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Glycylglycylglycylglycine and tetramethylammonium chloride have been used as 'TH NMR probes to study the

state and role of the phosphate on the surface of the iron core of ferritin.

1H NMR signals of the probe molecules in

a ferritin solution do not show any observable paramagnetic shift, and the linewidths are very small compared to an
aqueous iron(IIT) solution which contains the same amount of iron. Iron of ferritin is markedly different from that

of aqueous iron(ITI), but quite resembles that of synthetic iron polymer.

It has been shown that the parameter £,

which is the linewidth for the NMR probe divided by the concentration of iron, is dependent on the content of the

phosphorus in ferritin.

The & value for glycylglycylglycylglycine has a maximum in the physiological pH range

6—7, whereas that for tertramethylammonium chloride in which the charge does not change in the whole pH range

gives a sigmoidal curve.

From the pH dependence of the k values for tetramethylammonium chloride, the pK, value

of the phosphate group on the surface of the iron core has been estimated at 7.0+0.2.

Ferritin, an iron storage protein distributed widely
in both plant and animal kingdoms, consists of a shell
of protein subunits surrounding the iron core which
contains up to approximately 4000 iron atoms.!»?
Several methods such as X-ray diffraction,® electron
microscopy,®% and neutron scattering® have so far
been applied for the investigation of the structure
of the iron core. The magnetic properties of the iron
core have also been studied by the measurements
of magnetic susceptibility?®) and Mossbauer effect.?
It is well established that about 1 to 1.59, phosphate
is contained in the iron core, and it has been suggested
that the concentration of the phosphate group is higher
on the surface than in the inner part of the iron core.?19
It has also been suggested that the negatively charged
phosphate group is acting as a go-between for the
binding of the iron core to the protein shell.l)

Silk and Breslow!)) have carried out the potentio-
metric titration of apoferritin and ferritin, and observed
that ferritin is more stable than apoferritin in the pH
range 2.3—3.0, and above pH 8, there exists a large
difference in the titration behavior between the two
proteins. They have also shown that, compared to
apoferritin, ferritin has two more groups per protein
subunit which dissociate reversibly in the pH range
5.5—7.5, and concluded that these additional groups
are the phosphate group on the iron core. In the
present work, high resolution nuclear magnetic reso-
nance (NMR) is used to investigate the structure and
magnetic properties of the iron core of ferritin with
emphasis on the phosphate group. Because of the
large size of the molecule (molecular weight, 445000)
and the existence of a large amount of paramagnetic
iron, any NMR signal from the protein shell of the
native ferritin cannot be detected; only H signal
observed is of the solvent water. 3P NMR signal of the
phosphate group was also not observable.

In a method presented in this paper, tetramethyl-
ammonium ion, glycylglycylglycylglycine, and water
are used as the NMR probe to obtain information
about the surface of ferritin. 'When the probe molecules
are in close contact with the iron core of ferritin, the
NMR signals of the probes are broadened as a result
of the magnetic dipolar interactions. The dipolar
interactions are strongly influenced by the electrostatic

interactions between the probe molecules and the
surface of ferritin. In view of this, we use tetramethyl-
ammonium ion with a positive charge throughout the
pH range examined, and glycylglycylglycylglycine
which has at the physiological pH a negative and positive
charge at the N and C terminals of the peptide chain,
respectively. The water molecule is also used as a
neutral probe. On the basis of these experiments,
the dissociation constant of the phosphate group on
the surface of the iron core will be estimated.

Experimental

Materials. Horse spleen ferritin (crystallized twice, Cd
free) was purchased from Nutritional Biochemicals Corpora-
tion (lot No. 4871 and 4493), and dialyzed against distilled
water before use. Tetramethylammonium chloride, glycyl-
glycylglycylglycine and other reagents used are of reagent
grade. Polymeric iron hydrolysate (hereafter designated as
iron polymer) was prepared by adding 0.5 M NaHCO, and
0.05 M NaOH to a 0.03 M ferric citrate solution; the iron
polymer thus produced was isolated on a column of Bio-Gel
P-30.1» Iron polymer was also prepared by heating a 0.02 M
solution of ferric nitrate at 80—85 °C for 10—20 h, followed
by dialysis of the resultant solution.!®

Analysis. The concentration of iron in ferritin prepa-
rations were determined by atomic absorption. No attempt
was made to decompose the iron core before the samples
were subject to atomic absorption. The iron content deter-
mined in this way is in excellent agreement with that obtained
by atomic absorption with the iron core decomposed by
reducing it with sodium sulfite. The result is also consistent
with the value determined colorimetrically by using 2,2’-
bipyridyl.'9  Protein concentrations were determined by
the Lowry method,’® and the concentration of the phosphate
by a colorimetric method using ammonium molybdate and
ascorbic acid.!®

Instruments. 1H NMR spectra were recorded using a
JEOL PS-100 spectrometer operating at 100 MHz.

Methods. NMR spectra of glycylglycylglycylglycine
(Gly,) were measured in D,0; in H,O, due to the NH protons
of the amino groups, the signals from the methylene protons
of Gly, become complicated. The spectrum of tetramethyl-
ammonium chloride (TMA) was observed in H,O. The con-
centrations of Gly, and TMA were constant throughout the
experiments (10 mM). The concentration of ferritin in sam-
ple solutions was adjusted in either of the following two ways:
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1) A small amount of a stock solution of ferritin at high
concentrations (approximately 0.2—0.4 M as iron) was added
to a Gly, or TMA solution. 2) Ferritin solutions were
dialyzed against a glycine-HCI buffer solution which contains
10 mM TMA, and iron concentration of the solution was
determined after dialysis. In all experiments described in
the present work, the pH was changed by dialyzing a solution
for 24 h against a 10 mM glycine-HCI buffer, and the dialyzed
ferritin solution was added to a 10 mM Gly, or TMA solution
where the pH was pre-adjusted to that of the ferritin solution
added; before and after this treatment, very little change in
pH is observed.

Results

1H NMR Signals of the Solvent H,O Containing Ferritin
and Synthetic Iron Polymer. The H,O proton signals
of aqueous iron(III) solution, ferritin, and synthetic iron
polymer solution are reproduced in Fig. 1. 'H NMR
signals of H,O containing varying amounts of ferritin
have the following common features. First, the signal
is shifted to high field from that of pure H,O.
Presumably, this is because the bulk susceptibility of
ferritin solutions is increased by the presence of a
large quantity of paramagnetic iron. The observed
difference in chemical shift between the ferritin so-
lution and water would give the bulk magnetic
susceptibility of the ferritin iron in water.!”? The
result obtained was 3.8 p;. This value can be com-
pared to that of Michaelis, 3.7—3.9 p,, which was
obtained by using powder samples.” Second, the
H,O signal in ferritin solutions does not show any
paramagnetic shift in the concentration range 0—
0.4M (as iron). This observation is in a marked
contrast with a large paramagnetic shift which is
observed in an aqueous iron(III) ion solution. Third,
the linewidth of the H,O signal of ferritin solutions
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Fig. 1. 'H NMR spectra of H,O of 1: pure water, and
aqueous solutions containing, 2: ferric ion (0.010 M
Fe(ClO,)3/2 M HCIO,), 3: ferritin (0.11 M as iron,
pH 7.4), and 4: iron polymer (0.13 M as iron pH 5.5).
Arrows indicate the position of the peak of DSS used
as internal reference. Locking on external H,O was
used in order to observe a relative shift of the DSS peak
in spectra 2, 3, and 4 with respect to that for pure water.
The observed shift presumably reflects a change in bulk
magnetic susceptibility of the aqueous solutions.
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is only about 2.59%, of that for an aqueous iron(III)
solution (Fe(ClO,),/2 M HCIO,; solution 2, Fig. 1)
which has the same iron concentration. Table 1
shows the paramagnetic shifts and linewidths of the
H,O signals of 0.05 M iron(III) and iron(II) solutions.
The water signal of aqueous iron(IIT) solutions (d5,
high spin) always has very large linewidths (200—
400 Hz); even a iron(IIT)-EDTA complex gives a
linewidth of the water signal of larger than 100 Hz.
It should also be noted that paramagnetic shifts are
very small, if any, in the case of ferritin and synthetic
iron polymers, whereas they are in the range of 100—
200 Hz in the case of aqueous iron(III) and iron(II)
solutions.

TaBLE 1. THE PARAMAGNETIC SHIFTS AND THE LINEWIDTHS
ofF H,O SOLUTIONS CONTAINING AQUEOUS IRON(III) AND
IRON(II) IONS, SYNTHETIC IRON POLYMERS AND FERRITIN®

Paramagetic Linewidth

shift (Hz)® (Hz)»
Fe(ClO,),/2 M HCIO, 224 405
FeCl,/2 M HCI 172 192
Fe(NO,);/2M HNO, 194 385
FeSO,(NH,),S0,/2M H,SO, 143 12
Fe(III)-EDTA 52 114
Ferritin =0 13
Iron polymer =0 11

a) The concentration of iron is 0.05M in all cases.
b) Accurate to +2 Hz.

As shown in Table 1, the iron polymer markedly
resembles the iron core of ferritin; the H,O signal of
solutions of the iron polymer exhibits no paramagnetic
shift and the linewidth is quite small. From the chem-
ical shift of the H,O signal, the magnetic suscepti-
bility of the iron polymer of iron(I1I) citrate was esti-
mated at 3.5 pg.

1H NMR Spectra of Gly, and TMA in the Presence of
Ferritin, Synthetic Iron Polymer, and Aqueous Iron(1ll)
Ion. In order to compare more closely the dif-
ferent types of iron mentioned above, a small peptide
Gly, was used as an NMR probe. Four peaks which
correspond to the four kinds of the methylene protons
(which from the N terminal will be designated as N,
N2, N3, and C) can be observed separately in D,O.
The spectra of Gly, in the presence of either one of the
three kinds of iron, i.e., aqueous iron(III) ion (Fe-
(ClO,),), ferritin, and synthetic iron polymer, are
shown in Fig. 2. Upon adding an aqueous iron(IIT)
solution, differential broadening of the four methylene
peaks are clearly observed ; the peak from the C terminal
first becomes broad. Each of the four methylene peaks
shows paramagnetic shift as shown in Fig. 2, A, In
contrast to this, when ferritin is added, all four peaks
become broader almost uniformly, without any para-
magnetic shift. The dependence of the chemical
shifts of the Gly, signals is plotted in Fig. 3 as a function
of the iron concentration.

In the case of the ferritin solutions, although all
lines are almost uniformly broadened, the peak from
the N terminal broadens a little faster than the others
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Fig. 2. 'H NMR spectra of Gly, in D,O in the presence
of either one of the three kinds of iron. A, aqueous
iron(III) ion (Fe(ClO,),), pH 6.8; B, ferritin, pH 6.8;
C, synthetic iron polymer, pH 6.8. The concentra-
tions of iron added, and the assignment of the peaks
are shown in the figure.
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Fig. 3. The dependence of the chemical shifts of the

Gly, signals as a function of the concentration of iron.

(A) aqueous iron(III) ion, (B) ferritin. A, C terminal

peak; M, N terminal peak; @, N3 peak; O, N2 peak.

(Fig. 4, B). It has been confirmed that the linewidth
of the NMR probes examined is not influenced by the
presence of apoferritin. This means that the line
broadening of the NMR probes is independent of the
protein part, and therefore a contribution from the iron
core can be observed separately by NMR. In view
of this result, the paramagnetic contribution for each
peak may be represented quantitatively by using the
slope which is obtained from the relation between the
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Fig. 4. The linewidths of the Gly, signals as a function
of the concentration of iron. (A) aqueous iron(III)
ion, (B) ferritin. A, G terminal peak; ll, N terminal
peak; @, N3 peak; O, N2 peak.

iron added and the linewidths of the peaks. The
observed linewidth AH_,,, may be written as follows:

AHobsd = AH() + AHp, (l)

where AH, is the intrinsic linewidth of each peak and
AH, represents the paramagnetic contribution. In the
case of fast exchange where exchange between molecules
which are under the influence of the iron core, and those
which are free in solution is fast enough, the paramag-
netic term (AH,) should increase linearly with the
iron concentration added. In this case, k=AH/C
which represents a normalized paramagnetic contri-
bution should be constant, and therefore Eq. 1 may
be written as

AHobsd = AHO + kC. (2)

In Fig. 4 the observed linewidths are plotted as ‘a
function of the concentrations of iron added. The slopes
k obtained from Fig. 4 may be considered as representing
the binding ability of Gly, to ferritin, and therefore
may be used to estimate the binding constant of Gly,
with iron. The £ values obtained are summarized in
Table 2. In view of the fact that the k£ value for the
C terminal protons is largest in an aqueous iron(III)
solution and that the peak from the G terminal exhibits
a largest paramagnetic shift, it is obvious that an aque-
ous iron(III) ion forms a complex with the carboxyl
group of Gly,. In the case of ferritin solutions, the
slopes for the four peaks of Gly, are all small, and almost
equal to each other. The slope for the N terminal
protons are slightly larger than that of the C terminal

TasLe 2. THE OBSERVED k£ VALUES FOrR Gly, ix H,O
SOLUTIONS OF AQUEOUS IRON(III) ION AND TWO
DIFFERENT FERRITIN PREPARATIONS WHICH CONTAIN
A DIFFERENT AMOUNT OF THE PHOSPHATE

N2 N3 N o]
Fe(ClO,), 1.2Hz/mM 1.3 0.63 2.0
Ferritin® 0.39 0.53 0.45 0.30
Ferritin® 0.06 0.06 0.11 0.08

a) P/Fe=0.10. b) P/Fe=0.08.
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protons. This result may be interpreted in terms of
the existence of the negative charge of the phosphate
group on the surface of the iron core.

For the sake of comparison, a synthetic iron polymer
which does not contain any phosphate group, and also
a different batch of ferritin which contains a less amount
of the phosphate were examined. It has been con-
firmed that in the case of the iron polymer, the N-
terminal peak is less broad than others as shown in
Fig. 2, C. It is shown in Table 2 that the £ values for
the Gly, peaks in the presence of ferritin containing
a less amount of phosphate are much smaller, and that
the difference in k£ between the N and C terminal
peaks becomes small. Furthermore, it was confirmed
that the linewidth of the solvent H,O signal is inde-
pendent of the concentration of phosphate in the iron
core. Therefore, it may be concluded that the broaden-
ing of the Gly, peaks is due to the existence of the nega-
tive charge of the phosphate on the surface of the iron
core. The titration curve of k for Gly, shown in Fig. 5
indicates that the curve has a maximum and decrease
above pH 7. Most probably, this is because the amino
group of Gly, loses its charge at high pH and as a re-
sult of this, the interaction between Gly, and ferritin
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Fig. 5. The titration curve of the % values for Gly,.
A, C terminal peak; B, N terminal peak.
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Fig. 6. The titration curve of the £ values for tetra-
methylammonium ion.

Proton NMR Study of Ferritin

2541

becomes weaker in this pH range. TMA in which the
charge does not change in the whole pH range was
used at the same time as a reference, and the results
are given in Fig. 6.

The lienwidths of the peaks for Gly, are designated as
AH,_ .. and AH, when the phosphate group exists as
mono- and di-anion, respectively. The fraction of the
dianion is denoted by x. Then, the observed linewidth

in the presence of ferritin may be given by
AHopsa = AHmono® (1—x) + AHgy-x. @
This equation is normalized by dividing it by C.
konsa = KEmono® (1—x) + ka1
= kmono + (kai—%£mono) - %, “4)

where C is the concentration of ferritin (as iron), k .=
AH,,/C, kporo=AH, 1/C, kyy=OH/C. A plot of
kopsa as a function of pH should represent the dissoci-
ation of the phosphate, and therefore give the pK, of
the phosphate group. From the plot in Fig. 6 obtained
for TMA, a pK, of 7.0£0.2 for the phosphate is ob-
tained. It is quite interesting that the value obtained
is close to pK,=7.2 which has been reported for the
second dissociation of an inorganic phosphate ion. In
the case of Gly,, the pH dependence of k£ is shown in
Fig. 5. The curve for Gly, has a maximum in the pH
range 6—7, suggesting that the interaction between Gly,
and the phosphate becomes strongest in this pH range.
In this narrow pH range, the slope for the C terminal
methylene peak is much smaller than that for the N
terminal. This suggests that in this pH range the
positive charge of the amino group of Gly, is attracted
to the negative charge of the phosphate group on the
iron core.

Discussion

As mentioned previously, the linewidth of the H,O
signal in ferritin solution is quite small, and only about
2.5%, of that for an aqueous iron(III) solution which
contains the same amount of iron. The H,O signal of
ferritin solutions markedly resembles that for a solution
containing synthetic iron polymer. This result sug-
gests that the number of iron(IIT) ions which are in
contact with water becomes very small when the ions
polymerize, forming a large iron core. Therefore, a
change in the surface area should greatly influence
the linewidth. In the case of the ferritin preparation
(lot No. 4871) used in most of the present experiment,
the ratio of iron to protein is 0.20. The iron core is
assumed to be spherical in shape; then in a close packing
model?, the radius of the sphere would be 24 A and the
core could contain 1600 iron atoms. This means that
the average surface area per iorn atom of the iron
core is about 1/16 of that for a free iron(III) ion. In
addition to this, there is a difference in magnetic sus-
ceptibility between an aqueous iron(III) ion (5.9 py)
and ferritin iron (3.8 py). Therefore, if the linewidth
solely due to dipolar interactions between H,O and the
electron spin of iron, a factor of (3.8/5.9)2=0.41 should
also be considered for the linewidth of the NMR
probes.’8)  In the above simple model, a total reduction
in linewidth becomes 2.49%, (1/16x0.41x100) which
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agrees well with the observed value. A quite similar
result has been obtained in the case of a different
batch of ferritin preparation (lot No. 4493). Although
the quantitative agreement may be fortuitous, it ap-
pears that the observed linewidths may be accounted
for by the above simple model.

It has been confirmed that the linewidth of the NMR
probes examined is not influenced by the presence of
apoferritin. This means that the line broadening of
the NMR probes is independent of the protein part, and
therefore a contribution from the iron core can be
observed separately by NMR. In this respect, the
present experiment using the NMR probes is essentially
different from that by Silk and Breslow who using po-
tentiometry attempted to acquire information concern-
ing the phosphate on the iron core.! Since all dis-
sociable groups are observed together in potentiometry,
it is generally difficult to distinguish the dissociation
in protein from that in the iron core. In fact, they
assigned a group which dissociates in the pH range
5.5—7.5 to either histidine in the protein part, or the
phosphate group on the iron core. Since the results
obtained in potentiometry are based on the difference
of the titration curves between ferritin and apoferritin,
it is necessary to assume that in the whole pH range
examined a difference in conformation between the
two proteins, if any, does not influence the titration
behavior. However, there is evidence on the basis
of circular dichroism spectra that there is actually a
difference in conformation in the two proteins.!?)
These ambiguities do not occur in using the NMR
probe method where information concerning the
iron core can be obtained separately.

Evidences which support the role of the phosphate
on the broadening of the NMR probes may be sum-
marized as follows: 1) Broadening of the N terminal
peak of Gly, occurs faster than that of the C terminal
peak, indicating broadening of the Gly, signals is
influenced by the negative charge. It should also be
noted that the difference in broadening between the
C and N terminal peaks becomes particularly larger
in the pH range where the phosphate group dissoci-
ates. 2) In the case of the iron polymer which does
not contain any phosphate group, the N terminal peak
becomes equally broad as the C terminal peak. 3)
In a ferritin preparation which contains less phos-
phate, the broadening of the Gly, peaks is less extensive.
4) The linewidth of the HyO peaks remains constant
in the pH range 2-—10. From these results it is clear
that the broadening of the Gly, peaks is primarily
due to the phosphate group on the iron core. The
protein part of ferritin also has the negative charge.
However, the positive and negative charges are distrib-
uted over the surface of the protein, and effective
negative net charge is —2——6 in the pH range 5.5—
7.5 1In contrast to this, the number of phosphate
groups in one ferritin molecule is about 290 for the
ferritin preparation (lot No. 4493) where the ratio iron/
protein is 0.20 and phosphorus/iron is 0.10. If four
fifth of these phosphate groups is assumed to exist on
the surface of the core, the number of charge on the
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core is more than two hundred, and becomes twice
when the phosphate groups dissociate above pH 7.
This result along with more extensive study using a
variety of NMR probes now in progress in this labora-
tory further confirms that the NMR probe method
presented here is quite useful in investigating in detail
the surface of the iron core.

It should also be pointed out that when the pH of
ferritin solutions is adjusted by adding acid or base
directly to the solutions as performed in Silk and
Breslow’s experiments, it is quite likely that the quater-
nary structure of ferritin is perturbed, particularly in
the high and low pH range.

It should be noted that Gly, interacts with ferritin
most strongly at pH 6—7, and the interaction becomes
weak with an increase or decrease in pH (see Fig. 5).
In view of this result, it appears that the phosphate
on the surface of the iron core interacts with the amino
groups on the inner surface of the protein shell, playing
a role to bind the iron core to the protein. Itis quite
interesting that the interaction between Gly, and
ferritin becomes maximum at pH 6—7, the physio-
logical pH which would be favorable for the binding

of the iron core to the inner surface of the protein.
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