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Study on structure and assembly of the third
transmembrane domain of Slc11a1
Shuyan Xiao, Yuxia Wang, Lei Yang, Haiyan Qi, Chunyu Wang and Fei Li∗

The structure and self-assembly of the peptide corresponding to the third transmembrane domain (TMD3) of Slc11a1 and its
E139A mutant are studied in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) aqueous solution by NMR and CD experiments. Slc11a1
is an integral membrane protein with 12 putative TMDs and functions as a pH-coupled divalent metal cation transporter.
Glu139 of Slc11a1 is highly conserved within predicted TMD3 of the Slc11 protein family and function-associated. Here, we
provide the first direct experimental evidence for the structural features of two 24-residue peptides corresponding to TMD3
of Slc11a1 and its E139A mutant in 60% HFIP-d2 aqueous solution using CD and NMR spectroscopies. Our study shows that
the membrane-spanning peptide folds as a typical amphipathic α-helix structure from Ile5 to Met20 with hydrophilic residues
Glu12 (Glu139 in Slc11a1) and Asp19 lying on the same side of the helix. The substitution of Glu139 by an alanine residue has
little effect on the structure of the peptide, but increases hydrophobicity and facilitates self-assembly of the peptide. Although
the wildtype peptide is monomeric in HFIP aqueous solution, the E139A mutant forms a dimer. The increase in hydrophobicity
of the membrane-spanning peptide and/or change in the interactions between transmembrane segments induced by E139A
mutation may affect the metal ion transport of the protein. Copyright c© 2010 European Peptide Society and John Wiley & Sons,
Ltd.
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Introduction

The solute carrier family 11 member 1 (Slc11a1, formerly named
as natural resistance-associated macrophage protein 1, Nramp1)
belongs to a family of proton-coupled transporters that facilitate
the cellular absorption of divalent metal ions [1]. It is an
integral membrane phosphoprotein and is expressed exclusively
in late endosomal/lysosomal compartment of macrophages
as well as in polymorphonuclear leukocytes [2–5]. Slc11a1
includes 12 transmembrane domains (TMDs), a glycosylated
extracellular loop, and several phosphorylation sites [6]. It is
crucial for normal functioning of cells. Defective Slc11a1 causes
susceptibility to infection by several intracellular pathogens
including Mycobacterium, Leishmania, and Salmonella and is
implicated in a number of diseases known as autoimmune or
inflammatory diseases [5,7].

In the Slc11 protein family, Slc11a2 (Nramp2, DCT1) and MntH
were widely studied. Slc11a2 shares 64% amino acid identity with
Slc11a1 and has a broad substrate range including Fe2+, Zn2+,
Co2+, Mn2+, Cu2+, Cd2+, Ni2+, and Pb2+ [8–10]. MntH is the bac-
terial homolog of Slc11 and plays a role in manganese acquisition
[11–14]. It was demonstrated that the Slc11 family possesses a
common topological TM organization and higher conservation.
The metal ion transport of Slc11 is driven by a proton electrochem-
ical gradient and dependent on extraoocytic pH. The maximal
transport was found at pH 5.5 [15,16]. The mutations in many
corresponding sites of Slc11a2 and MntH caused similar change in
the function of these proteins [1]. Both naturally occurring muta-
tions, G185R of Slc11a2 that causes anemia and G169D of Slc11a1
that increases susceptibility to intracellular pathogen infection,
were found in the neighboring position of the TMD4 (position
185 in Slc11a2 corresponds to position 170 in Slc11a1) [17–19].
It is inferred that the Slc11 homologs may have similar transport

mechanism and some conservative residues or motifs of Slc11
homologs may play similar role in the function of these proteins.

In the TMDs of Slc11 proteins, TMD3 were found to be important
for specific aspects of transport. The mutation from Glu to Ala at
position 154 (E154A) within the putative TMD3 of Slc11a2 caused
complete loss of function [1,20]. Similar results were also found in
MntH, the conservative mutations of E102D and E102Q (Glu102 is
analogous to Glu154 in Slc11a2 and Glu139 in Slc11a1) resulted
in a complete loss of transport activity [14]. The conservative
mutations of D109E, D109N, E112D, and E112Q in TMD3 of MntH
showed partial loss of transport function. On the basis of the effects
of mutations on Mn2+ transport, Haemig and Brooker proposed
a model for the binding of Mn2+ to MntH in which the residues
Asp34 and Asn37 in TMD1 and Asp109 and Glu112 in TMD3 (and
possibly other residues) are involved in the coordination of Mn2+
[14].

To understand the functions of Slc11 proteins at a molecular
level, it is crucial to determine their three-dimensional structures
on the atomic resolution. Because of the difficulties in the
determinations of the integral membrane proteins, we selected
isolated peptides from individual putative TMDs of Slc11 proteins
to simulate the behavior of the TM segments in the integral
membrane proteins. Although the interactions among TMDs
were sacrificed, the structural information of a TMD could
still be achieved by isolated peptide. In the beginning of
this study, we tried to use sodium dodecyl sulfate (SDS) and
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dodecylphosphocholine (DPC) micelles as membrane mimics.
Unfortunately, we could not obtain well-solved NMR spectra
owing to severe signal overlap even after changing several
experimental conditions (temperature, pH value, concentration,
and ionic strength). In this case, we used 1,1,1,3,3,3-hexafluoro-2-
propanol (HFIP) aqueous solution as membrane-mimetic medium
to investigate the structure of the peptide. It has long been known
that 2,2,2-trifluoroethanol (TFE) and HFIP can induce formation of
helical conformations of peptides as their physical and chemical
properties resemble those of a biomembrane. Therefore, the fluoric
alcohols have been widely employed to simulate hydrophobic
environments and to establish the in vivo conformations of many
peptides that either reside within or are bound to membranes
[21–25].

Materials and Methods
Materials

Two peptides with the sequences of Lys-Val-Pro-Arg-Ile-Leu-
Leu-Trp-Leu-Thr-Ile-Glu-Leu-Ala-Ile-Val-Gly-Ser-Asp-Met-Gln-Glu-
Val-Ile and Lys-Val-Pro-Arg-Ile-Leu-Leu-Trp-Leu-Thr-Ile-Ala-Leu-
Ala-Ile-Val-Gly-Ser-Asp-Met-Gln-Glu-Val-Ile, corresponding to the
TMD3 of the wildtype Slc11a1 (WT) and its E139A mutant (E139A),
were synthesized by Biopeptide Company (San Diego, CA, USA).
The purity was assessed by HPLC and mass spectroscopy to be
>95%. The deuterated reagent HFIP-d2 (98%) was purchased
from Cambridge Isotope Laboratories. The solvent HFIP (99.5%)
was purchased from Acros Organics. All chemicals were used as
purchased directly without further purification.

CD Experiments

The CD spectra were obtained on a Jasco J-810 spectropolarimeter
using 0.5 mm path length cuvettes at room temperature. The
peptide was dissolved in 0.3 ml HFIP solvent and then 0.2 ml
water was added to arrive at a final concentration of 20 µM.
The CD spectra were recorded over the wavelength range of
260–190 nm with bandwidth 1.0 nm, data pitch 0.1 nm, sweep
speed 50 nm min−1, and a response time 0.25 s. Three spectra
per sample were acquired and averaged, followed by subtraction
of the CD signal of the solvent. The secondary structure contents
were estimated by the CDPro software package using the program
CONTINLL with a 56-protein set.

NMR Experiments

NMR experiments were carried out on a Bruker Avance 500 MHz
spectrometer at 310 K. A 5-mm triple resonance inverse probe
(TBI) with z-gradient coil was used. A certain amount of peptide
was solubilized in 0.3 ml HFIP-d2 solvent and then 0.2 ml water
was added in the peptide/HFIP-d2 mixture to obtain a final sample
of 2 and 0.5 mM peptide in 60% HFIP-d2 aqueous solution for
NMR measurement. Two-dimensional NOESY experiments were
recorded with mixing time of 200 ms, transients of 48–104, data
points of 2048 in F2 dimension and 512 in F1 dimension. Two-
dimensional TOCSY experiments were performed with mixing
time of 100 ms, transients of 44–56, data points of 2048 in
F2 dimension and 512 in F1 dimension. Water suppression
was achieved using WATERGATE technique. The spectra were
processed using XWINNMR software (version 3.5) and NMR
assignments were obtained using Sparky software [26]. The
proton chemical shifts were referenced to TSP [sodium salt of
3-(trimethylsilyl)-propionate-2,2,3,3-d4].

Structure Calculation

The structural calculation of the peptides was performed using
the program CYANA (version 1.0.6) [27]. A total of 20 structures
with the lowest target function values of NMR constraints were
selected from 200 calculated structures and further refined by
energy minimization employing the AMBER7 force field [28–30].
The check for the stereo-chemical quality of the peptide structure
and achievement of Ramachandran angles for the 20 energy-
minimized structures were carried out using PROCHECK-NMR
software [31]. Three-dimensional structures were displayed with
MOLMOL software [32].

DOSY Spectra

The diffusion ordered spectroscopy (DOSY) experiments were
carried out at 298 K with bipolar pulse pair stimulated echo
(BPPSTE) sequence using WATERGATE for water suppression. The
diffusion time (�) was 50 ms and the length of the gradient pulse
(δ) was 8.6 ms for WT and 10.6 ms for E139A to let the signal decay
go down to 5%. The pulse gradient (g) was incremented in 16
steps ranging between 2% and 95% of the maximum gradient in a
linear ramp and the data were acquired with 8 scans. The diffusion
measurement of H2O was carried out using sequence of pulsed
field gradient stimulated echo (STE) without water suppression
for viscosity calibration. The � was set to 50 ms and δ was set to
5.2 ms for WT and 5.8 ms for E139A, respectively, with scans of 8.
The diffusivities of both 2 and 0.5 mM samples were measured by
DOSY experiments.

Calculation of Apparent Molecular Mass from the Translational
Diffusion Coefficient

In a small spherical particle, the relationship between the
self-diffusion coefficient (D) and the viscosity is given by the
Stokes–Einstein equation:

D = kBT/6πηrH (1)

where kB is the Boltzmann constant, T the absolute temperature,
η the viscosity and rH the hydrodynamic radius. DHFIP/H2O, the
diffusion coefficient of water in 60% HFIP-d2 aqueous solution
containing peptide, was measured to determine the viscosity of
this solution. Assuming that the hydrodynamic radius of water
remains unchanged in both pure water and 60% HFIP-d2 aqueous
solution containing peptide, the viscosity of 60% HFIP-d2 aqueous
solution, ηHFIP/H2O, can be obtained as follows:

ηHFIP/H2O = DH2OηH2O
/

DHFIP/H2O (2)

where the diffusion coefficient of pure water, DH2O, is 2.272×10−9

m2 s−1 [33] and viscosity, ηH2O, is 0.890 × 10−3 N s m−2 [34].
Through ηHFIP/H2O and DP (the diffusion coefficient of peptide

in 60% HFIP-d2 aqueous solution), the molecular mass (M) was
derived from the following equation:

M = (
KBT

/
6πηHFIP/H2OFDP

)3 [
4πNA

/
3(ν2 + δ1ν1)

]
(3)

where F is the shape factor, for protein shapes modeled as
rotational ellipsoids, a value of 1.0325 was used [35]. NA is
Avogadro’s number, ν2 (7.8 × 10−4 m3 kg−1 based on the amino
acid composition) [36] and ν1 (6.7 × 10−4 m3 kg−1) [37] are the
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Figure 1. CD spectra of 20 µM WT peptide and E139A mutant at room
temperature.

partial specific volumes of the peptide and solvent molecule,
respectively, and δ1 is the fractional amount of water bound to the
molecule (hydration number), generally in the range of 0.3–0.4 g
H2O per gram of protein for most proteins [38]. For short peptides
like those in the current study, which probably have fewer ‘buried’
groups than proteins, the hydration number might be expected
to be in the upper end of this range [35]. So in this study, we used
a value of 0.4 for δ1.

Results and Discussion

CD Spectra

The conformation of the WT peptide and its E139A mutant in 60%
HFIP aqueous solution were investigated by CD spectroscopy.
The CD spectra of both peptides are very similar to each other,
displaying typical α-helical characters with double minima at 207
and 222 nm and a positive band at 192 nm (Figure 1). The contents
of α-helix, β-stand, turn and unordered structure, determined by
CONTINLL software from CDPro package are 38.6%, 11.6%, 18.9%,
and 30.9%, respectively, for the WT peptide, and 37.1%, 14.0%,
19.1%, and 29.8%, respectively, for the E139A mutant.

NMR Structures

The NOESY spectra of the WT peptide and the E139A mutant
were well dispersed in the presence of 60% HFIP-d2. Full
and unambiguous assignments of spin systems and sequential
resonances were performed by combined use of two-dimensional
TOCSY and NOESY spectra. A series of short-range connectivities
of Hα(i)-HN(i + 1) and HN(i)-HN(i + 1) and medium-range
connectivities of Hα(i)-HN(i + 3), Hα(i)-HN(i + 4), and Hα(i)-
Hβ(i + 3) in the NOESY spectra of WT peptide (Figure 2(A) and
(B)) are diagnostic of the presence of helical structure. A total of
226 nonredundant distance constraints resulting from 403 NOE
cross-peaks in the NOESY spectrum were used in the structure
calculation, the 20 structures with the lowest target functions were
further optimized by energy minimization using AMBER7 force
field. No NOE violations larger than 0.2 Å and no dihedral angle
violations larger than 5◦ were observed in any of the 20 structures.
The CYANA calculation based on these NOE restraints gave an
α-helical structure spanning from Ile5 to Met20 for the WT peptide.
In the helical structure, both charged residues Glu12 and Asp19

locate on the same side and hydrophobic residues occupy the
opposite side, displaying an amphipathic character. An ensemble
and mean structure of the 20 lowest target function structures are
shown in Figure 3 and the structural statistics are summarized
in Table 1. Segments of amphipathic helices are a common
structure feature found in integral membrane proteins that
function as ion channels. It plays important roles in stabilization
of protein–protein and protein–lipid interactions, and these
interactions promote the ordered assembly and oligomerization
of membrane proteins [39]. The apolar face would interact with the
hydrophobic lipid bilayer and the polar face may be involved in the
formation of transmembrane channel/pore either by self-assembly
of several monomers or by organization of several homologous
domains [40] and the hydrophilic sidechains of residues from the
polar face point to the interior of the pore. In ionic channels and
transporters, such conserved charged residues on the polar face
can mediate interactions with aqueous solvent or with substrate
molecules, participate in the process of ion permeation, account
for the cation selectivity, modulate the opened or closed state of
a channel, and form ionic bridges important for interhelix packing
[39,41,42].

Lam-Yuk-Tseung et al. found that mutations at Glu154 in Slc11a2
(corresponding to Glu139 in Slc11a1) resulted in a complete loss
of function [20]. Therefore, the structure of the E139A mutant
of Slc11a1-TMD3 in 60% HFIP-d2 aqueous solutions were also
determined by NMR at the temperature of 310 K for comparison.
The fingerprint region of the NOESY spectrum of E139A mutant
showed clear medium-range connectivities Hα(i)-HN(i + 3), Hα(i)-
HN(i + 4), and Hα(i)-Hβ(i + 3) from Arg4 to Met20 (Figure 2(C) and
(D)), revealing an α-helical segments over this range. A total of
239 nonredundant distance constraints resulting from 423 NOE
cross-peaks in the NOESY spectrum were used for the structure
calculation. The CYANA calculation gave an α-helical structure
spanning from Ile5 to Asp19 for the E139A mutant (Figure 3). The
first four and the last five residues were disordered.

Figure 3 shows that the two peptides adopt similar folding
in HFIP-d2 aqueous solution and the substitution of Ala for Glu
at position 12 (139 in Slc11a1) has little effect on the peptide
structure. This is also supported by the CD data. The similarity of
the two peptides in structure is also evidenced by Hα chemical
shifts that show few differences for the two peptides (Figure2(B)
and (D)). Whereas the Hα chemical shifts are closely associated with
the secondary structure of a peptide, the HN chemical shifts are
more correlated to the surrounding environment of the peptide.
Figure 4 shows that the HN chemical shifts of the E139A mutant
are significantly up-field shifted mainly in the region from the
N-terminus to Ala14 (Lys128-Ala141 in Slc11a1) while keeping the
resonances of the C-terminal residues less changed. This implies
that the segment from the N-terminus to Ala14 in the mutated
peptide is surrounded by more hydrophobic environment than
the WT peptide, i.e. the E139A substitution results in an increase
in the hydrophobicity of the peptide. The difference in the
hydrophobicity of the two peptides can be seen from their surface
potential (Figure 5). The increased hydrophobicity associated with
the Glu → Ala substitution might either enhance the tendency
of aggregation or change topology of the membrane-spanning
segment. It has been proved that increased hydrophobicity
impairs the transport activity of a channel, for example, ORAI1
channel. Mutations of the amino acid arginine at position 91 of
ORAI1 with more hydrophobic residues led to a change in pore
size and thus a reduction or complete abolishment of current
activation, whereas Arg91 mutations with hydrophilic amino acids
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Figure 2. Hα-HN region of 2D NOESY spectra and NOE connectivities as well as secondary structure shifts for 2 mM WT peptide (A and B) and E139A
mutant (C and D) at 310 K. The intensities of the cross-peaks closed with broken line are amplified three times as large as other cross-peaks in the figure.

Figure 3. Ensemble of 20 structures with the lowest target functions and the ribbon representation of the mean structure for the WT peptide (left) and
E139A mutant (right) at 310 K.

did not largely affect channel function of ORAI1, regardless of
their charges [43]. For Slc11a1, the increase in hydrophobicity
of TMD3 due to Glu139 substitution may change the relative
position of the protein in the bilayer as well as its tilting and
orientation, leading to a change in pore size of the channel.
There may be other possibilities that could interpret the effect

of glutamic acid replacement. By modeling SLC11 homologs on
several template structures, Czachorowski et al. suggested that
TMD1, 3, 6, and 8 construct a three-dimensional arrangement of
the pathway that may play a key role in the transport mechanism
[44]. If it is the case, the side chain of Glu139 may play a role
in the metal ion transport, the Ala substitution may disrupt the
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Table 1. Structural statistics of the WT peptide and its E139A mutant
at 310 K

Peptide WT E139A

Average target functions (Å2) 0.09 ± 0.03 0.22 ± 0.02

Number of nonredundant distance
restraints

226 239

Intraresidual (|i − j| = 0) 114 120

Sequential (|i − j| = 1) 58 64

Medium (|i − j| ≤ 4) 54 55

Long range (|i − j| > 4) 0 0

Average sum of distance restraint
violations (Å)

0.6 ± 0.2 1.3 ± 0.2

Average maximum distance
restraint violation (Å)

0.14 ± 0.03 0.16 ± 0.01

Average sum of torsion angle
restraint violations (◦)

1.5 ± 1.9 1.5 ± 1.8

Average maximum of torsion angle
restraint violation (◦)

1.52 ± 1.86 1.02 ± 1.19

AMBER energy (kcal mol−1) −950.9 ± 0.8 −877.6 ± 0.4

Root mean square deviation from
the mean structure (Å)

All residues

Backbone heavy atoms 1.59 ± 0.43 2.56 ± 0.92

All heavy atoms 2.30 ± 0.45 3.53 ± 0.98

Residues 5–19

Backbone heavy atoms 0.47 ± 0.17 0.59 ± 0.22

All heavy atoms 1.13 ± 0.22 1.06 ± 0.29

Ramachandran plot statistics (at
each helical span)

Residues in most favored region
(%)

94.6 98.2

Residues in additionally allowed
region (%)

5.4 1.8

Residues in generously allowed
region (%)

0 0

Residues in disallowed region (%) 0 0

interactions between Glu139 and adjacent residues, causing loss
of function.

Self-assembly

DOSY is an effective method for assessing the aggregation state
of proteins. It provides a correlation between diffusion coefficient
(D) and molecular size through Stokes–Einstein equation [45].
We used this method to assess the aggregate state of the WT
peptide and its E139A mutant in 60% HFIP-d2 aqueous solution at
298 K. The diffusion coefficients of peptide and H2O in a sample
were measured separately. The latter was used to correct the
viscosity of solution. The DOSY spectra of 2 mM peptide are shown
in Figure 6. The corresponding pairs of diffusion coefficients for
peptide and H2O were obtained to be 1.035 × 10−10 m2 s−1

and 1.023 × 10−9 m2 s−1 for the sample of WT peptide and
7.870 × 10−11 m2 s−1 and 9.908 × 10−10 m2 s−1 for the sample of
E139A mutant, respectively. The molecular weights were therefore
estimated according to Eqn (3) to be 2.65 kDa for the WT peptide
and 5.47 kDa for the E139A mutant, corresponding to a monomer
for the former (MW = 2.737 kDa for a single peptide) and a dimer
for the latter (MW = 2.679 kDa for a single peptide). Dilution of
the samples had little effect on the diffusion coefficients (data not
shown). In the 2D NOESY and TOCSY spectra of E139A mutant, we

Figure 4. The HN chemical shifts of 2 mM E139A mutant relative to those
of 2 mM WT peptide at 310 K.

Figure 5. The electrostatic surface potential maps of the WT peptide
(A) and its E139A mutant (B). The right view is rotated by 180◦ along the
y-axis of the left view. Red, white, and blue colors represent negative,
neutral, and positive electrostatic potential, respectively.

Figure 6. DOSY spectra of 2 mM WT peptide and E139A mutant at 298 K.

only observed one set of resonances. Thus, we inferred that the
peptide has dimerized with similar monomeric structure. Previous
study demonstrated that small residues like Ser, Gly, Ala, and Thr are
likely to be found at helix–helix interaction interfaces, frequently
mediating tight helix–helix contacts and playing a critical role in
maintaining the tertiary structure of helical membrane proteins

J. Pept. Sci. 2010; 16: 249–255 Copyright c© 2010 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 7. Hα (A) and HN (B) chemical shifts of 0.5 mM peptides relative to
those of 2 mM peptides at 310 K.

[46]. Our data indeed indicated that the change from a negatively
charged glutamic acid (Glu139) to a small apolar alanine enable a
favorable interaction between monomers and assembly of TMD3.

From the NOESY and TOCSY spectra of the E139A mutant with
the concentrations of 2 and 0.5 mM, we observed larger differences
in HN chemical shifts of the residues Val2, Arg4-Leu7, Leu13, Ile15-
Gly17, Met20, and Ile24, but the differences in the Hα chemical
shifts were very small (Figure 7). Less shifting of the Hα resonances
with dilution implies the similarity of both peptides in structure at
the two concentrations. However, larger change in HN chemical
shifts may imply more different intermolecular interactions in
E139A dimer. The intermolecular interactions in the hydrophobic
region of Trp8-Ala12 that display minimum resonance shifting
with dilution may be relatively strong. This may evidence that the
self-assembly of the E139A mutant is associated with increased
hydrophobicity of the central part of the peptide.

Conclusion

The peptide from the TMD3 of Slc11a1 forms an amphipathic
α-helical structure from Ile5 to Met20 in HFIP-d2 aqueous solution
with the charged residues being located on the same side of
the helix, whereas hydrophobic residues occupying the opposite
side. The E139A mutant also forms a helical structure in almost
the same region to the WT peptide, but it is more hydrophobic
and displays more tendentious to aggregate. Whereas the WT
peptide exists as a monomer, the E139A mutant is associated
to a dimer. The increase in hydrophobicity of the membrane-

spanning peptide and/or change in the interactions between
transmembrane segments induced by E139A mutation may alter
orientation of the transmembrane segment that may affect the
metal ion transport of the protein.
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