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Introduction

Human holo-transferrin (Tfn) is an 80 kDa bi-lobed iron-carrier
glycoprotein in vertebrates[1] that is essential for iron homeo-
stasis.[2] Transferrin is specifically recognized by Tfn receptors
(TfnR) overexpressed on the surface of a variety of tumor
cells[3] and efficiently taken up by cells in a well-characterized
process of clathrin-mediated endocytosis.[4] The Tfn–TfnR inter-
action has been exploited as a potential pathway for uptake of
Tfn-conjugated drugs by targeted cells.[4–5] For example, poly-
valent assembly of transferrin on liposomes[6] and gold nano-
particles[7] has been reported previously. In the current study,
we wished to explore the mechanisms of interactions of TfnR-
bearing cells with Tfn displayed on a uniform protein nanopar-
ticle scaffold on which different densities of Tfn could be dis-
played.

We have previously described the conjugation of transferrin
to cowpea mosaic virus (CPMV) by modification of both pro-
teins with complementary azide and alkyne residues, and their
subsequent ligation by the efficient CuI-catalyzed azide–alkyne
cycloaddition (CuAAC) “click” reaction.[8] In this study, we used
the capsid of bacteriophage Qb, a virus-like particle (VLP) of
30 nm diameter and icosahedral symmetry, as the scaffold. Qb

consists of 180 copies of a single coat-protein subunit, and,
like CPMV,[9] may be chemically addressed by acylation of sur-
face lysine groups.[10] It differs from CPMV in having a higher
density of such amine attachment points and an overall
smoother structure.

In addition to amine acylation, site-specific modification of
proteins such as transferrin is often achieved by selective deri-
vatization of cysteine thiols with maleimide or related electro-
philic reagents, or oxidation of N-terminal serine or threonine
to corresponding aldehydes and subsequent coupling with

alkoxyamines or hydrazine derivatives.[11] A disadvantage of
these strategies is the possibility of irreversibly altering the
structure or blocking the action of a key region of the protein,
such as a catalytic site or binding motif, which may lead to a
loss of activity. We describe here the alternative manipulation
of transferrin by the derivatization of its sialic acid moieties;
this preserves the protein in its functional form and allows us
to efficiently and controllably graft it to the surface of the VLP
scaffold.

Results and Discussion

Preparation and characterization of Qb-Tfn conjugates

Use of CuAAC chemistry for the attachment of transferrin to
Qb requires the introduction of an azide or alkyne group to
each partner. In a previous study, a maleimide-alkyne linker
was used to derivatize transferrin at one or more accessible
cysteine residues.[8] While the target cysteines are not sup-
posed to be near the site bound by the transferrin receptor,
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The structurally regular and stable self-assembled capsids de-
rived from viruses can be used as scaffolds for the display of
multiple copies of cell- and tissue-targeting molecules and
therapeutic agents in a convenient and well-defined manner.
The human iron-transfer protein transferrin, a high affinity
ligand for receptors upregulated in a variety of cancers, has
been arrayed on the exterior surface of the protein capsid of
bacteriophage Qb. Selective oxidation of the sialic acid resi-
dues on the glycan chains of transferrin was followed by intro-
duction of a terminal alkyne functionality through an oxime
linkage. Attachment of the protein to azide-functionalized Qb

capsid particles in an orientation allowing access to the recep-

tor binding site was accomplished by the CuI-catalyzed azide–
alkyne cycloaddition (CuAAC) click reaction. Transferrin conju-
gation to Qb particles allowed specific recognition by transfer-
rin receptors and cellular internalization through clathrin-medi-
ated endocytosis, as determined by fluorescence microscopy
on cells expressing GFP-labeled clathrin light chains. By testing
Qb particles bearing different numbers of transferrin mole-
cules, it was demonstrated that cellular uptake was proportion-
al to ligand density, but that internalization was inhibited by
equivalent concentrations of free transferrin. These results sug-
gest that cell targeting with transferrin can be improved by
local concentration (avidity) effects.

ChemBioChem 2010, 11, 1273 – 1279 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1273



their derivatization introduces uncertainty in the position of
the attachment site, and therefore in the orientation of the dis-
played protein. We turned here to the mild periodate oxidation
of the sialic acid residues on transferrin. The main form of the
human transferrin displays up to four terminal sialic acids per
molecule.[12] Desialylated transferrin is reported to be internal-
ized by both asialoglycoprotein and transferrin receptors,[12b, 13]

and the structure of the Tfn–TfnR interaction shows the glyco-
sylation sites to be on a face of the protein far removed from
the receptor-binding site.[14] We therefore anticipated that con-
nections made to derivatized sialic acid should not interfere
with receptor-mediated endocytosis.

Oxidation of sialic acids on transferrin was followed by at-
tachment of the aminoether linker 2 through the rapid forma-
tion of a physiologically stable oxime linkage;[15] this yielded
the alkyne-functionalized transferrin 3 (Scheme 1). In order to
determine the extent of this modification on the transferrin
structure, a sample was condensed with azide-derivatized fluo-
rescein by using the CuAAC reaction with acceleratory ligand 4
under recently reported optimized conditions.[16] The product
was analyzed by SDS-PAGE, which verified covalent attachment
of the dye, and by UV–vis spectroscopy. Protein concentration
was determined by using the Bradford assay, which showed
that an average of 3.4 fluorescein molecules was attached per
transferrin (see the Supporting Information). Thus, each trans-
ferrin molecule displayed 3–4 oxidized and derivatized sialic
acid residues.

The surface-exposed lysine residues of the Qb capsid were
simultaneously derivatized with an alkylazide[8] and AlexaFluor�

568 by reaction with a 35:1 mixture of their corresponding N-
hydroxysuccinimide esters (Scheme 1). The resulting particles 1
were thereby labeled with a small amount of dye to allow visu-
alization by fluorescence microscopy in cell-binding studies
while providing for multiple sites for subsequent transferrin at-
tachment. The yield of 1 after purification of the protein from
excess reagent was 80–85 %, composed exclusively of intact
particles as determined by size-exclusion chromatography
(SEC).

Qb–Tfn conjugates (5) were prepared by CuAAC reaction of
1 with 3 in the presence of CuI and ligand 4. The conjugates
were purified by size-exclusion chromatography (SEC) and
characterized by analytical SEC, UV-Vis spectroscopy, dynamic
light scattering (DLS), transmission electron microscopy (TEM),
SDS-PAGE and Western immunoblotting (Figure 1). The A260/
A280 ratios confirmed the presence of intact, RNA-containing
capsids, and SEC analysis showed 5 to elute more quickly than
the underivatized particle; this indicates that the Tfn-decorated
particles are larger (Figure 1 A). Indeed, TEM showed intact and
monodispersed particles of 26�2 nm diameter for the wild-
type particles and 29�3 nm for the protein-conjugated parti-
cles, determined by automated image analysis. The same trend
was observed by DLS, which showed hydrodynamic diameters
of 28.4 and 38.4 nm, for underivatized and Tfn-labeled particle
5 b, respectively. Western blot analysis further confirmed the
attachment of Tfn molecules to the exterior surface of the
virus-like particle (Figure 1 D).

The loading of Tfn molecules on the particle surface was de-
termined by densitometry analysis after Coomassie staining of

Scheme 1. Synthesis of Qb-Tfn conjugates.
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the SDS-PAGE gel (Figure 1 C). Correcting for the relative mo-
lecular masses of the components, approximately 45 and 55
transferrin molecules were attached to Qb VLPs after reaction
times of 2 and 5 h, respectively. The CuAAC reaction was there-
fore revealed to be highly efficient at the micromolar concen-
trations of azide and alkyne components used, and little im-
provement was exhibited by longer reaction times.

In an early attempt to make fluorescently labeled particles
for cell-binding studies, the red fluorescent protein mCherry
was genetically encoded into approximately 15 copies of the
Qb coat protein using a previously published method.[17] While
the resulting particles were insufficiently bright for the desired
purpose, they were readily addressed with transferrin in analo-
gous fashion to 5 b, resulting in the attachment of approxi-
mately 55 Tfn molecules per VLP as before. Cryoelectron mi-
croscopy analysis and image reconstruction revealed no differ-
ence between the mCherry-containing particles and the wild-
type because of the sparse and presumably random distribu-
tion of mCherry fusions on the particle surface. In contrast, the
cryo-EM image reconstruction of the conjugate of Tfn-alkyne
with Qb(mCherry)-azide (Supporting Information) showed clear
density attributable to the added transferrin protein (Figure 2).
The bulk of the new density was found approximately 26 �

from the particle surface (shown
most clearly in cutaway Fig-
ure 2 C), consistent with the ex-
pected length of the linker con-
necting the VLP to Tfn.

Specific binding and internali-
zation of Qb-Tfn conjugates

Tfn–TfnR complexes are known
to enter the cell through cla-
thrin-medicated endoytosis.[18] To
monitor clathrin-mediated endo-
cytosis and to study the interac-
tion between Tfn-VLPs and sur-
face-exposed TfnRs, we used Af-
rican green monkey kidney epi-
thelial cells (BSC1) expressing a
fusion between clathrin light
chain (Clc) and enhanced green
fluorescence protein (EGFP). Sim-
ilar concentrations of dye-la-
beled Qb (1) and Qb-Tfn (5)

were prebound at 4 8C for 30 min to determine surface bind-
ing, and followed by an incubation at 37 8C for 1 h to measure
internalization. Surface binding and cellular internalization
were analyzed by epifluorescence microscopy of fixed cells
(Figure 3). No binding (Figure 3 A) or uptake (Figure 3 Ai) were
observed with 1 even after 60 min at 37 8C; this indicates that
Qb particles neither bind to cell surface receptors nor are inter-
nalized by these cells in a nonspecific manner. In contrast, Qb-
Tfn bound to the cell surface at 4 8C (Figure 3 B i) as detected
by the red fluorescence of the dye on 5. Furthermore, substan-
tial internalization was observed after 1 h at 37 8C. The red par-
ticles were observed to accumulate in intracellular structures
at the cell periphery and in the perinuclear regions indicative
of localization in endosomal structures (Figure 3 B ii). VLP bind-
ing and internalization were abolished in cases in which excess
unlabeled free transferrin was included in the incubations (Fig-
ure 3 B iii) ; this demonstrated that binding and internalization
occur through a Tfn–TfnR mediated pathway.

The involvement of TfnRs during virus uptake was further
supported by overexpression of TfnR in BSC1 cells by using ad-
enovirus infection;[19] this resulted in significantly greater bind-
ing and uptake of Qb-Tfn conjugates by the infected cells (and
not by the cells in the same sample that escaped adenovirus
infection; Figure 3 C i, ii). Binding and internalization of Qb-Tfn
to TfnR overexpressing cells were again abolished in the pres-
ence of excess free Tfn (Figure 3 C iii). We also examined the lo-
calization of surface bound Qb-Tfn relative to clathrin-coated
pits (CCPs) after 30 min incubation at 4 8C (Figure 3 D) and
after preincubation followed by 5 min at 37 8C (Supporting In-
formation). Under both conditions, we could identify multiple
CCPs containing VLPs; this suggests that CCPs are the trans-
port carrier of VLPs into the cell (Figure 3 D, circled spots).

To examine the endocytic mechanism, we performed live
cell imaging by total internal reflection fluorescence (TIRF) mi-

Figure 1. Characterization of Qb-Tfn conjugates. A) Size-exclusion FPLC (Superose-6 column). B) SDS-PAGE analysis
of the protein gel under UV illumination, and C) after SimplyBlue staining. For B) and C), lanes: 1) transferrin,
2) Qb-azide/dye conjugate 1, 3) Qb-Tfn conjugate 5 a (45 Tfn/particle), 4) Qb-Tfn conjugate 5 b (55 Tfn/particle).
D) Western blot analysis, probing with anti-transferrin antibody; lanes: 1) transferrin, 2) 5 a, 3) 5 b. E) TEM of un-
derivatized Qb. F) TEM of Qb-Tfn conjugate 5 b. Scale bar = 100 nm.

Figure 2. Cryoelectron microscopy image reconstructions at 17.4 � resolu-
tion. A), B) Qb(mCherry)(Tfn)55 conjugate; views down the five- and threefold
symmetry axes, respectively. C) Cross-sectional view showing added density
other than that of the VLP in light blue. D) Wild-type Qb and Qb (mCherry).

ChemBioChem 2010, 11, 1273 – 1279 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1275

Multivalent Transferrin Display

www.chembiochem.org


croscopy, which selectively illuminates the bottom surface of
the plasma membrane (approximately 100 nm penetration

depth). Dye-labeled Qb-Tfn con-
jugates were added to live cells
at 37 8C, and imaged for green
fluorescence followed by red at
2 s intervals. Two main dynamic
behaviors were observed: the re-
cruitment of surface bound VLP
to preformed clathrin-coated
pits (CCPs), as shown in Fig-
ure 4 A and B, and the apparent
nucleation of CCPs by VLP bind-
ing to the TfnRs (Figure 4 C). In
both cases, endocytosis was
often the result as evidenced by
the disappearance or reduced
intensity of the red (VLP) and
green (clathrin) signals (Fig-
ure 4 B). These results are remi-
niscent of those observed for
the entry of dengue virus into
BSC1 cells by clathrin-mediated
endocytosis.[20]

To explore the dependence of
internalization on the surface
density of transferrin molecules
attached to the VLP surface,
three versions of AlexaFluor-la-
beled Qb-Tfn conjugates were
prepared with varying loadings
of transferrin per particle, as
shown in Scheme 2 and Figure 5.
Azide-functionalized VLP 1 was
addressed in three different
CuAAC reactions, each contain-
ing the same total concentration
of alkyne but differing in the
ratio of transferrin-alkyne and
propargyl alcohol. This provides
for approximately the same den-
sity of triazoles on the particle
surface, but differing amounts of
the desired protein ligand. Reac-
tions a and b differed by a factor
of 6 in Tfn-alkyne concentration,
and resulted in a similar (five-
fold) difference in attachment
density (five vs. 25 Tfn molecules
per capsid). A further sixfold in-
crease in Tfn-alkyne concentra-
tion (to 70 mm, reaction c) in-
creased the loading of Tfn by
only 60 percent (to 40�5 per
VLP), presumably because of
steric crowding or occlusion of
azide sites with increasing densi-

ty of Tfn molecules on the particle surface. Until such steric
limitations were reached at the highest loading, the CuAAC re-

Figure 3. Representative epifluorescence microscopy images showing binding and internalization of VLP particles
in EGFP-Clc BSC1 cells. Column A) Qb particle 1 with EGFP-Clc BSC1 cells. Column B) Qb-Tfn conjugate 5 b with
EGFP-Clc BSC1 cells. Column C) 5 b and EGFP-Clc BSC1 cells overexpressing transferrin receptors. i) After incuba-
tion at 4 8C for 30 min. ii) Preincubated at 4 8C followed by shift to 37 8C for 60 min. iii) As in ii) except in the pres-
ence of excess free Tfn (1 mg mL�1). D) High-magnification image showing punctate red (5 b), green (EGFP-Clc),
and colocalized (circled) VLPs with CCPs on the surface of a BSC1 cell after 30 min at 4 8C. Very similar images
were observed with cells incubated at 37 8C for 5 min (Supporting Information). In all experiments, VLP concen-
tration was 1.2 mg mL�1 (0.47 nm in particles).

Figure 4. Live cell TIRF images showing green (EGFP-Clc), red (Qb-Tfn particle 5 b), and merged channels of an
approximately 2 mm2 area of the bottom surface of a BSC1 cell. Images go left-to-right across each row, and from
top to bottom, taken at 2 s intervals with the green channel preceding the red channel. A) VLPs associating with
a pre-existing coated pit (circled white), followed by internalization of the complex as a whole. Position 1 shows
the pre-existing coated pit. Position 2 marks the initial recruitment of the VLP. Position 3 is the time point at
which internalization occurs between the acquisition of the green and red channels ; note that both are gone at
the next time point. B) Plot of intensity profiles of the CCP (green) and VLP (red) at the indicated spot in (A), nor-
malized each to their respective maximum intensity. (C) VLP nucleating a CCP. Position 1 shows a bound VLP but
no clathrin signal. At positions marked 2, the CCP is beginning to assemble at the VLP. By position 3, the pit is
fully formed, and it is internalized at position 4. In this case the internalized VLP remains close to the plasma
membrane, while the clathrin coat disassembles.
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activity of the two alkynes was approximately the same, in
spite of their great difference in size (Supporting Information).

The particles 6 a–c were found to be clean, monodisperse
structures in the same manner as for conjugates 5. Dynamic
light scattering (DLS) measurements indicated the hydrody-
namic diameters of the conjugates to be 32.4, 34.2, and
36.2 nm, respectively, compared to that of 28.4 nm for the
wild-type particles and 38.4 nm for particle 5 b bearing the
greatest number of Tfn molecules in this study (55 per parti-
cle). Mixtures of normal (rather than TfnR-upregulated) BSC1
cells with identical concentrations of dye-labeled Qb 1 or the
three dye-Qb-Tfn conjugates were analyzed by flow cytometry
to allow for more quantitative characterization of the internali-
zation process. Figure 6 A and B show results for the negative
control 1, which lacks transferrin, and the particle bearing the

greatest density of transferrin ligands, 6 c, respective-
ly. Similar analyses for each of the particles as a func-
tion of incubation time with the cells showed maxi-
mum internalization to occur within 30–60 min (Fig-
ure 6 C).

The cellular uptake of Tfn-labeled particles and the
inhibition of uptake by free Tfn were found to be
consistent with single-point Tfn–TfnR interactions.
Thus, while no uptake was observed with dye-labeled
Qb 1 (Figure 6 A), significant uptake was seen in a
time-dependent manner when cells were incubated
with Tfn-labeled VLP (Figure 6 B). The extent of
uptake was dependent on the number of Tfn units/
particle (Figure 6 C): only a low amount of specific
uptake was observed with 6 a, bearing an average of
five Tfn units per particle, uptake was moderate with
6 b (25 Tfn per particle) and quite efficient with 6 c
(40 Tfn per particle). Considering the concentrations
of Tfn involved (overall ca. 4, 15, and 24 nm for 6 a,
6 b, and 6 c, respectively), these data correspond
roughly to what one would expect for a single-point

binding interaction of about 5–10 nm ; this is consistent with
the reported low-nanomolar affinity of Tfn for the Tfn recep-
tor.[21] The efficient internalization of 6 b and 6 c was inhibited
with free transferrin in a dose-dependent fashion (Figure 6 D),
with IC50 values of approximately 1 mg mL�1 (13 nm) for 6 c and
0.5 mg mL�1 (6 nm) for 6 b. For both particles, 10 mg mL�1

(125 nm) or more of free transferrin was completely inhibitory,
while less than 0.01 mg mL�1 (125 pm) had no effect. Because

Figure 5. Coomassie stained protein gel of transferrin (lane 2), Qb-azide 1
(lane 3), Qb-Tfn conjugates 6 a (lane 4), 6 b (lane 5), and 6 c (lane 6). (Stan-
dard protein molecular weight markers appear in lane 1). The bands labeled
with a single asterisk denote linked transferrin-Qb linkages with differing
numbers of Qb coat protein attached to each transferrin molecule. Bands
marked with a double asterisk are due to Qb capsid protein dimers that
remain noncovalently associated even under the denaturing conditions of
the analysis.

Figure 6. FACS analysis following incubation of Qb-Tfn conjugates with BSC1
cells at 37 8C for the specified time, followed by washing and chemical fixa-
tion. A) Underivatized Qb VLP 1 (3 mg mL�1, 1.2 nm in particles), showing no
evidence of binding. B) Qb-Tfn VLP 6c (1.6 mg mL�1 (0.6 nm in particle), show-
ing significant and rapid virus uptake. C) Summary of data for 1 and 6 a–c,
showing that higher Tfn load leads to increased uptake by cells. D) Effect
of increasing concentrations of free unlabeled Tfn on cellular uptake of
1.6 mg mL�1 6 b (that is, 0.6 nm particle, 15 nm Tfn) or 6 c (24 nm Tfn) as
detected by FACS.

Scheme 2. Synthesis of particles with varying loadings of attached transferrin.
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Qb-Tfn uptake was effectively inhibited by approximately
equivalent concentrations of free Tfn as were presented by the
particles, the Tfn-conjugated VLP ligands did not appear to
benefit from their polyvalency with respect to affinity or avidi-
ty.

Conclusions

The oxidation and derivatization of the sialic acid residues of
transferrin is a convenient and effective method for introduc-
ing a connecting linkage that can provide a consistent display
geometry while retaining binding affinity to transferrin recep-
tors. Conjugation of transferrin-alkyne thus prepared to the
azide-functional groups on the Qb virus capsid was accom-
plished using the powerful CuAAC click reaction in a recently
reported optimized protocol.[16] These conjugates were specifi-
cally internalized by cells expressing transferrin receptors
through clathrin-mediated endocytosis.

Our studies represent the first test of transferrin polyvalency
on receptor-mediated cell entry in which the protein ligands
are arranged in a well-defined platform-based manner. On a
per-unit basis, the Qb-Tfn conjugates have greater affinities for
TfnR-bearing cells than free Tfn, and the rates of uptake of Tfn-
bearing particles were strongly improved by the attachment of
greater numbers of Tfn ligands to each particle (Figure 6 C).
These findings suggest that polyvalent transferrin conjugates
can enhance the targeting of specific cell populations in com-
plex mixtures. However, on a per-Tfn basis, the VLPs did not
exhibit significantly increased affinity relative to the free
ligand. This interesting disconnection of affinity (or avidity)[22]

and internalization efficiency remains unexplained at present,
but changes in recycling[23] and intracellular trafficking path-
ways exhibited by multivalent constructs may be at least par-
tially responsible. These findings make transferrin assemblies
potentially useful in the delivery of drugs for therapeutic pur-
poses.[24]

Experimental Section

Details of instrumentation and the purchase or preparation of all
reagents, including the Qb VLPs, are given in the Supporting Infor-
mation.

Preparation of AlexaFluor 568-labeled Qb-azide (1): A solution of
wild-type Qb VLPs (5 mg mL�1 in 0.1 m phosphate buffer, pH 7) was
treated with a premixed DMSO solution of NHS-linker-azide (final
concentration 12 mm, 35-fold excess per Qb subunit) and the NHS
ester of the dye (final concentration 0.35 mm), such that the final
reaction mixture contained 20 % DMSO. The solution was allowed
to stand for 12 h at RT, and the derivatized VLP was purified away
from excess reagents on a sucrose gradient (10–40 %) and concen-
trated by ultrapelleting. The virus pellet was resuspended in HEPES
buffer (0.1 m, pH 7.3). FPLC analysis of 1 indicated that >95 % of
the virus consisted of intact particles. Protein concentration was
analyzed by using the Coomassie Plus (Bradford) Protein Assay
(Pierce).

Synthesis of O-(prop-2-ynyl)hydroxylamine (2): Phthalimide-pro-
tected O-(prop-2-ynyl)hydroxylamine (5.0 g, 24.9 mmol) was stirred
with hydrazine monohydrate (1.4 g, 27.8 mmol) for a few minutes

before the addition of diethyl ether (25 mL). This mixture was
stirred at RT for 45 min. The white precipitate was filtered off and
ethereal HCl (18 mL, 2 n) was added to the filtrate with continuous
stirring. The yellow-white precipitate was filtered and dried under
vacuum to give 2 (2.1 g, 78 %), which was characterized by 1H NMR
spectroscopy and matched the data previously reported.[25]

Preparation of transferrin-alkyne conjugate (3): Transferrin
(2 mg mL�1) was incubated with sodium meta-periodate (1 mm) in
sodium acetate buffer (0.1 m, pH 5.5; 30 mL) on ice in the dark for
30 min. The mixture was concentrated to less than 1 mL by using
centrifugal filter tubes (Millipore), and then dialyzed against HEPES
buffer (0.1 m, pH 7.2) using Slide-A-Lyzer Dialysis Cassette Kit
(Pierce). The resulting oxidized transferrin was incubated with 5
(8.2 mm, 350-fold excess) in HEPES buffer with DMSO (20 %, total
volume 25 mL) for 5 h at RT by gentle tumbling. Concentration
and dialysis as above provided 3 as a pink solution in HEPES
buffer ; the protein concentration was estimated by using the Brad-
ford protein assay.

Preparation of Qb-transferrin conjugate (5) by CuAAC reaction:
Two identical reaction mixtures were prepared, each containing
Qb-azide 1 (1.7 mg mL�1, 0.11 mm in protein subunits) and transfer-
rin-alkyne 3 (10.2 mg mL�1, 0.12 mm) in HEPES buffer (0.1 m, pH 7.3,
1 mL), containing sodium ascorbate (5 mm), copper sulfate
(0.25 mm) and the ligand 4 (1.25 mm). CuSO4 was mixed with 4 in
a separate microtube prior to addition to each reaction mixture.
The reaction mixtures were allowed to stand at RT for 2 h and 5 h,
respectively. The resulting conjugates (5 a, 5 b) were purified by
size-exclusion FPLC on a Superose 6 column.

For all of the above steps, we used diferric Tfn under conditions
designed to minimize the loss of iron. After conjugation, the pro-
tein absorbance ratio (A465/A280) was found to be 0.043; this was
within the range (0.042–0.046) and indicated the presence of Fe in
the protein.[26] If Fe is lost, the ability of the attached Tfn to bind
its receptor would be somewhat diminished, as the affinity for
TfnR for apo-Tfn is approximately tenfold less than for Fe2Tfn.[21, 27]

SDS-PAGE and Western blot analysis of Qb-Tfn conjugates: Qb

VLP samples 1 and 5 a,b were analyzed on denaturing 4–12 %
NuPage protein gels using 1 � MES buffer (Invitrogen). The gel was
observed under UV illumination to detect fluorescent dye-labeled
bands before staining with Coomassie SimplyBlueTM SafeStain (Invi-
trogen). For Western blot analysis, after electrophoretic separation
on the gel, the proteins were transferred to a nitrocellulose mem-
brane (Millipore) by electrophoretic blotting. After blocking with
dry milk (5 % (w/v)) in TBS-T for 1 h, transferrin conjugation to Qb

was detected with HRP-conjugated mouse monoclonal anti-trans-
ferrin antibody (Abcam), diluted 1:5000 in TBS-T buffer. HRP detec-
tion of peroxide was performed with SuperSignal chemiluminis-
cence substrate (Pierce) and exposure to X-ray film.

Cell culture and uptake studies: BSC1 monkey kidney epithelial
cells stably expressing rat brain EGFP-clathrin light chain (EGFP-
LCa) were provided by Dr. T. Kirchhausen, Harvard Medical School
and cultured in DMEM supplemented with fetal bovine serum
(FBS; 10 %) and G418 (500 mg mL�1). For microscopy studies, cells
were plated on glass coverslip at a density of 8.3 � 103 cells cm�2

overnight. Cells were washed twice in PBS, and VLPs diluted in
PBS4 + (1 mm CaCI2, 1 mm MgCI2, 0.2 % BSA (w/v), and 5 mm glu-
cose) at a concentration of 0.6 mg mL�1. The cells were either kept
at 0 8C for binding or shifted to 37 8C for the desired amount of
time. The cells were washed again twice in PBS, and then fixed in
paraformaldehyde (4 %) for 30 min at RT. The cells were visualized
at 60 � magnifications using an Olympus X71 epifluorescence
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microscope equipped with the appropriate filter sets and a CCD
camera.

Measurement of virus binding by flow cytometry: BSC1 cells
were cultured on 15 cm dishes to confluency, and then lifted from
surface by treating the cells with PBS/5 mm EDTA for 15 min at RT.
The cells were centrifuged at 250 g for 10 min and resuspended in
PBS4 + (500 mL). VLPs were added to the cells suspensions at 1:200
or 1:500 dilution and aliquoted to different tubes for incubation at
37 8C water bath for various amount of time. Cells were washed
twice in PBS supplemented with FBS (1 %), HEPES (25 mm), and
EDTA (1 mm). The pelleted cells were finally resuspended in PBS
(200 mL) and then fixed by adding paraformaldehyde (200 mL, 4 %)
in PBS. Fixed cells were typically analyzed within 1 h on Vantage
Diva cell sorter.

Electron micrographs were acquired by using a Tecnai F20 Twin
transmission electron microscope operating at 120 kV, a nominal
magnification of 80 000 � , a pixel size of 0.105 nm at the specimen
level, and a dose of ~20 e���2. 348 images were automatically col-
lected by the Leginon system[28] and recorded using a Tietz F415
4k � 4k pixel CCD camera. Experimental data were processed using
the Appion software package.[29] 3554 particles were manually
selected and then filtered down to 2239 particles for the recon-
struction. The 3D reconstruction was carried out using the EMAN
reconstruction package.[30] A resolution of 17.4 � was determined
by even–odd Fourier Shell Correlation (FSC) at a cutoff of 0.5.
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