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the third transmembrane domain of
Slc11a1 in SDS micelles revealed by
NMR study of the Leu-substituted
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Slc11a1 is an integral membrane protein with 12 putative transmembrane domains (TMDs) and functions as a pH-coupled diva-
lent metal cation transporter. The conservation of three negatively charged residues in the TMD3 of Slc11 protein family implies
the important role of this domain in the function of the proteins. However, aggregation of the transmembrane peptide in micelles
prevents structural study of the peptide in these membrane-mimetic environments by NMR spectroscopy. Here, we characterized
the structure, position, and assemblymodel of Slc11a1-TMD3 (Lys128-Ile151) in SDSmicelles by theNMR study of its Leu-substituted
peptide. It was found that the two-site substitutions of Ala for Leu residues at positions 136 and 140 of TMD3 disrupt the aggrega-
tion without altering the secondary structure of the peptide. The Leu-substituted peptide folds as an a-helix spanning from Leu133
to Gly144 and embedded in the micelles. A Leu zipper is suggested to account for the self-assembly of the wild-type peptide in SDS
micelles. Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Slc11a1 (solute carrier family 11a member 1; formerly known as
Nramp1, natural-resistance-associated macrophage protein 1)
belongs to a protein family that highly conserved from bacteria
to human. Slc11a1 is a pH-dependent divalent cation transporter
expressed primarily in late endosomal/lysosomal compartment of
macrophages and polymorphonuclear leukocytes [1–3]. The pre-
dicted amino acid sequence of Slc11a1 identifies a highly hydro-
phobic integral membrane glycoprotein composed of 12 predicted
transmembrane domains (TMDs), several putative phosphorylation
sites in predicted intracellular loops, a glycosylated site in extracyto-
plasmic loop 7/8, and a ‘transport motif’ in the cytoplasmic loop
8/9. Both N-terminus and C-terminus are predicted to be cytoplas-
mic [4,5]. In mouse, the innate resistance or susceptibility to infec-
tion with intracellular parasites such as Mycobacteria, Salmonella,
and Leishmania is controlled by Slc11a1 [6,7]. In human, Slc11a1 is
involved in susceptibility to autoimmune and infectious diseases,
such as rheumatoid arthritis, juvenile rheumatoid arthritis, diabetes,
Crohn’s disease, sarcoidosis, tuberculosis, and leprosy [8–14].

Although Slc11a1 was discovered first, but because of limitations
of its expression, much of what we know about Slc11a1 is derived
in part from parallel studies of other Slc11 homologs. As another
member of Slc11 family, Slc11a2 is ubiquitously expressed in most
tissues and cell types and extensively studied. Predicted amino acid
sequence analysis of the Slc11 molecule indicates that Slc11a1 and
Slc11a2 sequences share 64% identity in the coding region of the
mRNAs [15]. The absolute conservation of three charged residues
in TMD3 of Slc11 sequences suggests an important role of this
45–51
TMD for the functions of Slc11 proteins [16]. The acidic residue
Glu154 in TMD3 of Slc11a2 appears to be essential for transport
function because the E154A mutation results in a complete loss
of function [17]. Similar results have been also obtained frommuta-
genesis studies in MntH (Slc11 homolog in E. coli). The mutation of
Glu102 (corresponding to Glu154 in Slc11a2) to Gln or Asp was
found to cause complete loss of function. The mutageneses of resi-
dues Asp109 and Glu112, also placed in TMD3 of MntH, resulted in
partial loss of transport function [18,19]. In addition, Czachorowski
et al. [20] obtained the structural models of Slc11 using the LeuT
crystal structure as a template. The model suggested that the most
conserved elements of the Slc11 hydrophobic core, TMD1, 3, 6, and
8, play key roles in the cation-driven membrane transport mecha-
nism [20,21]. Hence, determination of the structure of TMD3 in
membrane-mimetic environments should help us to better under-
stand the mechanism of divalent metal-ion transport by Slc11 pro-
teins and the role of TMD3 in transport.

In the beginning of this study, we tried to use SDS and DPC deter-
gents as membrane mimics to determine the three-dimensional
structure of the TMD3 peptide. Unfortunately, the qualities of
the NMR spectra of the peptide in the micelles were rather poor
and prevented structural determination. As a result, we previously
Copyright © 2011 European Peptide Society and John Wiley & Sons, Ltd.
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investigated the structure of Slc11a1 TMD3 in 60% HFIP-d2 aqueous
solution [22]. Although this study provided some insights into the
structure of the peptide, it has been reported that detergent pro-
vides a better environment than the organic solvent for structure
determination. Furthermore, the topology of the peptide in mem-
brane could also be detected in detergent environment. In this
study, we demonstrated that poor NMR spectra of the peptide in
SDS micelles arose from its strong propensity for self-association
in themicelles. We tried to explore the crucial residues for assembly
and to obtain the structure and topology of the peptide in SDS
micelles through mutations that can disrupt the aggregation but
maintain the secondary structure of the peptide. By analyzing the
sequence of the peptide, we found that the first 15 residues of
TMD3 comprise seven Leu or Ile residues. Previous study has shown
that abundant Leu or Ile residues running along one side of an
amphipathic alpha helix may serve as protein–protein interaction
domains and induce protein self-association by the so-called ‘Leu
zipper’, and the substitution(s) of one Leu residue or two at ‘a’
and/or ‘d’ positions with Ala in the Leu zipper motif may impair
the self-association [23]. Therefore, we envisioned that the assem-
bly of TMD3 may arise from the Leu zipper motif, and two Leu resi-
dues at positions 136 and 140 of TMD3 peptide might be involved
in the zippermotif. As a result, the two Leu residues were substituted
by Ala simultaneously. This mutation would be expected to have
minimum disruptive effect on the a-helical structure but disrupt
the self-association of the peptide [24–27]. As expected, the spectra
of the peptide were remarkably improved, and NMR assignment
could be made unambiguously.
Materials and Methods

Materials

The peptide 128-Lys-Val-Pro-Arg-Ile-Leu-Leu-Trp-Leu-Thr-Ile-Glu-
Leu-Ala-Ile-Val-Gly- Ser-Asp-Met-Gln-Glu-Val-Ile-151, corresponding
to the TMD3 of Slc11a1 128–151, and its mutant with two-site Ala
substitutions in positions 136 and 140 were used in this study.
For the sake of simplicity, the amino acid sequence of TMD3 seg-
ment was numbered according to the peptide (beginning from 1)
but not the protein (beginning from 128) in the following sections.
The peptides were synthesized by Biopeptide Company and GL
Biochem Ltd. One lysine residue was added to the C-terminus of
the mutant peptide to increase the solubility. The purity of both
peptides was confirmed by analytical HPLC and MS to be >95%.
The deuterated reagents SDS-d25 (98%) and D2O (99.8%) were pur-
chased from Cambridge Isotope Laboratories (Andover, MA, USA).
The solvent HFIP (99.5%) was purchased from Acros Organics
(Morris Plains, NJ, USA). All chemicals were used as purchased di-
rectly without further purification.

Sample Preparation

The peptide previously dissolved in 0.36ml HFIP was added into
0.2ml SDS-d25 aqueous solution. The mixture was diluted by ad-
dition of 5.56ml H2O. The solution was lyophilized overnight to
remove the solvent completely. The resulting powder was dis-
solved in 0.6ml aqueous solution with 90% H2O and 10% D2O
to obtain an NMR sample of 2mM peptide in 240mM SDS-d25.
The pH value of the sample was adjusted by addition of a small
amount of NaOH or HCl solution directly using a micro pH elec-
trode (Hamilton, Reno, NV, USA). For the paramagnetic probe
experiments, the 16-DSA dissolved in methanol-d4 or MnCl2
Copyright © 2011 European Pwileyonlinelibrary.com/journal/jpepsci
dissolved in H2O was added into the SDS-d25 micellar solution
of the peptide to obtain a final concentration of 4mM for the spin
label or 0.02mM for Mn2+ ions.

The samples of the peptide in SDS micelles with various molar
ratios of peptide to SDS for the fluorescence measurements were
prepared similarly. The concentration of SDS was fixed to 10mM,
whereas the concentration of peptide was varied in the range of
[peptide] : [SDS] from 1 : 1000 to 1 : 100. The pH values of the sam-
ples are approximately 6.

Fluorescence Spectroscopy

Tryptophan fluorescence experiments were performed on RF-
5301PC fluorescence spectrophotometer at room temperature. The
fluorescence spectra were collected in the range of 290–420nm us-
ing excitation of 280nm, excitation slit of 3nm, emission slit of 3nm,
sampling interval of 0.2 nm, and medium scan rate. Three spectra
were recorded and averaged, and the reference spectrum of the
respective medium was subtracted.

NMR Experiments

NMR experiments were carried out at 298K on a Bruker Avance
500-MHz spectrometer (Fällanden, Switzerland) equipped with a
5-mm triple resonance inverse probe with z-gradient coil. Two-
dimensional NOESY experiments were recorded with mixing time
of 200ms, transients of 48–128. Two-dimensional TOCSY experi-
ments were acquired using the MLEV-17 pulse sequence [28]
performed with mixing time of 50, 75, and 100ms, transients of
48–96. All the spectra were collected with 2048 data points in F2
dimension and 512 data points in F1 dimension. Water suppression
was achieved by WATERGATE (water suppression by gradient tai-
lored excitation) technique. Theprotonchemicalshiftswerereferenced
toTSP[sodiumsaltof3-(trimethylsilyl)-propionate-2,2,3,3-d4]. The spec-
tra were processed with XWINNMR software (version 3.5, Bruker,
Fällanden, Switzerland), andNMRassignmentswere obtainedusing
SPARKY software [29].

Structure Calculation

The tertiary structures of the peptides were calculated using the pro-
gram CYANA (version 1.0.6) [30]. Calculations started from 200 initial
random structures, 20 structures with the lowest target function
values, which have no distance constraint violations greater than
0.2Å and no dihedral angle constraint violations greater than 5�

were selected and then further energy minimized with the AMBER7
force field [31]. The stereochemical qualities of the peptide structure
were evaluated by PROCHECK-NMR software [32]. Three-dimensional
structures were displayed with MOLMOL software [33].
Results and Discussion

Structure and Assembly

The 1H-NMR spectra of the wild-type TMD3 peptide in SDS-d25
micelles were very poor at various pH values, though the disper-
sion of the spectra became better at alkalescent pH values than
at acidic pH values. Very weak intensities and severe overlapping
of the signals in the 2D 1H-NMR spectra prevented a complete
signal assignment, particularly assignment of the cross-peaks be-
tween residues, and determination of three-dimensional structure
of the peptide. Nevertheless, most of the Ha and HN resonances
J. Pept. Sci. 2012; 18: 45–51eptide Society and John Wiley & Sons, Ltd.



Figure 2. Ha-HN region of 2D NOESY spectra for the wild-type peptide
(A) and Leu-substituted peptide (B) at pH 5.5.

STRUCTURE AND ASSEMBLY OF SLC11A1-TMD3 IN SDS MICELLES
and some side-chain resonances of the wild-type peptide at dif-
ferent pH values were still assigned with combination of TOCSY
and NOESY spectra. More than one set of resonances from the
C-terminal residues Ser18-Ile24 in the 2D NMR spectra of the
wild-type peptide were indentified at neutral or higher pH values
(it is not clear at lower pH values because of much poorer spec-
tra) (Figure 1). These heterogeneous spin systems display close
Ha chemical shifts but evidently different HN chemical shifts. This
suggests that the wild-type peptide may be self-assembled with
similar monomeric structure in SDS micelles. Whereas most of
the region of the peptide is homogeneously surrounded (charac-
terized by the same HN resonances) for the monomers in an as-
sembly, the C-terminal segments may be exposed to different
environments (characterized by different HN resonances) possi-
bly because of different interactions of the C-terminal segments
with SDS micellar surface. Some of the C-terminal segments
may be located beneath SDS surface (state A in Figure 1), and
some may be more exposed to water (states B and C in Figure 1).

Leucine zippers are a special class of heptad repeats, which
contain Leu or Ile at a-position and d-position of an amphipathic
alpha helix with Leu or Ile residues running along one side. The
hydrophobic interactions between Leu/Ile residues provide a
driving force for aggregation [26]. The substitution of amino acids
at a-position and d-position can alter the assembly of the protein.
TMD3 is a Leu/Ile abundant peptide segment with Leu9 and
Leu13 just occupying a-position and d-position if they are in-
volved in a helix. We hypothesized that the poor spectra of the
peptide result from assembly driven by Leu zipper. Accordingly,
we replaced two Leu residues at positions 9 and 13 of the pep-
tide with Ala. As expected, the NMR spectra of the mutant pep-
tide were dramatically improved, the heterogeneous resonances
disappeared, and the assignments of the resonances were unam-
biguously obtained (Figure 2). The remarkable improvement of
NMR spectra is attributed to the dissociation of the peptide
assembly induced by the substitution.

To obtain the direct evidence of the wild-type peptide aggrega-
tion in SDS micelles, we recorded the fluorescence spectra of the
wild-type and L9A/L13A-substituted peptides at various [peptide]/
[SDS] molar ratios. In comparison with the fluorescence spectra of
themutant peptide with emissionmaximum of 332nm, the spectra
of the wild-type peptide display an increase in the intensity and a
Figure 1. Ha-HN region of the TOCSY spectrum for the wild-type peptide
at pH 6.5.

J. Pept. Sci. 2012; 18: 45–51 Copyright © 2011 European Peptide Society a
blue shift of emissionmaximum (314nm), suggesting that the tryp-
tophan of the wild-type peptide is located in a less polar environ-
ment than that of the mutant. The fluorescence intensities at the
emission maxima were plotted for the two peptides as a function
of [peptide]/[SDS] molar ratio (Figure 3). Whereas the fluorescence
intensity of tryptophan in the mutant peptide increases linearly
Figure 3. Fluorescence intensity of the wild-type peptide (■) and Leu-
substituted peptide (●) with increasing [peptide]/[SDS] molar ratio.

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 5. NOE connectivities of the Leu-substituted peptide at pH 5.5.
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with [peptide]/[SDS] ratio, the fluorescence intensity of tryptophan
in the wild-type peptide is partially quenched with increasing [pep-
tide]/[SDS] ratio. This indicates that the wild-type peptide is self-
associated [34]. The approaching of indole rings between trypto-
phan residues in an aggregate leads to quenching of tryptophan
fluorescence. The extent of fluorescence quenching depends on
the fraction of the peptide in the aggregate state and the distance
between tryptophan residues.
The secondary structure shifts Δdss of both peptides define an a-

helix structure in the same residue region (Figure 4), indicating that
the substitutions of Leu with Ala do not change the secondary
structure of the TMD segment. Therefore, we can obtain the struc-
ture information of the wild-type peptide by determining the struc-
ture of the Leu-substituted peptide. In the NOESY spectra of the
Leu-substituted peptide incorporated with SDS micelles, a series
of short-range NOE connectivities (Ha(i)–HN(i+1) and HN(i)–HN
(i+1)) and numerous medium-range connectivities (Ha(i)–HN
(i+3), Ha(i)–HN(i+4), and Ha(i)–Hb(i+3)) were observed, sugges-
ting the existence of an a-helix (Figure 5). A total of 243 nonredun-
dant distance constraints resulting from 442 NOE cross-peaks in the
NOESY spectrum at pH 5.5 were used in the structure calculation,
and an a-helix ranging from Leu6 to Gly17 with flexible C-terminal
part was obtained (Figure 6). The residues Leu6, Ala9, Ala13, and
Val16 are located at the same side of the helix. Further analysis of
the structures with PROCHECK-NMR showed that all the residues in-
volved in the helical span fall in the allowed region of Ramachan-
dran plot (90% of the residues lie within the most favored region
and 10% within additionally allowed region).
The secondary structure shift data indicated that both the wild-

type and Leu-substituted peptides form helix in the same residue
region. Therefore, the structure of the wild-type peptide in SDS
micelles should be assumed as an a-helix spanning over Leu6-
Gly17 with the residues Leu6, Leu9, Leu13, and Val16 at the same
side of the helix. These residues, or at least the three Leu residues,
may be involved in the assembly by Leu zipper. We supposed
that the wild-type peptide assembles as a trimer on the basis of
the observation of three groups of cross-peaks in the TOCSY
spectra of the peptide at higher pH values. A model of helical
bundle of the peptide was illustrated by the helical wheel projec-
tion (Figure 7). In this trimeric model, the Leu6, Leu9, Leu13, and
Val16 face the inside of the bundle and form a Leu zipper by the
hydrophobic interactions between monomers, and the nega-
tively charged residues Glu12 and Asp19 are located at the side
of the hydrophobic core.
Figure 4. Secondary structure shift Δdss of the wild-type and Leu-substi-
tuted peptides at pH 5.5.

Copyright © 2011 European Pwileyonlinelibrary.com/journal/jpepsci
Previously, we determined the structure of the TMD3 peptide
in 60% HFIP-d2 aqueous solution [22] and found that the peptide
forms a helix spanning over Ile5-Met20. In this study, we obtained
a helix structure spanning over Leu6-Gly17 for the TMD3 peptide
in SDS micelles, nearly a helical-turn shorter in the C-terminal part
than the structure of the peptide in 60% HFIP-d2 aqueous solu-
tion. This may arise from the interactions of the Asp19 and
Glu22 with the micellar head groups (Topology Determined by
Paramagnetic Probe section) that hindered the formation of
helical turn in the C-terminus.

pKa of Ionizable Residues

The pKa values of ionizable residues provide useful information
about the electrostatic environment of these residues and thus
interactions between a given ionizable residue and its surround-
ing groups. Each ionizable residue has its own standard pKa value
in model tetrapeptides [35]. If a pKa value is away from standard,
the perturbations result may be from hydrogen bond interactions,
charge–charge interactions, or solvent inaccessibility [36,37]. NMR
is a powerful method for measurement of pKa values of ionizable
residues through pH-dependent chemical shifts.

Because of the limitation of spectral quality, only some of pH ti-
tration data from the state A of the wild-type peptide in SDS-d25
micelles were obtained. The pKa values were obtained by the
analysis of the titration curves using modified Hill equation [38].
Figure 6. Ensemble of 20 structures with the lowest target functions and
the ribbon representation of the Leu-substituted peptide at pH 5.5.

J. Pept. Sci. 2012; 18: 45–51eptide Society and John Wiley & Sons, Ltd.



Figure 7. The helical wheel projection, which shows the peptide trimer
mediated by the Leu zipper.

STRUCTURE AND ASSEMBLY OF SLC11A1-TMD3 IN SDS MICELLES
Because the resonances of Glu12 could not be unambiguously
identified at lower pH, the titration curves of Glu12 were not
obtained. However, the pKa value of Glu12 can be estimated by
the midpoint of the pH curve, pHm, of the residues in the vicinity
of Glu12. The pH dependence of the resonances of surrounding
groups arises from the interactions with the carboxyl group of ion-
izable residue either through bonds or through space. The pKa or
pHm values from identifiable resonances with |Δd|> 0.2 ppm are
listed in Table 1. The pHm values from the neighboring residues
of Glu12 are approximately 6.4–6.8, whereas the pKa values of
Asp19 (Hb) and Glu22 (Hg) are 5.6 and 5.4, respectively; all of them
are higher than the pKa values of Asp (3.9) and Glu (4.3) in model
peptides [35], indicating that the three negatively charged resi-
dues in the wild-type peptide are located at the inside of SDS
micelles. The residue Glu12 may be buried in the interior of the
micelles, and the residues Asp19 and Glu22 may be near the head
groups of the micelles.

We also measured the pKa values of the Leu-substituted pep-
tide. The pKa values of Glu12 (Hg), Asp19 (Hb), and Glu22 (Hg)
are 5.9, 5.1, and 5.3, respectively; all of them are higher than
the pKa values in model peptides but lower than those of the
wild-type peptide. This indicates that the mutant peptide is also
inserted in SDS micelles, but these residues are surrounded by
more polar environments. The side chains of Glu12 and Asp19
Table 1. The pH titration parameters for some titratable residues of
the wild-type peptide with |Δd|> 0.2 ppm

Proton pKa/pHm Δd (ppm) Proton pKa/pHm Δd (ppm)

Leu9-HN 6.83� 0.07 �0.452 Ser18-HN 6.81� 0.04 0.257

Thr10-Ha 6.73� 0.09 0.265 Asp19-HN 6.06� 0.04 0.258

Ile11-Ha 6.64� 0.02 0.268 Asp19-Hb 5.58� 0.02 �0.274

Leu13-Ha 6.54� 0.07 0.286 Gln21-Ha 5.39� 0.05 0.230

Leu13-HN 6.39� 0.08 �0.496 Glu22-HN 5.50� 0.09 0.631

Ala14-HN 6.79� 0.07 0.464 Glu22-Hg 5.42� 0.08 �0.268

Val16-HN 5.99� 0.05 �0.366 Val23-HN 5.55� 0.01 0.483

J. Pept. Sci. 2012; 18: 45–51 Copyright © 2011 European Peptide Society a
in the mutant peptide extend to the head-group region of the
micelles. The assembly of the wild-type peptide in SDS micelles
restricts the movement of Glu12 to the surface of the micelles,
resulting in larger pKa values. The substitution of Leu with Ala dis-
turbed the assembly of the peptide, allowing the movement of
Glu12 to the head-group region of SDS micelles.

Topology Determined by Paramagnetic Probe

The position of the mutant peptide with respect to the surface or
the interior of the micelles was investigated by paramagnetic
probe experiments using 16-DSA and Mn2+, which affect the re-
laxation rate of nuclei close to them and make the NMR signals
broadened. The free radical of 16-DSA is localized near the micel-
lar core, so it induces broadening of resonances of the nuclei near
the center of the micelle [39], whereas Mn2+ ions induce broad-
ening of the peaks of amino acid residues that are solvent ex-
posed or close to aqueous environment [40]. The paramagnetic
probe experiments of the wild-type peptide were not performed
because of the poorly resolved 2D 1H-NMR spectra of the wild-
type peptide. The paramagnetic broadening effects of the probes
on the NMR signals of the mutant peptide were indicated by the
intensity ratio of each Ha-HN cross-peak in 2D NOESY spectra
acquired after and before addition of the probes (Figure 8).

Basically, the resonance intensities of the N-terminal residues
Val2, Arg4, and Ile5 of the mutant peptide are totally quenched
by 16-DSA, whereas the intensities of other residues are less or
moderately affected. In contrast, the resonance intensities of
the C-terminal residues Asp19-Lys25, especially Asp19, Glu22,
Ile24, and Lys25, are dramatically affected by Mn2+ ions, whereas
those from other residues are less affected. This suggests that the
position of the peptide in the micelles is between the head
Figure 8. The effects of 16-DSA (A) and Mn2+ (B) on the resonance inten-
sities of the Leu-substituted peptide at pH 5.5.

nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Figure 9. The scheme for the dissociation process of the TMD3 peptide resulting from the two-site Leu substitutions.
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groups and the center of the hydrophobic kernel with the N-
terminal residues near the core of the micelles and the C-terminal
residues, especially the charged residues, close to the surface of
the micelles. This is in agreement with the results of pKa. On
the basis of the pKa data and the paramagnetic probe results,
we proposed the topological models for the wild-type peptide
at the associate and dissociate states (Figure 9). The structure of
the peptide in the associate state is stabilized mainly by the hy-
drophobic interactions between peptide and SDS micellar core,
whereas the structure in dissociate state is stabilized by both
the polar interactions of the residues Glu12 and Asp19 with the
head groups of SDS micelles and apolar interactions of the hydro-
phobic side of the peptide with SDS hydrophobic core. In the
context of the full protein, the topology of the peptide obtained
in SDS micelles likely means an oblique orientation of TMD3 in
biological membranes. TMD3 may be engaged in interhelical
contacts by oblique arrangement during transport [20].

Summary

The NMR study reveals that TMD3 segment of Slc11a1 has a strong
propensity to aggregate to form an a-helix bundle in the micelle
state by Leu-zipper interaction. The residues Leu9/Leu13 in the
TMD3 peptide may play a crucial role for the self-association of
the peptide. The simultaneous substitutions of L9A/L13A cause dis-
association of the peptide assembly while maintaining its a-helical
structure. The tertiary structure of the TMD3 wild-type peptide can
be well represented by the structure of the Leu-substituted pep-
tide. The peptide might be embedded in the membrane at a
shallow position because of the extension of Glu12 toward the
head-group region of the membrane if the aggregate is prohibited.
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