind-
ing with sulphate, dodecylsulphate, acetate or trichloroacetate
ions. The non-ligand anilon binding site appears, therefore, to
be specific for certain small anlons.

To ensure that the observed effects were not due to coordi-

nation to the iron, the circular dichrolc spectra of these solu-

O.6~ﬂ 4

Figure 2. Clrcular dichrolc spectra of met-aquohemerythrin and
met-hydroxohemerythrin mixtures.

————DpH 7.0, 87% met-aquo
pH 8.5, 94% met-hydroxo

......... pH 8.5, 0.091 M NaClO4, 93% met-aquo
Spectra recorded on Durrum-Jasco Recording Spectropolari-

meter at 25°C in 0.1 M tris buffer adjusted to pH with
solld cacodylic acld.
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tigns were measured and compared wlth that of met-aquohemeryth-
rin at pH 7.0. These are glven in Figure 2 where perchlorate 1s
the added ion. The presence of about 0.1 M sodlum perchlorate
alters the clrcular dichroic spectrum from that of met-hydroxo-

hemerythrin to one which 1s essentially identical to that of

met-aquohemerythrin. Since clrcular dichroism 1s particularly
sensitlive to:changes at the iron,it 1s clear that the speciles
formed in the presence of perchlorate ls met-aquohemerythrin,
and not an iron-perchlorate coordinational complex.

Quantitative studles have been carried out on the effect
of perchlorate and of nitrate ion binding on the aquo-hydroxo-
hemerythrin (see Figure 1) equilibrium. For a protein concen-
tratlon of 3 x 10°* M in iron, the followlng pK values have been
observed: 0.00 M NaClO4, pK 7.83; 1 x 10°* M NaClO4, PK 8.28;
2.5 x 10™* M NaClO4, pK 8.39; 1 x 10”2 M NaClOs, PK 8.70. It is
clear that the binding of perchlorate has a pronounced effect on
this equilibrium and hence that hemerythrin binds ClO0. strongly
at a site near the iron. The effect of nltrate binding on this
equilibrium 1s approximately half that of perchlorate. Simllar
results have been observed for other aquo-ligand equililbria.

The effect of perchlorate lon blnding on the rate of forma-
tion of a llgand specles 1s shown in Flgure 3. The presence of
a 20-fold excess of sodium perchlorate over protein iron concen-
tration causes a large decrease I1n the rate of formatlon of the
met-azldehemerythrin from met-aquohemerythrin. Thls phenomenon
too clearly demonstrates that perchlorate lon 1s bound near the
iron in this proteln.

The techniques described do not permit us to see whether
ligand anions that can be coordlnated to the lron are also

bound to the specific anlon binding sife. However electrophore-
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Figure 3. Rate of formation of met-azidehemerythrin from met-
aquohemerythrin.

—————0.00 M NaClO.
_________ 8.35 x 1072 M NaClO4

Both solutions contained 3.6 x 10°% M Fe, 5.25 x 107 M
NaNs; pH 7.0, 5°C.

tic work (Keresztes-Nagy and Klotz, I.M., unpublished results)

indicates that chloride ion is bound to oxyhemerythrin in its

natlve state.

Behavior at Sulfhydryl Slte

Not only do Cl04~ and NOa~ affect the iron locus, but
these ions also simultaneously "mask" the -SH group in its
reaction with mercurials.

This was demonstrated by the following experiment. A
stoichiometric amount of salyrganic acld, 1n relation to
cysteine residues, was added to a solution of (7.0 x 10 * M Fe)
met-aquohemerythrin at pH 7.0. Immedlately after the mercurial

was dissolved, the solution was divided 1lnto two portions. To
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WITH Clo,

— NO Clo,

Filgure 4. Sedimentation of met-aguohemerythrin. Both solutlons
contalned 7.0 x 10°* M Fe, 3.5 x 10°* M salyrganic acid at
pH 7.0, 5°C. Both diagrams from photographs taken 90
minutes after reaching speed of 59,780 RPM.

Upper - 9.1 x 107* M NaClO4
Lower - 0.0 M NaClOa4

one portion sodium perchlorate was added to a final concentra-
tion of 9.1 x 10°% M. To the other portion the same amount of
tris-cacodylate buffer was added to keep the lonle strengths
the same.for both solutions. After standing overnight at 4°c,
the samples were simultaneously sedimented in the Spinco Model E
Analytical Ultracentrifuge. As 1s evident in Flgure 4 the sam-~
ple without perchlorate was about 80% dissociated (into 28
particles) whereas that with perchlorate showed only non-dis-
sociated octameric protein (6S particles). In other experi-
ments essentially complete protectlon of the sulfhydryl was
found when the concentration of perchlorate was the same as
that of the cysteine in the protein. This indlcates that a
single perchlorate bindlng site (per subunit) provides the

locus for binding C10. strongly and producing the effects

observed.
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Other sedimentation experiments, were carried out with
nitrate as the -SH protective agent. At pH 7.0 nltrate pro-
tects agalnst dissoclation but not as effectively as perchlor-
ate. Thlg lessened effectlveness of NOs with regard to -SH reac-
tivity parallels 1ts relative effectiveness at the iron site.

Titrations of the sulfhydryl group with p-chloromercuril-
benzoate by the method of Boyer (1954) have also shown markedly
reduced rates of reaction in the presence of ClO4 . Much more
extensive -SH titration studles are currently in progress else-
where (S. Keresztes-Nagy, private communlcatilon).

The attenuating effects of these non-ligand anions on -SH
reactlvity stand 1n striking contrast to the marked enhance-
ments 1ln rates produced by iron-coordinating ligands such as

azlde (Keresztes-Nagy and Klotz, 1965).
Discussion

These observations indlcate that hemerythrin binds €104~
and a few other lons very strongly without their belng co-
ordinated to the Fe atoms. The non-ligand anion affects the
kinetic and equillbrium behavior at the Fe locus, probably by
electrostatic repulsive interactions. The non-ligand anilon
also affects the reactivity of the SH group. However, this
interactlon may not be wholly electrostatic for 1t has also
been observed 1n titrations with uncharged N-ethyimaleimide,
as well as with anlonic mercurials. The stoichlometry of the

effects of Cl04 indicates strongly that the effects described

are produced by a single C104 bound at a single site (on each
subunit). Since this €104 1on affects both the Fe locus and

the SH locus we have herewith strong evidence that thé oxygen-
binding site and the single cysteine residue in hemerythrin are

in close proximity.
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