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Life exists now in an oxidizing environment, and extracellular
iron is largely present as FeIII rather than FeII. Aqua FeIII ions
are acidic and readily form hydroxo and oxo species in
aqueous solution. Hydroxide and oxide are good bridging
ligands, and so hydrolysis can give rise to relatively insoluble
polymeric hydroxo/oxo FeIII precipitates. Iron biomineraliza-
tion occurs in natural biological processes.[1,2] For example,
iron is stored in ferritin as a form of ferrihydrite, and
magnetotactic bacteria use magnetite particles as navigational
aids. On the other hand, controlled mineralization in biolog-
ical systems can be deleterious and is thought to be involved
in the pathogenesis of various neurodegenerative diseases.[3]

Hence, the transport and deposition of iron in biological
systems is carefully controlled, mainly by specialized proteins.

Iron is transported in human blood as FeIII tightly bound
to the 80-kDa bilobal glycoprotein transferrin, present at a
concentration of about 35 mm.[4–6] Human serum transferrin
(hTf) contains two FeIII sites, one in each lobe. In contrast, FeII

binds very weakly. Octahedral high-spin FeIII is bound to four
amino acid side chains (two tyrosinates, one aspartate, and
one histidine) and to a bidentate carbonate ion, the so-called
synergistic anion. Bound FeIII is situated in a closed cleft,
hinged at the back by antiparallel b strands.[7] Hydrogen-
bonding interactions between the protein and bound carbon-
ate play important roles in stabilizing the closed cleft. Hinging

allows the cleft to open so that iron can be released after Fe2-
hTf is taken up by cells. The bacterial analogue of hTf is the
single-lobe protein ferric-ion-binding protein (Fbp). This
protein has been shown to bind not only FeIII in a closed-
cleft mononuclear site, but also clusters of three to five metal
ions (FeIII, HfIV, ZrIV) in an open cleft.[8–10] Cluster binding has
yet to be demonstrated for hTf, although work on HfIV has
suggested that this might be possible.[11] Herein we present the
remarkable finding that human transferrin readily forms
protein fibrils and in doing so gives rise to periodic iron
nanomineralization along the length of the fibrils.

First, we investigated the ultrastructure of holo-Fe2-hTf
deposited on surfaces using various types of microscopy.
Optical images of freshly prepared solutions of holo-hTf
(1 mm in water) deposited on a glass surface indicated the
propensity of holo-hTf to aggregate, leading to fiber forma-
tion (see Figure S1 in the Supporting Information). Aging of
the transferrin solutions (for 0–7 days at 37 8C) and the
concentration of holo-hTf (1–20 mm) had little influence on
the images observed. Morphological studies of holo-hTf on
copper stubs by scanning electron microscopy (SEM)
revealed fibrillar growth with a tubular organization (Figur-
e 1A,B). The twisting of the sheets of fibers observed in
Figure 1D suggests the presence of helical chirality in the
assembly.[12] Such twisting of strands is a feature of sickle
hemoglobin fibers. Typically these consist of 20 to 200 double
strands of hemoglobin molecules which can grow to indefinite
lengths and are stabilized by intermolecular interactions
around the single amino acid mutation at position b6
(glutamic acid to valine). Twisting produces axial strains
that determine the pitch of the helix, which is also related to
the diameter of the fibers.

Atomic force microscopy (AFM) further confirmed
extensive fiber formation and revealed finer structural details
of the fibers formed on mica surfaces from 1 mm holo-hTf
solutions in 25 mm bicarbonate buffer (pH 8.21). At this high
salt concentration, the formation of fibrous network was
considerably masked with salt clusters (see Figure S2 in the
Supporting Information). Typically, from solutions of holo-
hTf in water, protein fibers with a width of approximately
24 ; were observed fused together to form thick fibrous
bundles (Figure 1C,D and Figure S3 in the Supporting
Information). AFM images of holo-hTf (1 mm) in bicarbonate
buffer (1–5 mm NaHCO3, pH 7.22–7.44) also displayed sim-
ilar fibrous morphology with a fiber cross section of approx-
imately 80 ; (Figure 1E,F).

Further insight into fiber morphology was achieved with
transmission electron microscopy (TEM). Fresh aqueous
holo-hTf solutions deposited on formvar-coated copper
grids afforded fibrous structures in TEM micrographs, but
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interestingly, we also observed periodically aligned electron-
dense dark spots along the fiber length (Figure 2A,B and
Figure S4 in the Supporting Information). Such uniformly
spaced dark spots were also observed in fibers (of ca. 500 nm
in diameter) from holo-hTf (1 mm) incubated in 1 mm

bicarbonate buffer (Figure 2C,D and Figure S5 in the Sup-
porting Information). The periodicity of the spots was
variable, for example, approximately 250-nm spacing between
bands in Figure 2C and approximately 375 nm in Figure 2D.
When apo-hTf solution was deposited on a similar surface,
fiber formation was also observed, but without the occurrence
of dark spots (see Figure S6 in the Supporting Information).
This finding clearly suggests that the dark spots detected in
holo-hTf fibers can be attributed to the presence of iron.

We then investigated the nature of these electron-dense
regions (dark spots) by SEM/EDX (energy dispersive X-ray)
analysis. A section of an holo-hTf fiber was selected from the
SEM micrograph and subjected to EDX analysis. Although
weak, an iron peak was observed from the selected region
along with copper, zinc, and gold peaks obtained from the
copper stub used and its gold plating prior to the SEM
analysis (Figure S7). However, a strong iron peak was

observed from a 30-day-aged aqueous solution of holo-hTf
that had undergone extensive fibrillation (Figure 3A). We
then recorded the selected area diffraction pattern (SADP)
from the dark spots (Figure 3B,C). The SADP of a dark spot
resembled the pattern from an iron mineral. The observed
d values of 6.17, 3.24, 2.51, 1.849, 1.525, and 1.239 ; are close
to those documented for the common FeIII oxide/hydroxide
mineral lepidocrocite, g-Fe(O)(OH) (rust; d spacings: 6.26,
3.29, 2.47, 1.94, 1.73, 1.52 ;).[13,14] Therefore, it can be
concluded that the dark spots along the length of the fibers
result from nanomineralization involving migration of iron
from the binding cleft of holo-hTf under the influence of
aggregation and fibril formation.

In another set of experiments, apo-hTf was artificially
loaded with Fe, Mn, or Bi ions, and these samples were
analyzed for fiber formation by TEM. Apo-hTf reloaded
using iron(III) nitrilotriacetate (FeIII-NTA) also gave rise to
dark spots within the fibers, although now, intriguingly, as
much more localized spots (Figure 4A). X-ray crystallo-
graphic studies have shown that reloading of ovotransferrin
with FeIII-NTA can lead to binding of FeIII-NTA in an open
cleft.[15] Therefore it is likely that hTf reloaded with iron in
this way contains some molecules with FeIII capped by NTA
bound in the clefts of the protein. Hence the nanomineraliza-
tion process may depend on the exact form of the iron bound
in the protein cleft, a feature which could be important in vivo
if other anions replace carbonate.

Figure 1. A,B) SEM images of aqueous holo-hTf. A) SEM image show-
ing tubular structures. B) Magnified view of the tubular structure; red
arrows indicate tubular endings. The solution of holo-hTf had been left
to age for two days, but in general aging had little effect on the
observed morphologies. C,D) AFM images of 1 mm aqueous holo-hTf
after drying on freshly cleaved mica surface. C) Extensive fibrous
networks. D) Magnified view of thin fused fibers. E) Fibrillation in 1 mm

holo-hTf solution in bicarbonate buffer (1 mm NaHCO3, pH 7.22).
F) Magnified views of a fused fiber in (E).

Figure 2. TEM images from 1 mm holo-hTf solutions after drying on
formvar-coated Cu grids. A) A representative fiber formed in aqueous
hTf solution showing dark spots periodically arranged within the fiber.
B) Multiple fibers containing electron-dense dark spots. C,D) Fibers
from fresh solution in the bicarbonate buffer (1 mm NaHCO3,
pH 7.22) showing slightly different arrangement of dark spots with
nearly uniform spacing along fiber lengths. Although the average width
of the fibers (ca. 500 nm) is similar in (C) and (D), the spacing
between the dark bands is larger in (C) (ca. 375 nm) than in (D)
(ca. 250 nm).
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Serum transferrin is thought to be a natural transporter
for manganese (probably as MnIII) in the body and binds BiIII

(e.g. from antiulcer drugs) strongly in the iron-binding
sites.[6,16–18] The micrographs of manganese- and bismuth-
loaded apo-hTf once again revealed the occurrence of
electron-dense regions in the fibrils (Figure 4B–D and
Figures S8 and S9 in the Supporting Information), albeit
with a periodicity different from that of the iron-loaded hTf. It
can be concluded therefore that the nature of the metal bound
to transferrin also has a direct influence on nanomineraliza-
tion, presumably through the kinetics of the processes and the
structure and stability of the different minerals formed.

We next investigated whether the glycan chains attached
to transferrin play a role in fiber formation. Human trans-
ferrin contains two biantennary glycan chains attached to
asparagine 413 and asparagine 611 in the C-lobe. TEM
micrographs of deglycosylated holo-hTf (1 mm, 5 mm

NH4HCO3, pH 7.4) also showed the presence of uniformly
spaced dark spots with an average spacing comparable to the
glycosylated protein (Figure 4E,F). Therefore, it appears that
the sugar chains have little influence on the self-assembly
process that leads to fiber formation and nanomineralization,
other than subtly influencing the morphology of the fibers.
Critical protein–protein interactions therefore probably
involve surface regions of transferrin remote from Asn413
and Asn611, perhaps in the N-lobe.

It is interesting to consider possible mechanisms for fiber
formation by holo-hTf and of nanomineralization. Deposition
on surfaces seems to have little effect on the integrity of the
protein. Transferrin does not readily denature, remaining
folded down to approximately pH 4.3 whereupon it forms

molten-globule states.[19] It seems likely that aggregation is
initiated by relatively small changes in protein structure, for
example a change in the relative orientation of the two lobes.
Such structural flexibility is important to the natural biolog-
ical activity of transferrin. Upon binding to the transferrin
receptor, holo-hTf straightens, and the relative position of the
two hTf lobes changes by approximately 9 ;, a process which
is thought to facilitate iron release.[20] Such a structural change
may be driven in the present case by dehydration on the
surface. Release of bound carbonate and loss as volatile CO2

could readily lead to the formation of cavities in which
confined crystallization of iron hydroxide/oxide can occur.
Freeze-drying of ovotransferrin is believed to cause a change
in the mode of binding of carbonate from bi- to monoden-
tate.[21] Fiber formation may involve interaction between the
tips of the two N-lobe domains in much the same way as in the
dimers found in the X-ray crystal structure of human apo-
Tf.[22] The two lobes of hTf are connected by a short
connecting peptide Thr330–Pro341, and an interlobe disulfide
bridge Cys331–Cys402 constrains some interlobe movement.

An interesting hypothesis is that hydroxo/oxo iron species
released from the protein during the rapid dendritic out-
growth accumulate at the growing tips of the fibers until

Figure 3. Detection of iron in transferrin fibers. A) EDX spectrum of
30-day-aged fibrous bundles from aqueous holo-hTf solution (1 mm);
arrow indicates the iron peak and inset shows the area used to collect
the EDX data. B) TEM image of a fiber. C) Selected area diffraction
pattern of a dark spot in the fiber as indicated.

Figure 4. TEM images of iron, manganese, and bismuth hTf prepared
by reloading apo-hTf, and of deglycosylated holo-hTf, in 5 mm

NH4HCO3, pH 7.4. A) Artificially loaded FeIII-hTf displaying prominent
dark spots within a fiber. B) Mn-hTf showing diffuse dark spots.
C) Multiple fibers of Bi-hTf and D) faint banding (indicated by arrows)
in a Bi-hTf fiber. E) Deglycosylated holo-hTf showing fibers with
uniformly spaced dark spots. F) Shorter fibers of deglycosylated holo-
hTf.
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supersaturation is reached, and then mineralization occurs.
Further cycles could then give rise to waves of growth and
deposition and the episodic and sometimes periodic patterns
observed.[23] Since the dimensions of transferrin are approx-
imately 8 F 10 nm, some 50–100 or more protein molecules
probably span the width of the observed fibers.

It will be interesting to investigate whether fibril forma-
tion and nanomineralization by holo-transferrin can occur in
tissues and, in particular, contribute to the processes respon-
sible for the abnormal accumulation of iron in the brain that is
thought to play a role in neurodegenerative diseases such as
ParkinsonGs, HuntingtonGs, and AlzheimerGs.[3,24] Highly reac-
tive iron sites can induce formation of toxic free radicals
(reactive oxygen species, ROS), which attack neurons. Such a
molecular understanding of iron deposition could lead to the
design of agents that disrupt hTf aggregation and form a basis
for the design of new drugs. The ability of proteins to alter
their conformation and give rise to fibril (amyloid) formation
is a topic of widespread biological and medical interest.[25]

Experimental Section
Materials: Human holo-transferrin (hTf; cat. no. T4132), apo-trans-
ferrin (cat. no. T1147), and dialysis tubing were purchased from
Sigma–Aldrich. Ferric chloride, bismuth subcarbonate, nitrilotriacetic
acid, sodium bicarbonate, and HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) buffers were purchased from Sd-Fine
Chemicals India. Fe(NTA) and Bi(NTA) were synthesized as
reported.[26–29]

Metal reloading: To reload with iron or bismuth, apo-hTf (1 mm)
was incubated at 37 8C with Fe(NTA) or Bi(NTA) (3 mol equiv) in
10 mm HEPES and 5 mm NaHCO3 solution at pH 7.4 for two days.
These solutions were then extensively dialyzed (using Sigma–Aldrich
(Z368474–10EA) disposable dialyzers, MWCO 8000 Da, size 1 mL,
diameter 5 mm, regenerated cellulose membrane) against 5 mm

sodium bicarbonate solution and used for transmission electron
microscopy.

Apo-hTf was reloaded with manganese using manganese citrate.
The manganese citrate solution was prepared by mixing MnCl2 with
triammonium citrate (1:1 molar ratio), adjusting the pH value to 9.0
and stirring for 1 h. A tenfold molar excess of freshly prepared
manganese citrate was added to a solution of apo-hTf (100 mm) in
50 mm Tris–HCl buffer (Tris = tris(hydroxymethyl)aminomethane)
and 5 mm NaHCO3 (pH 8.0) and incubated for 2 h at 37 8C. The
volume of the solution was then reduced from 2 mL to 0.5 mL, and
unbound manganese was separated on a Pharmacia PD-10 column.
Inductively coupled plasma mass spectrometry (ICP-MS) analysis
showed that 2.2 mole manganese atoms were bound per mole protein.

In general, all the metal-loaded proteins were purified on an Akta
fast protein liquid chromatography (FPLC) system using a Hi-trap
capto-Q column eluted with a linear NaCl gradient. The transferrins
in Tris–HCl buffer, pH 8.0 were eluted with 120–140 mm NaCl.[22]

Deglycosylation of holo-hTf: Deglycosylation of the holoprotein
was carried out using a modified literature procedure,[30] as the
literature procedure was for denatured holoprotein. Commercial
lyophilized holoprotein (5 mg) was dissolved in 50 mm phosphate
buffer (2 mL), 5 mm dithiothreitol, pH 8.5. PNGase-F (4 mL,
500000 UmL�1) was added and incubated for eight days at 37 8C.
The deglycosylated and native proteins were separated using
immobilized concanavalin-A. The yield of the deglycosylated protein
(based on e280 = 93000m�1 cm�1) was 1.8 mg. Gel electrophoresis
showed the absence of protein cleavage during the glycosylation (see
Figure S10 in the Supporting Information). ESI mass spectrometry of
the deglycosylated protein gave a mass of 75144 Da (calcd for apo-

deglycosylated protein 75141 Da; see Figure S11 in the Supporting
Information).

Stability on surface: Samples of apo-transferrin, holo-transferrin,
Mn-loaded transferrin and deglycosylated holo-transferrin (5 mm) in
5 mm NH4CO3 were incubated at 37 8C for 48 h. Drops (5 mL) were
then dried on a glass slide at either 20 8C or 37 8C and extracted from
the plate using the SDS (sodium dodecyl sulfate) gel loading buffer.
After heating on a boiling water bath for 3 min they were brought to
ambient temperature and then loaded on a 12% bis-Tris gel
(Invitrogen; Figure S13 in the Supporting Information).

Scanning electron microscopy (SEM): Solutions of protein (1 mm)
in deionized water or bicarbonate buffer (1 mm, pH 7.21) were
incubated at 37 8C for 0–7 days. Aliquots (10 mL) were loaded onto
copper stubs. After drying, the sample was gold-coated, and
subsequent SEM and EDX measurements were performed on an
FEI QUANTA 200 microscope equipped with a tungsten filament
gun and an EDAX EDX detector. Micrographs were recorded at
working distance (WD) of 10.6 mm.

Atomic force microscopy (AFM): Solutions of protein (1 mm) in
deionized water or 1 mm bicarbonate buffer were incubated at 37 8C
for 0–7 days. Aliquots (6 mL) were transferred onto freshly cleaved
mica surfaces and uniformly spread with the aid of a spin-coater
operating at 200–500 rpm (PRS-4000). The sample-coated mica was
dried for 30 min at room temperature and subsequently imaged with
an atomic force microscope (Molecular Imaging, USA) operating
under acoustic AC mode (AAC), with the aid of a cantilever (NSC
12(c) from MikroMasch). The force constant was 0.6 Nm�1, while the
resonant frequency was 150 kHz. The images were taken in air at
room temperature, with scan speeds of 1.5–2.2 lines per second. Data
were acquired using PicoScan 5 software, while the data analysis was
carried out with visual SPM.

Transmission electron microscopy (TEM): Proteins were dis-
solved in deionized water or 1, 5, or 25 mm bicarbonate buffer with
subsequent incubation at 37 8C from 0–7 days. Aliquots (5–6 mL) were
loaded onto formvar-coated (Fluka, Switzerland) copper grids and
carbon-coated copper grids (SPI supplies, West Chester, USA,
200 mesh). The sample solution was dried in air at room temperature.
After drying, the sample was negatively stained with 2% uranyl
acetate for 2 min; excess uranyl acetate solution was absorbed on
blotting paper. The sample was air dried and subsequently examined
under a JEOL 2000FX-II electron microscope, operating voltage
100 kV.

Optical microscopy: Holo-transferrin was dissolved in deionized
water or 1, 5, or 25 mm bicarbonate buffer with subsequent incubation
at 37 8C from 0–7 days. Aliquots (10 mL) of the sample were loaded on
glass slides and images captured using a LABOMED optical micro-
scope with 40 F magnification.
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