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T178 deletion impairs intermolecular
interaction of the peptide Nramp1(164–
191)

Rong Xue, Shuo Wang, Haiyan Qi, Yuande Song, Shuyan Xiao and Fei Li∗

Natural resistance associated macrophage protein 1 (Nramp1), an integral membrane protein with 12 predicted transmembrane
domains (TMs), is a divalent cation transporter associated with infectious and autoimmune diseases. A naturally occurring
mutation G169D within TM4 of Nramp1 leads to the loss of function, suggesting potential importance of TM4 for the biological
function of the protein. In this study, we determine the three-dimensional structure and topology of a synthetic peptide,
del(T178), corresponding to Nramp1(164-191) (basically consisting of the putative TM4 of Nramp1) with Thr178 deletion
in TFE and SDS micelles using NMR and CD spectroscopic techniques, and compare the results with those of the wildtype
peptide. Similarly to the wildtype peptide, the del(T178) peptide still forms an amphiphilic-like α-helical structure in both
membrane mimics and is embedded in SDS micelles. Differently, whereas the wild-type peptide forms a helix bundle with the
hydrophilic side facing the interior of the bundle, the del(T178) peptide exists as a monomer in the membrane mimics and the
hydrophilic side of the helix is located near the interface of SDS micelles. Moreover, a strongly cooperative protonation occurs
between intramolecular Asp residues for the del(T178) peptide in SDS micelles, while the cooperative proton binding between
intermolecular Asp residues was observed for the wildtype peptide. The difference in the results of the two peptides suggests
that the deletion of Thr178 impairs intermolecular interaction of the peptide. Copyright c© 2009 European Peptide Society and
John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article
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Introduction

Natural resistance associated macrophage protein 1 (Nramp1),
also named solute carrier family 11 member 1 (Slc11a1), is a
highly glycosylated protein with 12 transmembrane domains
(TMs) expressed in macrophages [1]. It belongs to a membrane
protein family Nramp, a conserved family of chemiosmotic metal
ion transporters. Nramp1 restricts microbial access to essential
micronutrients such as iron and manganese within professional
phagosomes [2]. It is well established that the divalent cation
transport of Nramp1 is pH-dependent, though whether ion and
proton are symported or antiported still remains controversial [3].

Nramp1 is involved in defense against intracellular pathogens
including Salmonella typhimurim, Leishmania donovani, and My-
cobacterium bovis [4–7]. A naturally occurring mutation G169D
in Nramp1, within the fourth transmembrane domain (TM4), ren-
ders mice susceptible to these pathogens [1]. Surprisingly, a
naturally disease-causing mutation G185R in Nramp2, another
mammalian Nramp protein which shares 78% sequence identity
in the hydrophobic core with Nramp1, also locates in TM4 [8,9].
The sequence of TM4 in Nramp1 from mouse [10] is completely
identical with that of NRAMP1 from human [11], implying that this
domain may play a similar role in Nramp1 and NRAMP1. These
facts indicate that TM4 is a region of potential importance to
Nramp transport function.

There appears lack of prior knowledge on the structure and
assembly of integral Nramp1. We have previously characterized
the structures, membrane orientations and self-assemblies of a
synthetic peptide corresponding to Nramp1(164–191) (basically
consisting of the TM4 of Nramp1) and its G169D mutant in

membrane-mimetic environments [12–14]. The wildtype peptide
is able to self-associate in model membranes and allows a
positively cooperative proton binding of Asp residues from
different molecules of assembly, which possibly provides a
channel-like pathway for the proton-coupled transport of divalent
metal ions. The G169D mutation impairs the entry of metal ions
likely by changing the cooperative manner of proton binding
or assembling form. In this work, we investigate a peptide
corresponding to Nramp1(164–191) with Thr178 deletion in TFE
and SDS micelles using CD and NMR techniques. The reasons for
studying the del(T178) peptide are based on the following two
points: (i) In the previous NMR study for the TM4-related peptides in
1,1,1,3,3,3-hexa-fluoroisopropanol-d2 aqueous solution, we found
that the residues near the C termini of helices (between Phe180
and Leu184) may play an important role for the assembly
conformations [12]. To further testify the importance of the C-
terminus of helix in regulating self-assembly of the TM4 peptide,
we deleted Thr178 that locates at the middle of the peptide.
We guessed that if the N-terminal part is not involved in the
intermonomer interaction, the peptide aggregate should be kept.
In contrast, if the N-terminal part of the peptide also participates
in the intermonomer interaction, the aggregate of the peptide
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should be weakened or destroyed as the relative arrangement of
the residues before and after deletion point is changed. (ii) On the
basis of known membrane protein structures, polar residue Thr
is likely to play a role in helix–helix association and hence in the
folding of multispanning membrane proteins [15,16]. Therefore,
the study of the peptide may provide us information on the
relationship between the structure and assembly. The results
indicate that the deletion of Thr178 impairs the intermolecular
interaction.

Materials and Methods

Sample Preparation

The 27-mer peptide with a sequence of Arg1-Ile2-Pro3-Leu4-Trp5-
Gly6-Gly7-Val8-Leu9-Ile10-Thr11-Ile12-Val13-Asp14-Phe16-Phe17-
Phe18-Leu19-Phe20-Leu21-Asp22-Asn23-Tyr24-Gly25-Leu26-Arg27-
Lys28 (the residue numbers are identical with those in the
wildtype peptide [13]), corresponding to Nramp1(164–191) with
Thr178 (Thr15 in the peptide) deletion, assigned as del(T178),
was prepared by solid-phase synthesis and purified by HPLC on a
Zorbax SB Phenyl reverse phase column using 0.1% TFA/water and
0.1% TFA/acetonitrile as solvents (Biopeptide CO. LLC. USA). Purity
was above 95%, evaluated by both HPLC and mass spectrometry.
SDS-d25 (98%), D2O (99.8%), methanol-d4 (99.6%) and TFE-d2

(98%) were purchased from Cambridge Isotope Laboratories. TFE
(99.8%) and HFIP (99.5%) were purchased from Acros Organics.
16-doxylstearic acid (16-DSA) and SDS (99%) were obtained from
Sigma. All chemicals were used as purchased, without further
treatment.

The sample containing the peptide in SDS micellar solution
was prepared using a method described previously [13]. Briefly,
HFIP solution of the peptide was mixed with aqueous solution
of SDS or SDS-d25. The mixture was further diluted by addition
of H2O and lyophilized overnight. The resulting powder of the
peptide/SDS mixture was dissolved in 0.4 mL of H2O to obtain the
concentration of 20 µM peptide in 10 mM SDS, while the powder of
the peptide/SDS-d25 mixture was dissolved in 0.6 mL of H2O/D2O
(90%/10%) mixture to obtain the concentration of 2 mM peptide
in 240 mM SDS-d25. The pH was adjusted by addition of a small
amount of NaOH or HCl solution. The 16-DSA was added as a
solution to the least amount of methanol-d4 to give a molar ratio
of detergent to spin label of 60 : 1.

CD Measurements

Far-UV CD spectra were recorded from 260 to 190 nm with a
Jasco J-810 spectropolarimeter. Spectra were acquired at room
temperature using 0.5-mm path length cell, averaged three scans,
at a scan speed of 50 nm/min, bandwidth of 1.0 nm, response
time of 0.25 s, and 0.1 nm data pitch. The solvent spectrum was
subtracted from the sample spectrum. The secondary structure
contents were estimated by the CDPro software package [17]
using the program SELCON3 with 43-protein set.

NMR Measurements

The 1H-NMR spectra were acquired at 298 K and 310 K in TFE
and SDS micelles, on a Bruker Avance 500 spectrometer using
a 5-mm TBI triple resonance inverse probehead equipped with
a z-axis gradient coil. Two-dimensional TOCSY and NOESY were
collected using the WATERGATE technique, with a mixing time of

100 ms and 200 ms, respectively. Typical data were 2048 complex
data points, 72–112 transients, and 256 increments. All chemical
shifts were referenced to TSP [sodium salt of 3-(trimethylsilyl)-
propionate-2, 2, 3, 3-d4]. The spectra were processed using
standard Bruker software (XWINNMR Version 3.5) and analyzed
using the software SPARKY [18]. The NOE intensities and chemical
shifts were extracted using SPARKY and served as an input for the
structure calculation.

Proton chemical shift titration data were fitted to a modified Hill
equation [19]

δ(pH) = δbase + δacid × 10n(pHm−pH)

1 + 10n(pHm−pH)
(1)

the acidic (δacid) and basic (δbase) plateaus, Hill coefficient (n) and
pH midpoint (pHm) were left as floating parameters during the
nonlinear least square analysis carried out using Origin v6.

Structure Calculation

The three-dimensional structures of the peptide in membrane-
mimetic environments were calculated with the program CYANA
(version 1.0.6) [20] using a standard simulated annealing protocol.
On the basis of the upper limits of the distance restraints obtained
from NOEs using the macro CALIBA, a systematic analysis of the
local conformation around the Cα atom of each residue, including
the dihedral angles φ, ψ , χ1 and χ2, was performed using
the macro GRIDSEARCH as implemented in CYANA. Structure
calculations were started from 200 conformers with random
torsion angle values. The 20 conformers with the lowest final
CYANA target function values were further refined by energy
minimization employing the AMBER7 program [21,22] under the
force field of Cornell et al [23] using a generalized Born solvent
model. The resulting structures were viewed and analyzed by
MOLMOL [24] and PROCHECKNMR [25].

Diffusion-Ordered Spectroscopy (DOSY) Measurements

All DOSY spectra were acquired at 298 K. Gradient strength was
calibrated using HDO signal in D2O. The diffusion coefficient of
the peptide was measured with bipolar pulse pair stimulated
echo (BPPSTE) sequence using WATERGATE technique. Diffusion
time (�) was 50 ms. Durations of pulse gradients (δ) were 2.8
and 3.25 ms for 2 and 0.5 mM of peptide, respectively. Data were
acquired with eight scans.

To estimate the viscosity of the peptide, the diffusion coefficient
of TFE in the TFE/peptide samples was measured separately
using the sequence of pulsed field gradient stimulated echo
(STE) without water suppression, with � of 50 ms, δ of 3.1 ms for
0.5 mM sample and 3.2 ms for 2 mM sample, and scans of eight.

The dynamic viscosities (η) of TFE solutions and the molecular
mass (M) of the peptides in TFE solutions were estimated by the
method previously used [26] based on Stokes–Einstein relation
and the diffusion coefficients of the peptides measured by DOSY
experiments.

Results and Discussion

Secondary Structure Analyses by CD

The secondary structure of the peptide del(T178) in TFE and SDS
micelles were probed by far-UV CD spectroscopy (Figure 1). All
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Figure 1. CD spectra for 20-µM del(T178) peptide in pure TFE and 10-mM
SDS at various pH values at room temperature.

CD spectra were characterized by a negative 222-nm band due to
the peptide n − π∗ transition, a negative 208-nm and a positive
192-nm band due to π − π∗ transition exciton splitting of the
peptide [27]. This strongly suggests the existence of a significant
population of α-helical conformers. The α-helical contents of the
del(T178) peptide estimated by SELCON3 from CDPro software are
ca. 71.2% in TFE, and 66.5% at pH 4.2, 66.4% at pH 5.5 and 59.8%
at pH 7.4 in SDS micelles.

NMR Structures

The 1H resonance assignment was carried out based on the
Wüthrich procedure [28]. Basically, 2D TOCSY was used to identify
the spin system of the individual amino acid residues, and
NOESY was used to establish backbone sequential connectivities.
Figure 2A and B give partial Hα-HN NOESY spectra in TFE and SDS
micelles, respectively, with assignments labeled. The presence of
medium range NOEs (such as Hαi-HNi+3, Hαi-Hβi+3 and Hαi-HNi+4)
and strong sequential NOEs between amide protons in NOE
connectivities and series of −1 in chemical shift index (CSI) shown
in Figure 2C and D assumes α-helical conformations from Trp5-
Gly25 in TFE and Val8-Gly25 in SDS at pH 5.5 for the del(T178)
peptide, which are in good agreement with the results of CD.

Three-dimensional structures of the del(T178) peptide in TFE and
SDS micelles at different pH values were determined from distance
constraints derived from 2D NOESY combined with the molecular
dynamics simulated annealing approach and energy minimizing.
The structural statistics for 20 energy-minimized structures with
the lowest target functions are summarized in Table 1. Figure 3A
and B show the superposition of 20 energy-minimized structures
of the peptide in TFE and SDS micelles at pH 5.5. The overall
structures are similar in both media with highly defined α-helical
conformations in their middle portions, flanked by a flexible N-
terminus and a relatively ordered C-terminus. However, the helical
regions are slightly different which spans from Gly6 to Leu26 in
TFE and Val8 to Gly25 in SDS micelles at pH 5.5. A small amount
of increase in helical length of the peptide in TFE may result from
the stronger ability of the organic solvent to induce an α-helical
structure [29]. In SDS micelles, the helical structure of the peptide
is conserved at different pH values, pH 4.2, 5.5 and 7.4 (Figure 3C),
which is evidenced by NOE connectivities (Figure S1, supporting
information) and calculated results.

Location of the Peptide in SDS Micelles

The location of a peptide in membrane and extent of solvent
exposure for each residue can be determined using paramagnetic
additives. The detergent-like paramagnetic probe, 16-DSA, and
paramagnetic metal-ion, Mn2+, can be used to probe the residues
near the center of SDS micelles [30] and the residues situated in the
aqueous phase or at the surface of detergent micelles, respectively
[31,32]. Therefore, the information about peptide topology in SDS
micelles can be gained from 16-DSA and Mn2+ experiments. In this
study, the paramagnetic broadening effects were investigated by
comparing two-dimensional NOESY spectra in the presence and
absence of the paramagnetic agent.

Figure 4A illustrates the residual relative intensities of the Hα-HN
cross-peaks from NOESY spectra in the presence of 4 mM 16-DSA in
SDS micelles at pH 5.5. The NMR signals of residues Trp5, Val13 and
Phe17 are broadened significantly, while the rest of the residues
are little affected. Since the radical group of 16-DSA is found near
the center of the micelles and selectively broadened the NMR
signals of the residues close to the center of the micelles [30], the
results indicate that the peptide is inserted into SDS micelles and
the residues Trp5, Val13 and Phe17 locate near the hydrophobic
core of SDS micelles.

To further determine whether some parts of the del(T178)
peptide are exposed to aqueous phase, Mn2+ was added into
the peptide/SDS aqueous solution. As shown in Figure 4B, in the
presence of 0.1 mM Mn2+ at pH 5.5, the intensities of Hα-HN cross-
peaks from residues Asp14 and Asp22 are completely quenched
and that of Asn23 is also reduced largely, however, the other
residues are less affected. This implies that the most region of
the peptide is embedded in SDS micelles and water unaccessible,
while the residues Asp14, Asp22 and Asn23 are water accessible.

pH Dependence of Proton Chemical Shifts in SDS Micelles

pH Dependence of the proton chemical shifts from backbone
amides and carboxylate side chains is a good probe to identify
residue–residue interactions in polypeptides [33]. The pH mid-
point (pHm) and so-called Hill coefficient (n) are the essential
parameters in pH dependence analysis. The pHm values of the
backbone amides and carboxylate side chains in folded proteins
reflect the electrostatic surroundings of the residues [34–36],
which may be increased in an apolar surrounding or decreased in
a polar surrounding. The Hill coefficients provide an indication of
cooperativity [33]. The n values larger and less than 1 correspond
to the positive and negative cooperativities of the proton bind-
ing, respectively, by which the protonation of one carboxylate is
favorable (positive cooperativity) or unfavorable (negative coop-
erativity) to the protonation of others. Isolated ionizable residues
would be expected to have the coefficient close to unity [37].

Figure 5 illustrates the pH dependence of the proton chemical
shifts of the residues with the titration shift |�δ| larger than
0.1 ppm, including Asp14 (Hβ and HN), and Val13, Leu21, Asp22
and Asn23 (HN). The data were fitted in terms of Eq. 1, as illustrated
by the curves in the figure, and the titration parameters pHm

and Hill coefficient n were obtained (Table 2). The overall Hill
coefficients of these residues are larger than 1, consistent with
positive cooperativity in proton binding. Moreover, the pHm values
obtained from either Hβ or HN titration curves of these residues
are larger than the standard value 3.9 measured by Bundi and
Wuthrich in aqueous medium [35], indicating that the residues
locate at an environment less polar than water. It is noteworthy that
all these residues have approximately identical pHm and n values
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Figure 2. Hα-HN region of the NOESY spectra with assignments and NOE connectivities, as well as CSI for 2-mM del(T178) peptide in TFE-d2 (A and C) and
in 240-mM SDS-d25 at pH 5.5 (B and D), 310 K.

Figure 3. Superposition of the 20 energy-minimized structures of the del(T178) peptide in TFE-d2 (A) and SDS-d25 micelles at pH 5.5 (B) and comparison
of the structures for the del(T178) peptide in SDS-d25 micelles at pH 4.2 (blue), 5.5 (red) and 7.4 (green) (C), 310 K.

within the experimental error. Obviously, the titration parameters

of nonionizable residue Val13 reflect the effect of the charge state

of neighboring ionizable residue Asp14, and those of Leu21 and

Asn23 arise largely from effect of the electrostatic surrounding of

Asp22. Interestingly, Asp14 and Asp22 that are 7-residue distant in

the del(T178) peptide show similar pHm and n values. This implies

that the two residues may be involved in the remote interaction
and thus a cooperative proton association (n > 1).

Diffusion Coefficient Measurements in TFE

The DOSY spectra of the del(T178) peptide were measured
in pure TFE-d2 at concentrations of 2 and 0.5 mM (Figure S2,

www.interscience.com/journal/psc Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 377–384
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Table 1. Structural statistics of the peptide in SDS micelles and TFE at 310 K

SDS

pH 4.2 pH 5.5 pH 7.4 TFE

Average target functions (Å2) 0.27 ± 0.07 0.23 ± 0.06 0.18 ± 0.04 0.29 ± 0.03

Number of nonredundant distance restraints 302 291 281 305

Intraresidual (|i − j| = 0) 136 126 124 127

Sequential (|i − j| = 1) 80 83 82 84

Medium (|i − j| ≤ 4) 86 82 75 94

Long range (|i − j| > 4) 0 0 4 0

Average sum of distance restraint violations 1.9 ± 0.3 1.9 ± 0.3 1.6 ± 0.3 2.3 ± 0.2

Average maximum distance restraint violation 0.22 ± 0.05 0.26 ± 0.10 0.18 ± 0.05 0.18 ± 0.02

Average sum of torsion angle restraint violations (◦) 0.1 ± 0.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Average maximum of torsion angle restraint violation (◦) 0.09 ± 0.24 0.00 ± 0.00 0.01 ± 0.03 0.00 ± 0.00

AMBER energy (kcal mol−1) −1117.93 ± 0.70 −1108.46 ± 1.39 −1115.9 ± 0.45 −1133.24 ± 0.41

R.m.s. deviation from the mean structure (Å)

All residues

Backbone heavy atoms 2.57 ± 0.71 2.64 ± 0.75 2.92 ± 0.76 2.79 ± 0.82

All heavy atoms 3.86 ± 0.86 3.84 ± 0.86 4.21 ± 0.90 4.00 ± 0.94

Residues for helical span

Backbone heavy atoms 0.40 ± 0.25 0.56 ± 0.23 0.59 ± 0.23 0.43 ± 0.17

All heavy atoms 1.12 ± 0.31 1.24 ± 0.24 1.27 ± 0.26 1.02 ± 0.24

Ramachandran plot statistics (at each helical span)

Residues in most favored region (%) 95 86.9 94.1 100

Residues in additionally allowed region (%) 5 13.1 5.9 0

Residues in generously allowed region (%) 0 0 0 0

Residues in disallowed region (%) 0 0 0 0

R.m.s. deviation, root mean square deviation.

Figure 4. The residual intensities of the Hα-HN cross-peaks for the del(T178) peptide in SDS-d25 micelles in presence of 16-DSA (A) and Mn2+ (B) at pH
5.5, 310 K.

supporting information). The diffusion coefficients of the peptide

at two concentrations have little difference (2.16 × 10−10 m2 s−1

for 2 mM sample and 1.86 × 10−10 m2 s−1 for 0.5 mM sample).

The similar viscosities of the two solutions were also obtained

(1.13 × 10−3 N s m−2 for 2 mM peptide and 1.17 × 10−3 N s m−2

for 0.5 mM peptide) by the diffusion coefficients of TFE in the two

concentrations of samples (8.22 × 10−10 m2 s−1 for 2 mM peptide

and 7.89 × 10−10 m2 s−1 for 0.5 mM peptide). From the diffusion

coefficients of the peptide and the viscosities of the solution, the

molecular masses of the peptide in TFE were estimated to be

∼1.6 and ∼2.2 kDa for 2 and 0.5 mM peptide, respectively. The

molecular mass of the peptide obtained from the MS analysis is

3.2 kDa. The DOSY experiment demonstrates that the del(T178)
peptide exists in TFE solution as monomer.

Comparison of the del(T178) Peptide with Wildtype Peptide

Point mutations and deletions in proteins usually cause functional
disorders or diseases. The biochemical and biophysical researches
on proteins and peptides with naturally occurring or artificial
point mutations and deletions could help us to understand the
mechanisms of biomolecules. For example, the investigations on
a series of deletion and substitution mutants of Loop 7 connecting
β stands 12 and 13 of calcineurin revealed the importance of Loop
7 for calcineurin activity [38–41]. In the present study, we focus
our interest on the peptide corresponding to Nramp1(164–191)

J. Pept. Sci. 2009; 15: 377–384 Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Figure 5. pH titration of protons for the del(T178) peptide in SDS-d25
micelles at 310 K.

Table 2. pH Dependence of titratable residues and some amide
reporters

Residue pHm n �δ (ppm)a

Backbone amide (HN) V13 5.61 ± 0.04 2.73 ± 0.50 −0.22

D14 5.62 ± 0.04 2.88 ± 0.52 −0.38

L21 5.33 ± 0.04 2.10 ± 0.45 −0.12

D22 5.39 ± 0.03 2.41 ± 0.43 −0.22

N23 5.51 ± 0.03 3.15 ± 1.11 0.27

Carboxylate
sidechain (Hβ)

D14 5.69 ± 0.02 2.58 ± 0.19 −0.24

a �δ = δbase − δacid.

with Thr178 deletion and expect to get more knowledge about
Nramp1-TM4 through comparing the structure and topology of
the del(T178) peptide with its wildtype peptide.

In the aspect of three-dimensional structure, although the
deletion of Thr178 (corresponding to Thr15 in the wildtype
peptide) does not abrogate the ability of the peptide to form a
helix with an amphiphilic-like residue arrangement, four residues
Thr15–Phe18 that provide amide H to form H-bonds with
carbonyl O of the residues Thr11–Asp14, respectively, in helix of
the wildtype peptide, are displaced by the residues Phe16–Leu19
for the del(T178) peptide. The displacement of these residue pairs
in helix decreases the distance between Asp14 and Asp22 in
the del(T178) peptide compared with the wildtype peptide, and
the aromatic ring of Phe18 that locates at the middle of Asp14
and Asp22 in the helical structure of wildtype peptide is moved
aside in the del(T178) peptide (Figure 6), which are in favor of the
interaction between Asp14 and Asp22 within the molecule.

The effects of the paramagnetic probes 16-DSA and Mn2+

ion on the intensities of proton NMR signals reveal that the
del(T178) peptide is also totally embedded into SDS micelles,
as observed for the wildtype peptide. However, the pH titration
experiments of the del(T178) peptide give pHm values of some
residues that are smaller than the corresponding values of the
wildtype peptide (except for Asp22), but close to the value of
Asp22 of the wildtype peptide that locates near the interface

Figure 6. Surface plots of the del(T178) peptide and the wildtype peptide
in SDS micelles.

of SDS micelles [13], suggesting that the buried position of the
del(T178) peptide is moved towards the surface of micelles relative
to the deeper embedding of the wildtype peptide in the interior of
SDS micelles. The shallower embedding of the del(T178) peptide
in SDS micelles allows the anionic sidechain of Asp14 to extend
towards the surface of the micelles, which may lead to a severe
quenching of Asp14 by Mn2+.

The diffusion measurements reveal that the del(T178) peptide
exists as a monomer in TFE even at 2 mM concentration where
assembly was observed for the wildtype peptide. The pH titration
experiments of the del(T178) peptide in SDS micelles seem to
provide further support for the result in TFE. The positively
cooperative proton binding of Asp22 and Asp14 in the del(T178)
peptide occurs within monomer. In contrast, for the wildtype
peptide, Asp22 is isolated (n = 1), and Asp14 showed the positively
cooperative protonation (n > 1) which was attributed to the
intermolecular interaction of the peptide assembly [12,13]. The
self-assembly was also observed in the previous studies on the
model peptides corresponding to the fourth TM of Nramp2 in
model membranes [26,42–44]. The disassociation of the del(T178)
peptide in both TFE and SDS micelles suggests that the Thr178
deletion could impair intermolecular interaction of the peptide. A
possible explanation is that the residue Thr178 is involved in the
helix–helix interactions of the wildtype peptides (on the basis of
known membrane protein structures, polar residue threonine is
likely to play a role in helix–helix association and hence in the
folding of multispanning membrane proteins [45]) or the residue
is essential for forming a helical structure in which residues are
arranged favorably to self-assembly. As observed by our previous
study, the wildtype peptide adopts an α-helical structure with the
polar residues Thr11, Asp14, Thr15, and Asp22 located in the same
side and apolar residues in the other side. These polar residues may
face to the interior of the helix bundle to avoid causing unfavorable
free energy in hydrophobic environment of the micelles. In the
del(T178) peptide, the missing of residue Thr15 leads to a change
in the residue arrangement of the hydrophilic side, from Thr11,
Asp14, Thr15, Phe18 and Asp22 to Ile10, Asp14, Leu19 and Asp22
(Figure 6), which may disrupt or decrease the affinity of hydrophilic
side of the peptide.

www.interscience.com/journal/psc Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 377–384
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In conclusion, although the deletion of the residue Thr178 does
not eliminate the predominately α-helical conformation in model
membranes, it impairs the intermolecular interaction and alters
the cooperativity in proton binding of Asp14 and Asp22. As a
monomer, the del(T178) peptide is embedded in SDS micelles
with the hydrophobic side facing the hydrophobic core of the
micelles and the hydrophilic-like side approaching the interface
of the micelles. This study suggests a potential role of the polar
residue Thr178 for the orientation and intermolecular interaction
of Nramp1-TM4.

Supporting information

Supporting information may be found in the online version of this
article.
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