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Abstract

Transferrins function in iron sequestration and iron transport by binding iron

tightly and reversibly. Vertebrate transferrins coordinate iron through interac-

tions with two tyrosines, an aspartate, a histidine, and a carbonate anion, and

conformational changes that occur upon iron binding and release have been

described. Much less is known about the structure and functions of insect

transferrin-1 (Tsf1), which is present in hemolymph and influences iron

homeostasis mostly by unknown mechanisms. Amino acid sequence and bio-

chemical analyses have suggested that iron coordination by Tsf1 differs from

that of the vertebrate transferrins. Here we report the first crystal structure

(2.05 Å resolution) of an insect transferrin. Manduca sexta (MsTsf1) in the holo

form exhibits a bilobal fold similar to that of vertebrate transferrins, but its

carboxyl-lobe adopts a novel orientation and contacts with the amino-lobe.

The structure revealed coordination of a single Fe3+ ion in the amino-lobe

through Tyr90, Tyr204, and two carbonate anions. One carbonate anion is bur-

ied near the ferric ion and is coordinated by four residues, whereas the other

carbonate anion is solvent exposed and coordinated by Asn121. Notably, these

residues are highly conserved in Tsf1 orthologs. Docking analysis suggested

that the solvent exposed carbonate position is capable of binding alternative

anions. These findings provide a structural basis for understanding Tsf1 func-

tion in iron sequestration and transport in insects as well as insight into the

similarities and differences in iron homeostasis between insects and humans.
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1 | INTRODUCTION

Members of the transferrin protein superfamily are known
for their roles in the iron homeostasis of animals.1 Their
functions are mediated by the ability to bind iron tightly

and, in some cases, reversibly.1–3 The well-understood
transferrins are those found in vertebrates and include
mammalian serum transferrin, which sequesters iron in
the blood and delivers it into cells via receptor mediated
endocytosis4; mammalian lactoferrin, which sequesters
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iron in secreted fluids as an iron withholding mechanism
of innate immunity5,6; and avian ovotransferrin that has
both an iron transport and immune function.7 These pro-
teins are typically 70–80 kDa monomeric glycoproteins
that form two distinct lobes: an amino-lobe and carboxyl-
lobe (N-lobe and C-lobe, respectively).1–3 Each lobe has
the ability to bind a ferric (Fe3+) ion with high affinity at
neutral pH,8–10 and to release the Fe3+ ion as a function of
pH decrease.11

High resolution crystal structures of lactoferrin12 and
serum transferrin13 have demonstrated that these mam-
malian transferrins have remarkably similar iron binding
sites and several common structural features that facili-
tate iron binding. The iron binding site in each of the N-
and C- lobes is in a deep cleft that separates each lobe
into two domains: the N1 and N2 domains of the N-lobe
and the C1 and C2 domains of the C-lobe.14 Each iron
binding site contains an aspartate, a histidine and two
tyrosines, which, along with an anion, typically carbon-
ate (CO3

2−), coordinate a ferric ion.1–3,14 Coordination of
the CO3

2− occurs through the side chains of a threonine
and an arginine, and the amide groups of two N-terminal
helix residues.14 The binding of CO3

2− at the site is con-
sidered synergistic because it is crucial for the formation
of a stable Fe3+–CO3

2−-transferrin complex.14,15 Domain
1 (N1 or C1) contains the ligating aspartate, domain
2 (N2 or C2) contains one of the tyrosines, and a hinge
region between domains 1 and 2 contains the histidine
and second tyrosine.16 With the four ligating side chains
from the protein and two from the synergistic anion, the
site has a distorted octahedral coordination sphere. The
iron release characteristic of vertebrate serum transfer-
rins arises from conformational changes that occur dur-
ing binding of transferrin to its receptor and protonation
of residues in the intralobe binding cleft.2,17 As domains
1 and 2 begin to separate and as the coordination of iron
at the binding site is abolished, the tertiary structure of
the protein changes from a “closed” conformation in the
holo-form to an “open” conformation in the apo-form18

(Figure S1).
The roles of insect transferrin-1 (Tsf1) in iron homeo-

stasis are functionally similar to those of lactoferrin and
serum transferrin.19–27 Recent in vivo studies in Drosophila
melanogaster have provided strong evidence for the func-
tion of Tsf1 in iron transport and immunity.22,26 Xiao
et al.26 showed that Tsf1 functions in the transportation of
iron from the gut to the fat body (insect liver and adipose
equivalent). Iatsenko et al.22 demonstrated that after infec-
tion, Tsf1 functions in relocating iron from the hemo-
lymph to the fat body. However, unlike vertebrates,
insects have no known Tsf1 receptor, and the mechanism
by which iron bound to Tsf1 enters the cell remains elu-
sive. In addition, Tsf1's iron binding and release

mechanisms appear to differ from the well-studied verte-
brate transferrins.28 Bioinformatic studies have suggested
that most Tsf1s have only a single iron binding site, in
their N-lobe, and that this site lacks an iron coordinating
histidine.20,28–30 Spectroscopic analysis of the ligand-to-
metal charge transfer (LMCT) peak, which occurs when
transferrins bind iron,3 was done for Tsf1s from Manduca
sexta (MsTsf1) and D. melanogaster (DmTsf1). Both iron
saturated MsTsf1 and DmTsf1 showed large LMCT peak
shifts compared to the 470 nm peak for serum transferrin
and lactoferrin, with MsTsf1 having a peak at 420 nm and
DmTsf1 at 434 nm. These results indicate that Tsf1s coor-
dinate iron differently than the two mammalian transfer-
rins.28 Despite their spectroscopic differences, biochemical
analysis of MsTsf1 and DmTsf1 showed that both bind a
single Fe3+ with high affinity (log K0 = 18 at pH 7.4), and
release Fe3+ under moderately acidic conditions, similar to
iron release by serum transferrin.

The goal of this study was to further our understand-
ing of iron coordination in Tsf1s through structural anal-
ysis. To this end, the first crystal structure of a Tsf1
(MsTsf1) was obtained using protein purified from
M. sexta larval hemolymph in an iron bound and glyco-
sylated form. The structure of MsTsf1 revealed a single
Fe3+ binding site in the N-lobe that surprisingly is coordi-
nated by two tyrosine ligands, Tyr90 and Tyr204, and two
CO3

2− anions. Moreover, the positioning of the C-lobe
suggests that it acts as wedge between the N1 and N2
domains leaving the iron bound N-lobe in a relatively
open conformation. These novel findings provide a struc-
tural explanation for the differences in the biochemical
properties of Tsf1s compared to vertebrate transferrins.

2 | RESULTS

2.1 | Overall structure of MsTsf1

The final MsTsf1 model contained two molecules in the
asymmetric unit and included residues spanning
Ser3-Leu662 (Subunit A) and Tyr5-Gly661 (Subunit B).
Residues Ala1-Lys2, Pro508-Pro514, and Ala663 in Sub-
unit A as well as Ala1-Ser4, Gly445, Asn511-Ser513, and
Leu662-Ala663 in Subunit B could not be modeled due to
disorder. Crystallographic data are provided in Table 1.
The overall structure of MsTsf1 Subunit A along with the
noncrystallographic dimer is shown in Figure 1a,b
respectively. Each subunit contains an Fe3+ ion and a
single N-glycosylation site, and MsTsf1 adopts an overall
bilobal fold. The amino- and carboxyl-lobes are labeled
N-lobe (Ser3-Glu343) and C-lobe (Val352-Leu662),
respectively, and are covalently connected by a short
linker peptide (Arg344-Leu351). Furthermore, each lobe
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TABLE 1 Crystallographic data for MsTsf1

MsTsf1 (K2PtCl4) MsTsf1 (native)

Data collection

Unit-cell parameters (Å, o) a = 65.61, b = 141.42, c = 150.40 a = 64.49, b = 139.06, c = 146.70

Space group P212121 P212121

Resolution (Å)a 49.44–2.85 (2.99–2.85) 47.28–2.05 (2.09–2.05)

Wavelength (Å) 1.0000 1.0000

Temperature (K) 100 100

Observed reflections 545,842 544,369

Unique reflections 33,530 83,612

<I/σ (I)>a 10.8 (2.1) 7.6 (2.2)

Completeness (%)a 99.9 (99.6) 100 (100)

Multiplicitya 16.3 (17.1) 6.5 (6.6)

Rmerge (%)
a,b 24.1 (187.2) 16.2 (82.7)

Rmeas (%)
a,c 24.9 (193.0) 17.6 (89.8)

Rpim (%)a,c 6.2 (46.6) 6.9 (34.8)

CC1/2
a,d 0.997 (0.777) 0.991 (0.697)

DelAnom CCe 0.481 (0.039) —

Refinement

Resolution (Å)a 40.00–2.05

Reflections (working/test)a 79,455/4,065

Rfactor/Rfree (%)
a,f 20.9/27.2

No. of atoms (Protein/Fe3+/CO3/
water)

9,925/2/16/422

Model quality

R.m.s deviations

Bond lengths (Å) 0.008

Bond angles (o) 0.964

Average B-factor (Åb)

All Atoms 33.4

Protein 33.5

Fe3+ 18.7

CO3 22.6

Water 49.3

Coordinate error (maximum
likelihood) (Å)

0.30

Ramachandran plot

Most favored (%) 94.8

Additionally allowed (%) 4.6

aValues in parenthesis are for the highest resolution shell.
bRmerge = ΣhklΣijIi(hkl) − <I(hkl)>j/ΣhklΣi Ii(hkl), where Ii(hkl) is the intensity measured for the ith reflection and <I(hkl)> is the average intensity of all

reflections with indices hkl.
cRmeas = redundancy-independent (multiplicity-weighted) Rmerge.

52,70 Rpim = precision-indicating (multiplicity-weighted) Rmerge.
71,72

dCC1/2 is the correlation coefficient of the mean intensities between two random half-sets of data.73,74
eDelAnom CC is the correlation coefficient between the Bijvoet differences (I(hkl) – I(−h-k-l)) from two random half-sets of data52 and is used to estimate the
anomalous signal strength.
fRfactor = ΣhkljjFobs (hkl)j − jFcalc (hkl)jj/ΣhkljFobs (hkl)j; Rfree is calculated in an identical manner using 5% of randomly selected reflections that were not
included in the refinement.
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FIGURE 1 Structure of

MsTsf1. (a) Individual domains of

Subunit A with N1 in magenta, N2

in cyan, C1 in green, and C2 in blue.

Also shown are the interlobe linker

peptide in wheat and the intralobe

“hinge” segments in grey.

(b) Noncrystallographic dimer

showing Subunit A (yellow-green)

and B (light blue). The Fe3+ ions

(brown) and NAG molecules are

modeled as spheres

FIGURE 2 Secondary

structure elements relative to the

MsTsf1 sequence. (a) MsTsf1

structure showing the secondary

structure elements and

(b) secondary structure annotation

relative to the amino acid

sequence. The red arrow and black

arrows indicate the glycosylation

site and residues that coordinate

the Fe3+ ion, respectively.

(c) Locations of the disulfide bonds
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contains two domains delineated by residues Ser3-Arg79
and Gly275-Glu343 (domain N1), Arg89-Arg271 (domain
N2), Val352-Tyr429 and Thr587-Leu662 (domain C1),
and Tyr437-Met582 (domain C2). The topology of the sec-
ondary structure elements for each domain is depicted in
Figure S2. The MsTsf1 structure is composed of 20 α-heli-
ces, 26 β-strands and twelve disulfide bonds (Figure 2).

The structure of MsTsf1 was subjected to a DALI31,32

search in an effort to identify structures that display a simi-
lar fold, and the top 100 hits are listed in Table S1. Not sur-
prisingly, the top hits consisted of various transferrin type
proteins. However, one interesting observation was that
only a small number of residues were aligned (lali). The
average number of aligned residues was 269 amongst the
top 100 hits even though the MsTsf1 protein contains
663 amino acids andmost transferrin proteins are of similar
length, which is evident in Table S1 (nres). It should be
noted that the hits in Table S1 that contain “nres” in the
300 amino acid range are structures of individual N- or
C-lobes of transferrins. To compare MsTsf1 further with
other transferrin proteins, superposition of apo-human
serum transferrin in the glycosylated form (PDB 2HAV)
was conducted, which yielded an RMSD deviation of 2.46 Å
between Cα atoms (282 residues aligned). The N-lobe

domains had the highest sequence similarity and compara-
tively displayed a similar spatial arrangement of the second-
ary structure elements (Figure 3a). However, the C-lobe
domains were in completely different orientations relative
to the N-lobe core and would need to rotate approximately
180o about the linker peptide that connects the N1 and C1
domains in order to superimpose (Figure 3b). Superposition
of the individual C-lobe domains of 2HAV and MsTsf1
yielded an RMSD deviation of 3.38 Å between Cα atoms
(258 residues aligned, Figure S3a). Although the secondary
structure elements in the C-terminus were similar, their
overall spatial arrangements differ, which accounts for the
high RMSD deviation.

The N- and C-lobes of transferrins are believed to
have arisen from a gene duplication event from a single
lobed ancestral gene.33 The N1 and C1 domains and the
N2 and C2 domains of MsTsf1 were subjected to a
pairwise structure comparison using the DALI server34 to
assess their sequence and structure similarity. Superposi-
tion of the N1 and C1 domains yielded an RMSD devia-
tion of 2.8 Å between Cα atoms (135 out of 154 residues
aligned). Superposition of the N2 and C2 domains yielded
an RMSD deviation of 2.3 Å between Cα atoms (134 out
of 139 residues aligned). The structural alignments show

FIGURE 3 Comparison of

MsTsf1 with human serum

transferrin 2HAV. (a) The domains

are colored as follows. MsTsf1:

magenta (N1), cyan (N2), green

(C1), and blue (C2); 2HAV: orange

(N1), red (N2), purple (C1), and

yellow (C2) (b) Same as panel a

highlighting the differences in the

orientation of the C1 and C2

domains. The linker peptides that

connect the N1 and C1 domains

are indicated by the arrows and

colored as grey
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that despite having low amino acid sequence identity
(24%) and no metal binding ability by the C-lobe, the
lobes do have homologous folding patterns (Figure S3b).

The solvent exposed surface of MsTsf1 does not con-
tain patches of positive charge on the surface as was
observed for lactoferrin.35 However, one notable area in
the intralobe cleft of the N-lobe contains a large mass of
positive charge. This positive patch surrounds the Fe3+

binding site (Figure S4) and is formed by residues Arg89,
Arg120, Lys125, Lys222, and Arg271.

2.2 | Structure of the Fe3+ and CO3
2−

binding sites

The MsTsf1 structure showed difference electron density
consistent with the Fe3+ in each subunit and displayed
appreciable peak heights (8.6 and 7.4σ) in the phased
anomalous difference maps using diffraction data col-
lected at a wavelength of 1.0000 Å. Additionally, electron
density for two CO3

2− anions was observed at each Fe3+

ion site. (Note that, the resolution of the structure does
not allow us to determine whether these resonance stabi-
lized anions are carbonate or bicarbonate; however, for
simplicity and to adhere to past nomenclature in transfer-
rin research, we have used the term carbonate (CO3

−2) to
refer to these anions.) The Fe3+ ion is positioned in the
N2 domain and adopts an octahedral coordination from
six coordinating oxygens: two phenolic oxygens of resi-
dues Tyr90 and Tyr204, which are located in strand β5
and helix α7, respectively, and two oxygen atoms from
each of the carbonate ions (CO3

2−-1 and CO3
2−-2;

Figure 4a). Tyr90 and Tyr204 are highly conserved in all
iron binding transferrins, including human serum trans-
ferrin and lactoferrin (Figure S5), and have been
predicted to be involved in iron coordination in
Tsf1s.20,28–30 However, the presence of two CO3

2− ions in
the coordination of iron is a novel observation amongst
all transferrin structures. The bond lengths of the six
coordinating ligands to the Fe3+ are within the range of
1.9–2.3 Å, and the bond angles of the octahedral coordi-
nation are distorted from their ideal geometry
(Figure S6a and Table 2).

The carbonate ions are coordinated by residues
Thr116, Arg120, Asn121, Val122, and Gly123, which are
located in the loop connecting strand β6 and helix α4 in
the N2 domain. CO3

2−-2 forms hydrogen bonds with the
Oγ1 atom of Thr116, the Nε atom of Arg120 and the back-
bone nitrogen group of Val122 and Gly123. CO3

2−-1
forms hydrogen bonds with the backbone nitrogen group
and the NΔ2 atom of Asn121 (Figure 4b and Table 2). A
surface representation of the iron binding site shows that
one carbonate ion (CO3

2−-2) is deeply buried at the site,

while the other carbonate ion (CO3
2−-1) is solvent

exposed (Figure S6b). Superposition of MsTsf1 and
human serum transferrin (PDB 1D3K) demonstrates that
the position of CO3

2−-1 in MsTsf1 and the position of
Asp63 in human serum transferrin are similar
(Figure S6c). Moreover, CO3

2−-2 is very similar in its
position and hydrogen bonding network to the carbonate
anion bound to serum transferrin (Figure S6d).

By performing an analysis of amino acid sequence
alignments of Tsf1 sequences,28,30 we found that all five
carbonate binding residues are highly conserved
(Table S2); therefore, anion coordination appears to be
conserved in Tsf1 orthologs. To predict whether any non-
insect transferrins have an N-lobe that binds two anions,
we analyzed transferrin sequences from noninsect spe-
cies. We identified sequences that have the conserved
carbonate-binding residues in four noninsect arthropod
species (Table S2), but we did not find this consensus in
other types of animals, including molluscs, annelids,

FIGURE 4 The coordination of Fe3+ and two CO3
2− ions in

MsTsf1. (a) The site of Fe3+ coordination. The ligating tyrosines,

Tyr90 and Tyr204, and two CO3
2− ions are in cyan, and the Fe3+ is

shown as a brown sphere. The blue anomalous difference map and

yellow Fo-Fc are contoured at 3.0 σ and the grey 2Fo-Fc map is

contoured at 1.0 σ. (b) Hydrogen bond interactions (dashed lines)

between MsTsf1 residues (cyan) and the CO3
2− ions (grey)
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nematodes, and deuterostomes; therefore, the binding of
a solvent exposed anion by Asn121 is likely to be specific
to arthropods.

2.3 | Domain interactions

The N- and C-lobe of the MsTsf1 structure are connected
by a linker peptide (Arg344-Leu351) between the N1 and
C1 domains (Figure 1). The MsTsf1 linker peptide adopts
a loop conformation, similar to the linker peptides in
serum transferrin,18 which is different from lactoferrin
linker peptides, that form an α-helical structure.36 The
linker peptide further connects the two lobes through
several of its residues forming bonds with the N1, N2,
and C1 domains (Figure S7). One residue of the linker
peptide, Arg344, interacts with all three domains. The
Nη1 and Nη2 atoms of Arg344 form a salt bridge with the
Oε2 atom of Glu151 as well as the Oδ2 atom of Asp377.
The backbone nitrogen of Arg344 forms hydrogen bonds
with the backbone oxygen of Val341 and Glu340 while
the backbone oxygen of Arg344 forms hydrogen bonds
with the Nε and Nη2 atoms of Arg379 (Figure 5a).

Noncovalent interlobe contact in the form of direct
hydrogen bonds and salt bridges comes solely from the
N1 and C1 domains. The Nη1 and Nη2 atoms of Arg376
form a salt bridge with Oδ2 of Asp57. The Nη2 atom of
Arg376 also engages in hydrogen bonds with the Oδ1 and
Oδ2 atoms of Asp60. Atom Nη2 of Arg379 forms a hydro-
gen bond with the backbone oxygen of Ile342. The N-
terminal end of helix α2 in the N1 domain, three hydro-
gen bonds are formed with a disordered region of the

TABLE 2 Bonds lengths (Å) of Fe3+,

CO3
2−-1, and CO3

2−-2 to coordinating

residues and bond angles (�) of Fe3+ to

coordinating residues

Bond Length Bonds Angle

Fe Oη (Y90) 2.1 Oη (Y90) Fe Oη (Y204) 101.9

Fe Oη (Y204) 1.9 Oη (Y90) Fe O3 (CO3
2−-2) 89.9

Fe O3 (CO3
2−-2) 2.0 Oη (Y90) Fe O1 (CO3

2−-2) 157.6

Fe O1 (CO3
2−-2) 2.1 Oη (Y90) Fe O3 (CO3

2−-1) 92.6

Fe O3 (CO3
2−-1) 2.2 Oη (Y90) Fe O1 (CO3

2−-1) 111.6

Fe O1 (CO3
2−-1) 2.3 Oη (Y204) Fe O3 (CO3

2−-2) 102.2

Oγ1 (T116) O2 (CO3
2−-2) 2.8 Oη (Y204) Fe O1 (CO3

2−-2) 85.9

Nε (R120) O1 (CO3
2−-2) 2.7 Oη (Y204) Fe O3 (CO3

2−-1) 157.9

N (G123) O2 (CO3
2−-2) 3.1 Oη (Y204) Fe O1 (CO3

2−-1)) 95.9

N (V122) O2 (CO3
2−-2) 3.1 O3 (CO3

2−-2) Fe O1 (CO3
2−-2) 67.8

N (V122) O3 (CO3
2−-2) 3.0 O3 (CO3

2−-2) Fe O3 (CO3
2−-1) 94.3

NΔ2 (N121) O3 (CO3
2−-1) 3.0 O3 (CO3

2−-2) Fe O1 (CO3
2−-1) 148.4

O1 (CO3
2−-2) Fe O3 (CO3

2−-1) 86.9

O1 (CO3
2−-2) Fe O1 (CO3

2−-1) 88.1

O3 (CO3
2−-1) Fe O1 (CO3

2−-1) 63.0

FIGURE 5 Interactions between the domains of MsTsf1.

(a) The interaction of the linker peptide residue, Arg344, with

residues of the N1, N2, and C1 domains. (b) The noncovalent

interlobe contacts between the N1 and C1 domains. (c) The

noncovalent intralobe contacts in the N-lobe. For clarity, the NAGs

were removed from Asn337. All residues and domains are colored

according to Figure 1a
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C1-domain. The Oδ2 atom of Asp38 bonds with the back-
bone nitrogen of Asn619, the backbone nitrogen of Arg39
with the backbone oxygen of Asp616 and the backbone
nitrogen of Val40 with the backbone oxygen of Leu617
(Figure 5b). While there is no direct interaction of the C-
lobe with the N2-domain, there is a notable hydrogen
bond network mediated by several water molecules
located in the space between the N2 and C1 domain. This
network is composed of side chain and backbone groups
of residues from the C1 domain (Asp377, Arg379,
Gln609, and Thr641) and the N2 domain (Asn119,
Lys148, Lys167, Pro170, and Asp171; Figure S8).

Despite the N1 domain having no direct interaction
with the bound Fe3+ or anions, it does make several
intralobe contacts with the N2 domain. Two peptide seg-
ments covalently connect the two lobes (Thr80-Phe88
and Pro272-Gln274). These two segments help to form
the back of the cleft between the two lobes (Figures 1a
and 2a), similar in position to the hinge regions in the N-
and C-lobes of serum transferrin and lactoferrin.2,3,16

Because these two covalent segments adopt loop struc-
tures, they may provide flexibility to the two domains to
facilitate any conformational changes. There are also sev-
eral noncovalent contacts that occur between the N1 and
N2 domain. A salt bridge is formed between the Nζ atom
of Lys133 and the Oε1 atom of Glu340. Two residues,
Ala336 and Asn337 (Asn337 is also the site of glycosyla-
tion), between helix α11 and α12 form hydrogen bonds
with the N2 domain residues Trp268 and Ala270. The
most interesting contact comes from a hydrogen bond
formed between the Oη atom of Tyr338 and the Oδ1 atom
of the CO3

2−-1 coordinating Asn121 (Figure 5c). This
2.5 Å interaction between Tyr338 and Asn121 is not only
an intralobe contact connecting the N1 domain to the N2
domain, but also closely links the N1 domain to anion
coordination and likely also to iron binding.

The C2 domain of MsTsf1 makes no contact with the
N-lobe. Besides the two covalent peptide linkages made
with the C1 domain (Gly430-Asn436 and
Ala583-Arg586), the C2 domain's only other direct con-
tact comes through a disulfide linkage between its
Cys488 and the Cys660 very near to the C-terminal end
in the C1 domain.

2.4 | Glycosylation site

Characteristic of the transferrin family, MsTsf1 is glyco-
sylated. MsTsf1 has three potential glycosylation sites at
Asn200, Asn337, and Asn400, as predicted from the N-
GlyDE server.37 However, electron density consistent
with glycosylation was only observed at Asn337 in each
subunit (Figure 6a,b), which is located in the N1 domain

within the loop connecting α11 and α12. Two N-
acetylglucosamine (NAG) glycans could be modeled at
each Asn337 residue, although there was weaker electron
density present that suggested that more extensive glycan
branching was present. Therefore, the glycosylated
MsTsf1 was analyzed by mass spectrometry, using a site-
specific glycosylation analysis, in an effort to identify the
glycans on each potential N-glycosylation site. The mass
spectrometry results (Figure 6c) confirmed the observa-
tions from the crystal structure that glycosylation was
only present at Asn337. Additionally, heterogeneous gly-
cosylation of high mannose variants was observed at
Asn337 which explains why only the NAG–NAG glycans
could only be modeled to the electron density, as the
mannose occupancies presumably varied and/or were
disordered. This level of glycosylation of MsTsf1 is consis-
tent with previous reports of mannose and NAG being at
a 5:1 ratio in MsTsf1.38

Studies of vertebrate transferrins have revealed highly
variable sites of N-glycosylation; however, these post-
translational modifications have mostly been found on
the protein surface and are not believed to alter iron

FIGURE 6 Glycosylation in MsTsf1. Fo-Fc Polder omit

electron density map (green mesh) contoured at 3σ showing the

modeled glycans in (a) Subunit A and (b) Subunit B. (c) Mass

spectrometry results showing the most abundant glycoforms

present at residue Asn337
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binding and release.1,39 The glycosylation of Asn337 in
the N-lobe of MsTsf1 is unique because of its location at
the intralobe contact points (Figure 5c) and near the
hinge-like region. In vertebrate transferrins, this region

would normally be buried in the interlobe interface, but
it is exposed due to the difference in the orientation of
the MsTsf1 C-lobe. The positioning of glycosylation at the
hinge-like region of MsTsf1's N-lobe could influence the

TABLE 3 Analysis of sterically acceptable organic anions docked at the iron binding site of MsTsf1

Anion Structure Average RMSD deviation from carbonate (Å) Average energy (kcal/mol)

Acetoacetate 1.52 −4.0

α-Ketoglutarate 1.40 −4.8

Ascorbate 2.86 −5.3

Carbonatea 1.16/0.27 −3.2/−3.5

Fumarate 2.21 −4.0

Glycine 0.84 −3.1

Glyoxylate 1.68 −3.6

Lactate 1.24 −3.6

Malate 3.42 −4.4

Oxaloacetate 1.21 −4.6

Pyruvate 1.74 −3.8

Succinate 2.30 −4.3

aThe docked carbonate results have two values, the first being the measurements of the docking result at the CO3
2−-1 position (solvent exposed carbonate) and

the second being the CO3
2−-2 position (buried carbonate).
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flexibility of the domains to form open or closed
conformations.

2.5 | Molecular docking of organic
anions

Substitutes for carbonate as the synergistic anion bound
to vertebrate transferrins have been previously stud-
ied.14,15,40 While many organic anions can form weak Fe-
anion-transferrin complexes, oxalate is the only substi-
tute that forms a relatively similar stable complex to that
of carbonate.15,41 In the case of MsTsf1, CO3

2−-2 has a
similar coordination as the carbonate in vertebrate trans-
ferrins, but CO3

2−-1 is solvent exposed and has less steric
restrictions. The concentration of carbonate in insect
hemolymph42 is similar to many other organic acids.43

Thus, our hypothesis is that the CO3
2−-1 binding site is

susceptible to the binding of alternative anions that could
form a stable Fe-anion-MsTsf1 complex. As an initial
probe of this hypothesis, we performed a molecular dock-
ing study. Candidate anions were selected from reported
organic anions and acids found in insect hemolymph43,44:
acetoacetate, α-ketoglutarate, ascorbate, fumarate, gly-
cine, glyoxylate, lactate, malate, oxaloacetate, pyruvate
and succinate. Searchable pockets in the cleft between
the N1 and N2 domains were identified (Figure S9a) and
docking experiments were performed using AutoDock
Vina.45 Nearly all of the candidate anions had poses
within an RMSD of 4 Å of CO3

2−-1; however, not all posi-
tions were sterically possible with respect to where the
iron is located in the pocket. Analysis of the sterically
acceptable docking poses at the iron binding site are
found in Table 3. Figure S9b-l shows the sterically accept-
able poses for each anion with the Fe3+ ion and CO3

2−-2
replaced in the MsTsf1 structure. Citrate was the excep-
tion, as no poses were found near the site, which explains
its high average RMSD from the CO3

2−-1 position,
>11 Å. The binding of the dicarboxylic acid candidates,
α-ketoglutarate, fumarate, malate, oxaloacetate and suc-
cinate, were consistently more energetically favorable
because one carboxyl group becomes the oxygen ligands
for the iron and the other carboxyl group can interact
with nearby positively charged residues Lys125 and
Arg271 that protrude into the cleft. Figure 7 shows an
example of α-ketoglutarate's predicted interactions at the
iron binding site.

To assess the robustness of the search area and dock-
ing parameters, two controls were applied to the study.
As a positive control, carbonate was redocked in the
structure. This proved to be a good control, as it was the
only anion that had poses at the CO3

2−-1 and CO3
2−-2

positions (Figure S9m); moreover, carbonate had low

RMSD values for both positions (CO3
2−-1 = 1.16 Å and

CO3
2−-2 = 0.27 Å). The cation phosphonium was used as

a negative control because of its positive charge. The
average energy of the phosphonium binding poses was
considerably higher (−0.5 kcal/mol) than all the anions
and had no poses near the iron binding site.

3 | DISCUSSION

Previous studies have provided bioinformatic and bio-
chemical evidence that that Tsf1s have different iron
binding properties than the well-characterized vertebrate
transferrins.20,28–30 Most Tsf1s have only one iron-
binding site, and it is found in the N-lobe.20,28–30 More-
over, while Tsf1s are predicted to have two tyrosines at
the iron binding site, the histidine and, in many species,
the aspartate are substituted with other amino acid resi-
dues. In addition, Tsf1 and vertebrate transferrins differ
in their spectroscopic properties.28 Despite these differ-
ences between Tsf1s and vertebrate transferrins, DmTsf1
and MsTsf1 bind iron tightly and reversibly.28

This structural analysis of MsTsf1 verifies that an iron
binding site is present in the N-lobe but not the C-lobe. It
also demonstrates that the iron binding site differs from
other transferrin structures. The distorted octahedral
coordination of the Fe3+ is mediated by two N2 domain
residues, Tyr90 and Tyr204, and two carbonate anions.
These two tyrosine ligands and the residues that hydro-
gen bond with the two carbonates, Thr116, Arg120,
Asn121, Val122, and Gly123, are highly conserved in all
available Tsf1 sequences, leading us to believe that simi-
lar coordination is likely to occur in other species of

FIGURE 7 Docking poses of α-ketoglutarate and the possible

interaction in MsTsf1 N-lobe. A surface representation of the

predicted interactions of α-ketoglutarate (gold stick) with iron and

residues Asn121, Lys125, and Arg271 (cyan). Predicted bonds are

shown as dashed lines and are within 3.5 Å. The Fe3+ ion (brown

sphere) and known coordinating ligands, Tyr90 and Tyr204, and

CO3
2−-2 are also shown
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insects. The use of a second carbonate instead of histidine
and aspartate in iron coordination explains the differ-
ences in the spectroscopic characteristics of Tsf1s com-
pared to serum transferrin and lactoferrin.28 One of the
carbonate anions, CO3

2−-2, is buried behind the Fe3+ in a
pocket within the N1 domain and adopts a similar posi-
tion observed for the structures of other transfer-
rins.12,13,46,47 The other carbonate, CO3

2−-1, is more
solvent exposed and held in place through hydrogen bou-
nds with Asn121, which is also involved in intralobe con-
tacts within the N-lobe. The intralobe contacts suggest
that Asn121 influences the integrity of the iron binding
site during expected conformational changes.

The overall structure of MsTsf1 is bilobal, with each
lobe separated into two domains, forming folds similar to
those of vertebrate transferrin structures.12,13,46,47 How-
ever, the orientation of the MsTsf1 C-lobe differs from
other transferrin structures in that it is rotated approxi-
mately 180� from the core of the N-lobe. Thus, the inter-
action of the C1 domain with the N1 and N2 domains is
at the opening of the N-lobe cleft. The C1 domain
appears to act as a wedge between the N1 and N2
domains, hindering further closing of the N-lobe around
the iron binding site. This most likely explains why the
first several hits of the DALI search were vertebrate
transferrin structures in the open conformation. The gly-
cosylation site of MsTsf1 at Asn337 makes it unlikely that
the C-lobe orientation is induced by crystal contacts,
because the glycosylation at Asn337 is positioned on the
backside of the N-lobe cleft, near the hinge-like region,
thereby sterically inhibiting the C-lobe from the position-
ing itself like the vertebrate transferrin structures.

The finding of iron-bound MsTsf1 in an open confor-
mation was surprising. However, our docking study pro-
vides evidence that this conformation results in a solvent
exposed anion binding site that is accessible to several
different organic anions found in insect hemolymph. The
concentration of carbonate (10 mM) in M. sexta hemo-
lymph42 is similar to other organic anions, many of
which fall within the 3–7 mM range in similar lepidop-
teran insects.43 With the numerous organic anions found
in insect hemolymph and their fluctuating concentra-
tions during deveopment,42–44 this flexibility to bind
alternative anions could be functionally significant.

The functional role of the C-lobe in Tsf1s is still
unknown. In the MsTsf1 structure, the C-lobe is in a
novel orientation that makes contacts with the N-lobe
domains and likely stabilizes the tertiary structure. How-
ever, why the C-lobe adopts a secondary structure similar
to vertebrate transferrins but does not bind iron, remains
unknown. One hypothesis is that the C-lobe could act as
a decoy for receptors of iron scavenging pathogens.27,48

Future work is needed to elucidate the conformational

changes and interplay between domains that takes place
in MsTsf1.

In summary, this paper describes the first structure of
an insect transferrin and details several novel structural
features, including iron coordination, domain interactions,
C-lobe orientation, and glycosylation position. Two tyro-
sines from the N2 domain and two carbonate anions coor-
dinate iron binding. The C1 domain is wedged at the cleft
opening between the N1 and N2 domains. The unique
properties of this transferrin structure illustrate the impor-
tant fact that insect and vertebrate transferrins have
evolved different structural features, and suggest that Tsf1s
have different mechanisms for carrying out their proposed
roles in iron homeostasis. It will be important to consider
these differences when evaluating model insect studies of
iron homeostasis and iron-related diseases of humans.

4 | MATERIALS AND METHODS

4.1 | Crystallization and data collection

MsTsf1 was purified from larval hemolymph following a
procedure previously described.28 Purified MsTsf1 was
extensively dialyzed in 50 mM NaCl, 20 mM Tris pH 7.4,
5 mM sodium bicarbonate and concentrated to 9.2 mg/ml
for crystallization screening. All crystallization experi-
ments were setup using an NT8 drop setting robot
(Formulatrix Inc.) and UVXPO MRC (Molecular Dimen-
sions) sitting drop vapor diffusion plates at 18�C. 100 nl
of protein and 100 nl crystallization solution were dis-
pensed and equilibrated against 50 μl of the latter. Initial
crystals that formed needle clusters were obtained from
the Index HT screen (Hampton Research) condition D10
(20% (w/v) PEG 5,000 MME, 100 mM Bis-Tris pH 6.5).
These crystals were reproduced in a new crystallization
plate in order to generate a crystal seed stock and 20 nl of
seeds were added to each drop of new crystallization
experiments dispensed with the NT8 robot as described
above. Crystals that displayed a needle morphology were
obtained in 2 weeks from the Proplex HT screen
(Molecular Dimensions) condition F6 (15% (w/v) PEG
20,000, 100 mM Hepes pH 7.5). These crystals could be
reproducibly obtained overnight by streak seeding new
crystallization drops in a sitting drop plate. Heavy atom
derivatized crystals were obtained by transferring native
crystals to a solution containing crystallant supplemented
with 10 mM K2PtCl4 and incubating for 18 hr. Crystals
were transferred to a cryoprotectant solution composed
of 80% crystallization solution and 20% PEG 200 before
storing in liquid nitrogen. X-ray diffraction data were col-
lected at the Advanced Photon Source beamline 17-ID
using a Dectris Pilatus 6 M pixel array detector.

418 WEBER ET AL.



4.2 | Structure solution and refinement

Intensities were integrated using XDS49,50 via Autoproc51

and the Laue class analysis and data scaling were per-
formed with Aimless.52 Structure solution, using two data
sets that were scaled together from Pt-derivatized crys-
tals, was conducted by SAD phasing with Crank253 using
the Shelx,54 Refmac,55 Solomon,56 Parrot,57 and Bucca-
neer58 pipeline via the CCP459 interface. Eleven Pt sites
were located with occupancies greater than 0.25 and
phasing/density modification resulted in a mean figure of
merit of 0.44 in the space group P212121. Subsequent
model building utilizing density modification and phased
refinement yielded R/Rfree = 0.352/0.425 for the initial
model. This model was used for molecular replacement
with Phaser60 against the higher resolution native data
set and the top solution was obtained for two molecules
of MsTsf1 in the asymmetric unit in the space group
P212121 (TFZ = 51.5, LLG = 2,945). The model was fur-
ther improved by automated model building with Phenix
and additional refinement and manual model building
were conducted with Phenix and Coot,61 respectively.
Disordered side chains were truncated to the point for
which electron density could be observed. Structure vali-
dation was conducted with Molprobity62 and figures were
prepared using the CCP4MG package63 and Pymol (The
PyMOL Molecular Graphics System, Version 2.3.2
Schrödinger, LLC). Surface electrostatics were deter-
mined using APBS.64 Crystallographic data are provided
in Table 1. The coordinates and structure factors were
deposited in the Protein Data Bank with the code 6WB6.

4.3 | Mass spectrometry and
chromatography

A 25 μg aliquot of MsTsf1 sample at a concentration of
9.25 mg/ml was denatured with 7 M urea in 100 mM Tris
buffer (pH 8.5), then reduced with 5 mM TCEP at room
temperature for 1 hr, followed by alkylation with 20 mM
iodoacetamide for an additional hour in the dark. The
reduced and alkylated sample was buffer exchanged with
50 mM ammonium bicarbonate (pH 8) using a 30-kDa
MWCO filter (Millipore) prior to trypsin digestion. The
sample was digested with trypsin at a 30:1 protein:enzyme
ratio and was incubated overnight at 37�C for 18 hr.

High-resolution LC/MS experiment was performed
using an Orbitrap Fusion Lumos Tribrid (Thermo Scientific)
mass spectrometer equipped with ETD that is coupled to an
Acquity UPLCM-Class system (Waters). Mobile phases con-
sisted of solvent A: 99.9% deionized H2O + 0.1% formic acid
and solvent B: 99.9% CH3CN + 0.1% formic acid. Three
microliters of the sample were injected onto C18 PepMap™

300 column (300 μm i.d. × 15 cm, 300 Å, Thermo Fisher
Scientific) at a flow rate of 3 μl/min. The CH3CN/H2O gradi-
ent ramping from 3 to 40% B in 45 min was used to separate
the MsTsfl digest. All mass spectrometric analysis was per-
formed in the positive ion mode using data-dependent
acquisition with the instrument set to run in 3-s cycles for
the survey and two consecutive MS/MS scans with CID and
ETD. Mass spectrometry data acquisition parameters
include: a survey scan in the mass range, 350–1800 m/z at a
resolution of 60,000 at m/z 200 with an AGC target of
4 × 105 and a maximum injection time of 50 ms, CID colli-
sion energy of 30%, and ETD was performed using the cali-
brated charge dependent reaction time. Data dependent
acquisition was carried out by dynamic selection of ions
with intensity greater than 5,000. Resulting fragments were
detected using rapid scan rate in the ion trap. Glycopeptide
compositions were manually identified in the LC/MS data
file and were confirmed by a combination of high resolution
MS data, CID, and ETD data.

4.4 | Structure preparation and
molecular docking

Water molecules and ligands were removed from the
MsTsf1 PDB file and the structure was subjected to the
fpocket online server.65 Pockets located in the N-lobe
cleft were identified and grouped as one pocket. The size
(x = 15.0 Å, y = 28.5 Å, and z = 15.0 Å) and center
(x = −16.2 Å, y = −7.4 Å, and z = 4.2 Å) coordinates of
this grouped pocket were determined. The structures of
the candidate anions were drawn using MolView
(molview.org) and converted to MOL2 files using the pro-
gram OpenBabel.66 The anions and MsTsf1 structures
were prepared for docking in AutoDockTools version
1.5.667 and structural files in PDBQT format were gener-
ated for use in AutoDock Vina.45

AutoDock Vina 1.1.2 was used to carry out the dock-
ing simulations of the organic anions in the identified
pocket of MsTsf1. The parameters of experiments were
carried out under default conditions except that the
searchable area was set to the size and center of the
pocket in the N-lobe cleft and the exhaustiveness was set
to 100. Four independent trials were conducted. This pro-
gram predicted the global minimum binding energy
(kcal/mol) of the anions in the given pocket dimensions
and reported the top nine poses for each trial. The poses
that had an RMSD of 4 Å or less from CO3

2−-1 were fur-
ther analyzed to determine if they would sterically clash
with the Fe3+ in the original structure. The average
RMSD from CO3

2−-1 and the average binding energy of
these sterically acceptable poses were then calculated. A
carbonate anion structure was generated and used as
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positive control for the study. It had poses at both the
CO3

2−-1 and CO3
2−-2 positions; therefore, the average

energy and average RMSD from each position was ana-
lyzed and reported. A phosphonium cation was generated
as a negative control and we analyzed its predicted bind-
ing poses. Pockets, coordinates and poses were analyzed
using Pymol (The PyMOL Molecular Graphics System,
Version 2.3.2 Schrödinger, LLC).

4.5 | Alignment analysis

To identify possible anion-binding residues in transferrin
sequences, we analyzed sequence alignments of 107 Tsf1
and Tsf1-like sequences and 14 noninsect hexapod trans-
ferrin sequences.26,28 We evaluated whether these
sequences had the five anion-binding residues identified
in the MsTsf1 crystal structure. To identify transferrins
from other types of animals that may also have these
anion-binding residues, we used BLASTP at NCBI to sea-
rch nonredundant protein databases for Crustacea, Ara-
chnida, Myriapoda, Xiphosura, Mollusca, Annelida,
Nematoda, and Deuterostomia.

The sequence alignment of MsTsf1, human lacto-
ferrin and human serum transferrin was created by col-
lecting sequences through the UniProt data base.68 The
signal peptide sequences were removed. A sequence
alignment was generated with Clustal Omega using the
EMBL-EBI server.69 The accession numbers used in the
alignment are as follows: P22297 for MsTsf1, P02788 for
human lactoferrin and P02787 for human serum
transferrin.
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