
Solution structure of the N-terminal amphitropic
domain of Escherichia coli glucose-specific enzyme
IIA in membrane-mimetic micelles

GUANGSHUN WANG,1 PAUL A. KEIFER,1 AND ALAN PETERKOFSKY2

1Eppley Institute for Research in Cancer and Allied Diseases, University of Nebraska Medical Center,
Omaha, Nebraska 68198, USA
2Laboratory of Cell Biology, National Heart, Lung and Blood Institute, National Institutes of Health,
Bethesda, Maryland 20892, USA

(RECEIVED January 8, 2003; FINAL REVISION January 31, 2003; ACCEPTED February 3, 2003)

Abstract

The N-terminal domain of enzyme IIAGlc of the Escherichia coli phosphoenolpyruvate:sugar phosphotrans-
ferase system confers amphitropism to the protein, allowing IIAGlc to shuttle between the cytoplasm and the
membrane. To further understand this amphitropic protein, we have elucidated, by NMR spectroscopy, the
solution structure of a synthetic peptide corresponding to the N-terminal domain of IIAGlc. In water, this
peptide is predominantly disordered, consistent with previous data obtained in the absence of membranes.
In detergent micelles of dihexanoylphosphatidylglycerol (DHPG) or sodium dodecylsulfate (SDS), how-
ever, residues Phe 3–Val 10 of the peptide adopt a helical conformation in the ensemble of structures
calculated on the basis of NOE-derived distance restraints. The root mean square deviations for superim-
posing the backbone atoms of the helical region are 0.18 Å in DHPG and 0.22 Å in SDS. The structure,
chemical shifts, and spin–spin coupling constants all indicate that, of the four lysines in the N-terminal
domain of IIAGlc, only Lys 5 and Lys 7 in the amphipathic helical region interact with DHPG. In addition,
the peptide-detergent interactions were investigated using intermolecular NOESY experiments. The ali-
phatic chains of anionic detergents DHPG, SDS, and 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt
(DSS) all showed intermolecular NOE cross-peaks to the peptide, providing direct evidence for the putative
membrane anchor of IIAGlc in binding to the membrane-mimicking micelles.
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teins; signal transduction
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The signal transduction glucose-specific enzyme IIA (IIAGlc)
is an integral component of the phosphoenolpyruvate:sugar
phosphotransferase system (PTS) in Escherichia coli, in
which sugar uptake is coupled with phosphorylation. The
phosphoryl-transfer cascade of the glucose-specific PTS ini-
tiates from phosphoenolpyruvate, which is the donor for
enzyme I autophosphorylation. Enzyme I then transfers the
phosphoryl group to the histidine-containing phosphocarrier
protein, HPr, which in turn donates the phosphoryl group to
IIAGlc. Subsequently, IIAGlc transfers the phosphoryl group
to the cytoplasmic IIB domain of the glucose transporter
IICBGlc on the membrane (Postma et al. 1996). In addition
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to its role in the PTS, IIAGlc also modulates the activity of
a number of other enzymes, depending on its phosphoryla-
tion state. Whereas dephosphorylated IIAGlc is a negative
regulator of glycerol kinase (Novotny et al. 1985) and vari-
ous non-PTS permeases (Postma et al. 1996), phosphory-
lated IIAGlc is a positive regulator of adenylyl cyclase (Pe-
terkofsky et al. 1993). Further, structural studies of the PTS
proteins have greatly enhanced our understanding of this
signal-transduction cascade. In addition to the structures for
the individual proteins (Herzberg and Klevit 1994; Robil-
lard and Broos 1999), two protein–protein complexes have
been determined for the glucose cascade (Garrett et al.
1999; Wang et al. 2000a). In these protein complexes, HPr
uses a similar surface to interact with both its upstream
partner Enzyme I and the downstream partner IIAGlc. Re-
markably, this same HPr surface was found to interact with
the mannitol-specific IIA domain in solution (Cornilescu et
al. 2002), as well as the bifunctional HPr kinase in the
crystal (Fieulaine et al. 2002). The eventual structural elu-
cidation of the entire glucose-specific PTS will contribute to
the E. coli structural genomics initiative. In addition to the
protein–protein complexes, another bottleneck in this struc-
tural elucidation has been the membrane proteins in the
PTS, such as the glucose transporter IICBGlc (Buhr and Erni
1993). IIAGlc was identified recently as an amphitropic pro-
tein (Wang et al. 2000b). This protein contains two do-
mains, the N-terminal domain and the C-terminal domain.
The structure of the C-terminal domain of IIAGlc has been
studied by both X-ray crystallography (Feese et al. 1997)
and NMR spectroscopy (Pelton et al. 1991). This domain
contains the active-site residue His 90 on a concave surface
of the protein. The N-terminal domain, which is essential
for phosphoryl transfer from IIAGlc to IICBGlc (Meadow et
al. 1986), has the capability of associating with anionic lipid
vesicles (Wang et al. 2000b), but its three-dimensional
structure in the lipid-bound state was not yet elucidated.

As an integral part of our studies on PTS structural biol-
ogy and to further understand the amphitropism of IIAGlc,
we have determined the three-dimensional structure of the
N-terminal domain of this protein by high-resolution NMR
spectroscopy using micelles to mimic the E. coli membrane.
Detergent micelles (∼50 Å) tumble rapidly in solution, al-
lowing high-resolution NMR spectra to be recorded. For
this purpose, dodecylphosphocholine, SDS, and DHPC
have been widely utilized (McDonnell and Opella 1993;
Henry and Sykes 1994; Fernandez et al. 2002). As our pre-
vious CD studies showed that the N-terminal domain of
IIAGlc requires anionic lipids for association with the mem-
brane (Wang et al. 2000b), we reasoned that deuterated SDS
(Fig. 1B) might be a good mimic. We also explored the
possibility of using protonated DHPG for the structural de-
termination. DHPG is an anionic detergent identical to the
phosphatidylglycerol found in the membrane of E. coli, but
with two shorter aliphatic chains of six carbons each (Fig.

Figure 1. Chemical structures of detergents (A–C) and their effects on the
NMR spectra (D–I) of a peptide corresponding to the N-terminal domain of
enzyme IIAGlc of E. coli. Shown here are spectra in water (D), in the
presence of dihexanoyl phosphatidylglycerol (DHPG, structure A) at a
peptide:DHPG molar ratio of 1:2 (E), 1:5 (F), and 1:10 (G), sodium do-
decylsulfate (SDS, structure B) at a peptide:SDS ratio of 1:20 (H), and
2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS, structure C) at a
peptide:DSS ratio of 1:40 (I), at pH 5.4 and 25°C. The resonance for
residual chloroform at 7.62 ppm in F was labeled by a star and was
removed after evaporation under vacuum overnight (G). The peptide amide
signals of Leu 2, Phe 3, Asp 12, Asp 13, Lys 14, and Lys 15 are labeled
using the single-letter amino-acid code. At 25°C and pH 5.4, the chemical
shifts of DHPG (A) in water are C2-H, 2.40 ppm; C3-H, 1.59 ppm; C4-H,
1.29 ppm; C5-H, 1.29 ppm; C6-H, 0.86 ppm; CH2�, 4.03 ppm; CH�, 5.29;
CH2�, 4.27, 4.44; CH2��, 3.89 ppm; CH��, 3.84 ppm; and CH2��, 3.59,
3.66 ppm. The chemical shifts of SDS (B) in water are C1-H, 4.02 ppm;
C2-H, 1.68; C3-H, 1.36 ppm; C(4–11)-H, 1.30 ppm; and C12-H, 0.89 ppm.
The chemical shifts of DSS (C) in water are C1-H, 2.90 ppm; C2-H, 1.75
ppm; C3-H, 0.63 ppm; and CH3 (triple methyls), 0.00 ppm. In the presence
of the peptide, the signals of SDS and DHPG were found to shift upfield
slightly by ∼0.05 ppm and ∼0.01–0.02 ppm, respectively, whereas the
signals of DSS were found to shift downfield by ∼0.01–0.02 ppm. The
sodium ions are omitted to emphasize the anionic nature of these com-
pounds.
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1A); it is expected to form micelles in solution like DHPC.
Here, we report the structural studies of the N-terminal do-
main of IIAGlc in micelles of DHPG and SDS. We also
report that anionic DSS (Fig. 1C), a NMR chemical shift
reference compound (Markley et al. 1998), interacts with
the N-terminal domain of this protein and promotes helix
formation.

Results and Discussion

NMR study of the N-terminal domain of IIAGlc in water

The amino acid sequence of the peptide studied is as fol-
lows: GlyLeuPheAspLysLeuLysSerLeuValSerAspAspLys
Lys, which corresponds to the first 15 residues of the N-
terminal tail of E. coli IIAGlc. In contrast to the previous
study (Wang et al. 2000b), the N-terminal methionine (resi-
due zero) was not included, as it is hydrolyzed in vivo and
not found in IIAGlc structures studied thus far. The putative
linker residues Asp 16 Thr 17 were also omitted to simplify
the study. In aqueous solution, the amide signals split into
sharp doublets as a result of scalar couplings between HN

and H� (3JH
N

H
�). The 3JH

N
H

� values for a few well-resolved
doublets were measured from the one-dimensional NMR
spectrum, ranging from 5.4 to 7.5 Hz at 25°C and pH 5.4
(Fig. 1D). In the two-dimensional NOESY spectrum, H�

i-
HN

i+1 and HN
i-H

N
i+1 types of NOEs, but not (i, i+2) and (i,

i+3) types, were observed. To see whether there is any
nascent helical structure (Dyson et al. 1988), we also col-
lected data at 5°C. Although the coupling constants de-
creased slightly, no NOE cross-peaks of (i, i+3) type were
detected. Therefore, we concluded that the peptide is pre-
dominantly unstructured in solution as a result of confor-
mational averaging (Wüthrich 1986; Dyson et al. 1988),
even at 5°C. These results are consistent with previous find-
ings that the N-terminal sequence of IIAGlc is unstructured
in water (Pelton et al. 1991; Wang et al. 2000a).

Signal assignments of the N-terminal domain
of IIAGlc in micelles

Titration of any of the three compounds (Fig. 1A–C) into
the peptide solution had a significant effect on the spectrum
of the peptide in water (Fig. 1D). The amide signals of the
peptide shifted and broadened dramatically (Fig. 1E–I), in-
dicative of the association of the peptide with the detergents
(McDonnell and Opella 1993; Henry and Sykes 1994). As a
consequence, the 3JH

N
H

� coupling constants could no longer
be measured. Figure 1 shows the one-dimensional NMR
spectra of the peptide with the addition of DHPG at ratios of
1:2 (E), 1:5 (F), and 1:10 (G). In all cases, the signal dis-
persion increased upon addition of the detergent and mini-
mal further changes were observed above peptide:detergent

molar ratios of 1:5 in the case of SDS, 1:10 for DHPG, and
1:20 for DSS, suggesting that the peptide was predomi-
nantly in the bound states (McDonnell and Opella 1993). At
the saturating level of detergents, the amide chemical shifts
ranged from 7.59 to 9.17 ppm in DHPG (Fig. 1G), from
7.69 to 8.72 ppm in SDS (Fig. 1H), and from 7.61 to 8.81
ppm in DSS (Fig. 1I). The interaction of DSS with the
peptide was indicated by a line-width change of the DSS
signal in the presence and absence of the peptide. This is not
surprising, because the chemical structure of DSS resembles
those of DHPG and SDS, all being anionic detergents (Fig.
1). In the case of SDS, the signal dispersion in the amide
region was optimized by changing pH or temperature. As a
result, the structural characterization of the peptide in SDS
was carried out at a peptide:SDS ratio of 1:20 (pH 5.4) and
25°C. The same pH and temperature were also used for the
studies of the peptide in either DHPG or DSS to facilitate
comparison.

The fingerprint regions of the NOESY spectra of the
peptide in deuterated SDS (A) and protonated DHPG (B)
are shown in Figure 2, illustrating the sequential walk of
signal assignments. The sequential signal assignments of
these two-dimensional NMR spectra were achieved using
the standard procedure (Wüthrich 1986). In brief, amino
acid spin systems were identified on the TOCSY spectrum
and connected using the NOESY spectrum. The complete
assignment of longer side chains was confirmed by DQF-
COSY.

Secondary structure

H� secondary chemical shifts of the peptide in the presence
of different detergents were calculated and plotted in Figure
3. The secondary shift is the difference between the mea-
sured shift of the peptide and the H� chemical shift in a
random coiled peptide (Wüthrich 1986). A train of second-
ary shifts <−0.1 ppm indicates a helical structure (Wishart et
al. 1991). On the basis of this criterion, residues Leu 2–Ser
11 are located in a helical region in SDS (Fig. 3A), whereas
residues Leu 2–Leu 9 are helical in DHPG (Fig. 3B). The
plot in DSS is remarkably similar to that in DHPG, with
residues Leu 2–Leu 9 being helical (Fig. 3C). The helix
content was estimated using the average secondary shift per
residue divided by 0.35, a value that defines 100% helix
(Rizo et al. 1993). The helix contents of the peptide are 60%
in SDS at a peptide:SDS ratio of 1:20, 59% in DHPG at a
ratio of 1:10, and 55% in DSS at a ratio of 1:40. These helix
percentages are similar to those found by CD (∼50%) for a
similar peptide in anionic dioleoyl phosphatidylglycerol or a
mixture of lipids mimicking the E. coli membrane (Wang et
al. 2000b).

The helical region of the peptide in micelles is also sup-
ported by the NOE pattern. In SDS, medium H�

i-H
N

i+1,
H�

i-H
N

i+3, weak H�
i-H

N
i+4, and H�

i-H
N

i+2 NOE cross-
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peaks were found for the region Leu 2 to Ser 11 (Fig. 2),
indicating an �-helical structure (Wüthrich 1986). A similar
NOE pattern was observed for residues Leu 2–Val 10 in
both DHPG (Fig. 2B) and DSS (data not shown). Beyond
residue Ser 11 in SDS (Val 10 in DHPG), the NOE patterns
look different (Fig. 2). The H�

i-H
N

i+1 cross-peak between
residues Ser 11 and Asp 12 in SDS (Val 10 and Ser 11 in
DHPG) is strong, and the H�

i-H
N

i+3 cross-peak between
Leu 9 and Asp 12 or between Val 10 and Asp 13 is weak
(very weak) in SDS (DHPG). Such a NOE pattern (Wang et

al. 1996a) indicates that residues Asp 12 and Asp 13 (Ser 11
to Asp 13) are not in a regular helical region in SDS
(DHPG).

Three-dimensional structures of the N-terminal domain
of IIAGlc in SDS and DHPG

Figure 4 shows an ensemble of 50 structures of the peptide
in association with SDS (A) or DHPG (B), in which the
backbone atoms have been superimposed. For the final
structural calculations, 140 NOE distance restraints for the
peptide were found in SDS, whereas 145 NOEs were ob-
tained in DHPG. The rms deviations for superimposing
backbone atoms of residues Phe 3–Val 10 of the peptide are
0.22 Å in SDS and 0.18 Å in DHPG, respectively. The rms
deviation increases significantly to 1.58 Å in SDS and 1.40
Å in DHPG when superimposing all backbone atoms of the
peptide, mainly because of the low precision of the less
structured carboxyl terminus (Fig. 4). The slightly higher
structural quality determined in DHPG may reflect a better

Figure 3. The H� secondary shifts of the N-terminal domain of IIAGlc in
a variety of detergents as a function of the residue number. The H� sec-
ondary shift is defined as the chemical-shift difference between that of the
peptide measured here and that in a random-coiled peptide (Wüthrich
1986). Shown in A is the plot in SDS at a peptide:SDS molar ratio of 1:20,
in B in DHPG at a peptide:DHPG ratio of 1:10, and in C in DSS at a
peptide:DSS ratio of 1:40. The well-resolved shift for Gly1 was used in all
cases.

Figure 2. The fingerprint regions of the two-dimensional NOESY spectra
of the N-terminal domain of IIAGlc in SDS (A) and DHPG (B). The sample
contains 5 mM peptide in the presence of 100 mM SDS-d25 (mixing time
75 msec) (A) or 25 mM DHPG (mixing time 150 msec) (B) at pH 5.4 and
25°C. The NOE patterns at the peptide:DHPG ratios from 1:5 to 1:20 are
identical, but the quality of the spectrum at 1:5 is higher due to smaller
signal interference from the lipid. The constructs follow the sequential
NOE connectivities with the HN-H� cross-peak of each residue labeled
using the one-letter amino-acid code. For the N-terminal glycine, only the
well-resolved H� is labeled.

Wang et al.
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signal dispersion of the NMR spectra in DHPG than in SDS
(Figs. 1, 2). In both SDS and DHPG, the principal helical
region was located to residues Phe 3–Val 10 by the program
MOLMOL (Koradi et al. 1996).

Figure 5 shows a sideview of the average structures of the
peptide determined in SDS (A) and DHPG (B) with the
backbones shown as ribbons. In both cases, the hydrophobic
side chains Leu 2, Phe 3, Leu 6, Leu 9, and Val 10 of the
peptide are all clustered on the same face, whereas the hy-
drophilic side chains Asp 4, Ser 8, and Ser 11 occupy the
opposite face with Lys 5 and Lys 7 located in the interface.
Such features are characteristic of an amphipathic helical
structure. Except for the poorly defined carboxyl terminus
of the peptide, the side-chain orientations in the helical re-
gion are quite similar in the structures elucidated in both
SDS and DHPG (Fig. 5).

Interactions between the N-terminal domain
of IIAGlc and SDS, DHPG, or DSS

Unlike CD, not only can NMR define the helical region
precisely, it is also capable of providing detailed informa-
tion concerning the interaction of the N-terminal domain of

IIAGlc with these detergents (Fig. 1). Because both DHPG
and DSS are protonated, intermolecular proton–proton NOE
cross-peaks between the peptide and the detergent could be
observed directly. In the case of SDS, protonated SDS need
be used in place of deuterated SDS to see such an effect
(Wang et al. 1996b). At a peptide:SDS ratio of 1:1, inter-
molecular NOEs were detected between SDS C1-H and Leu
2 HN, Phe 3 HN, and aromatic ring protons. The C3-H and
C(4–11)-H of SDS showed intense NOEs to residue Phe 3
aromatic protons, and weak NOEs to the amide protons of
residues Leu 2–Ser 11. They also displayed weak NOEs to
Phe 3 H�, and H� of Lys 5 and Lys 7. At the peptide:SDS
ratio of 1:5, containing 40% protonated SDS and 60% deu-
terated SDS, similar NOE cross-peaks were found between
the Phe 3 aromatic ring and SDS C1-H, C3-H, and C(4–
11)-H (Fig. 6A). At pH 5.4, the terminal NH3+ signals of
lysine side chains showed no NOE cross-peaks to SDS due
to rapid exchange with water. Therefore, a separate NOESY
spectrum was collected at pH 3.9 and the NH3+ signals of
Lys 5 and Lys 7 at ∼7.4 ppm showed intermolecular NOEs
with SDS C3-H and C(4–11)-H. These intermolecular
NOEs provide direct evidence for the binding of both cat-
ionic and hydrophobic side chains of the amphipathic helix
with anionic SDS (Wang et al. 1996b).

Figure 5. Sideview of the side chains of the N-terminal domain of IIAGlc

in SDS-d25 (A) and in DHPG (B) with backbone atoms represented by a
ribbon. Shown here are the structures that most resemble the average
structure generated from an ensemble of 50 structures displayed in Figure
4. The hydrophobic side chains are shown at the bottom, the hydrophilic
side chains at the top of the ribbon, and interfacial lysine side chains on the
ribbon. Side chains are selectively labeled.

Figure 4. Superimposed backbone view of an ensemble of 50 structures.
The structures were calculated by Xplor-NIH (Schwieters et al. 2003) using
NOE restraints derived from the NOESY spectra of the N-terminal domain
of IIAGlc bound to SDS-d25 at a peptide:SDS ratio of 1:20 (A) or DHPG at
a peptide:DHPG ratio of 1:10 (B), at pH 5.4 and 25°C. The backbone atoms
of residues Phe 3–Val 10 have been superimposed using MOLMOL (Ko-
radi et al. 1996).

Structure of the N-terminal domain of enzyme IIAGlc
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At a peptide:DHPG ratio of 1:5, a few peptide-detergent
intermolecular NOE cross-peaks are well resolved at 75
msec. The acyl C4/C5 protons of the detergent showed a
medium-to-strong cross-peak with the aromatic H� side-
chain protons of Phe 3 and a weak NOE with H� protons of
Phe 3 (Fig. 6B). These detergent protons also displayed very
weak NOE cross-peaks to the amide protons of residues Leu
2, Phe 3, Leu 6, and Lys 7. In addition, the detergent acyl
chain C2-H at 2.35 and 2.40 ppm, the glycerol backbone
CH2� at 4.03 ppm, and the CH2� at 4.27 ppm (Fig. 1A)
yielded NOE cross-peaks with the aromatic H� protons of
Phe 3 (Fig. 6B). These NOEs were also identified at a
peptide:DHPG ratio of 1:2, thus providing strong evidence
for the association of the amphipathic helical region of the
peptide with both the glycerol backbone and the acyl chains
of anionic DHPG. Note that the amide protons of residues

Asp 12–Lys 15 showed minimal displacements relative to
those in water (Fig. 1) and the spin–spin couplings for resi-
dues Lys 14 and Lys 15 could be seen even at a peptide:
DHPG ratio of 1:10 (Fig. 1G). Similarly, their TOCSY
peaks are much stronger than those for residues Leu 2–Ser
11. Taken together, all the NMR data support the notion that
residues Asp 12–Lys 15 do not interact with the detergent.

Figure 6C shows the intermolecular NOE cross-peaks
between DSS and the aromatic protons of Phe 3 at a pep-
tide:DSS molar ratio of 1:10. The methyl protons of DSS at
0.00 ppm stand out and give the strongest NOE cross-peaks
to the peptide. Hence, there is no ambiguity in the assign-
ment of these intermolecular NOEs, including those at 0.63
ppm. These peptide:DSS intermolecular NOE cross-peaks
corroborate the binding of DSS to the peptide.

The peptide-detergent intermolecular NOEs observed
here indicate that these detergents interact with the peptide
in a similar manner by attaching solely to the hydrophobic
face of the amphipathic helical domain. This is different
from the integral membrane protein OmpX in complex with
DHPC, in which intermolecular NOE cross-peaks indicate
that DHPC covers the entire exterior surface of the �-barrel
structure for membrane anchoring (Fernandez et al. 2002).

Comparison of DHPG, SDS, and DSS

It is interesting to note that the amide signals of the peptide
in DHPG displayed a better signal dispersion than those in
either SDS or DSS (Fig. 1). Better quality of two-dimen-
sional NMR data in DHPG is also evident in Figure 2. As
DHPG is a true phosphatidylglycerol, one of the major lip-
ids in the E. coli membrane, these results suggest that
DHPG may be preferentially used over SDS or DSS as a
membrane-mimicking agent for structural studies of E. coli
membrane-associated proteins and peptides.

Our parallel structural study of the N-terminal domain of
IIAGlc in both DHPG and SDS micelles allowed us an op-
portunity to assess the usefulness of SDS as an anionic
lipid-mimicking compound. First, similar structures were
found in SDS and DHPG (Figs. 4, 5). Second, SDS and
DHPG showed similar intermolecular NOE cross-peaks to
the peptide (Fig. 6). In light of these results, anionic SDS
appears to mimic anionic DHPG well in this particular case.
Nevertheless, there are subtle differences between them.
These may be attributed to the differences in their chemical
structures, including both the head group (sulfate versus
phosphate) and the length of the aliphatic chain (12 versus
2 × 6) (Fig. 1). Whereas numerous intermolecular NOE
cross-peaks were observed at a peptide:SDS ratio of 1:1, no
intermolecular NOE cross-peaks were detected between
DHPG and the peptide at the same ratio, indicating that SDS
interacts with the peptide more strongly than DHPG. Com-
bined with the titration data above, the order of helix-pro-
moting capability of these compounds can be arranged as

Figure 6. Peptide-detergent intermolecular NOE cross-peaks. Portions of
the intermolecular NOESY spectra of the N-terminal domain of IIAGlc (5
mM) in the presence of a mixture of 25 mM deuterated and protonated SDS
(3:2) (mixing time 75 msec) (A), 25 mM protonated DHPG (mixing time
150 msec) (B), and 50 mM protonated DSS (mixing time 150 msec) (C) at
pH 5.4 and 25°C. Intermolecular NOE cross-peaks between the aromatic
ring (H� or H�/Hz) of Phe 3 and the aliphatic chains of detergents (for
structures, see Fig. 1) are labeled. The aromatic ring H� protons of Phe 3
(∼7.25 ppm) showed strong cross-peaks with the Phe 3 H� protons (∼3.2
ppm, indicated by the stars in the figure). The arrows point to the cross-
peaks between the H� protons of Lys 7 and H� protons of Phe 3 in SDS and
DHPG.
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SDS > DHPG > DSS. It appears that phosphate rather than
sulfate has evolved in nature as the lipid head group to
ensure a weak-to-intermediate interaction between the N-
terminal domain of IIAGlc and the membrane. Weaker in-
teractions could be the key for the reversible translocation
of this amphitropic protein from cytosol to the membrane
(see below).

The amphitropism of enzyme IIAGlc

Several proteins that play a critical role in signal transduc-
tion, such as Src kinase, Ras-guanine nucleotide exchange
factor, protein kinase C, and cytidyltransferase, show am-
phitropism (Burn 1988; Johnson and Cornell 1999). Re-
cently, we showed that enzyme IIAGlc of the PTS is another
amphitropic protein (Wang et al. 2000b). A common feature
of these proteins is the ability to migrate between the cyto-
plasm and the membrane for different functions. Thus, this
classical E. coli glucose signal transduction pathway (the
PTS) may serve as a useful model system for understanding
protein amphitropism in other organisms.

With the availability of structures for both the N-terminal
(this study) and C-terminal (Feese et al. 1997) domains, it

became feasible to reconstruct the structure of IIAGlc in the
two states. In the first state, the N-terminal domain is un-
structured and can form a number of alternative conforma-
tions, whereas the C-terminal domain is folded (Fig. 7A).
The folded domain has the capability of accepting a phos-
phate group from its upstream protein partner, HPr, and the
N-terminal domain is not required (Wang et al. 2000a). In
the second state, the N-terminal domain adopts an amphi-
pathic helix between residues Phe 3–Val 10, which can
associate with the E. coli membrane, whereas the C-termi-
nal domain remains folded (Fig. 7B). There are multiple
possible orientations for the relationship between the N- and
C-terminal domains that might adhere to the model. Be-
cause residues Asp 12–Lys15 do not interact with phospha-
tidylglycerol, they constitute part of the linker region (resi-
dues Asp 12–Gly 18) between the two domains. This N-
terminal membrane anchor was found to be crucial for
effective phosphoryl transfer in the protein cascade toward
glucose, because a loss of even the first seven residues
abolishes phosphoryl transfer activity between IIAGlc and
its downstream partner IICBGlc by ∼98% (Meadow et al.
1986). The structural studies reported here on the N-termi-
nal domain of IIAGlc made it clear that these first seven

Figure 7. The two states of enzyme IIAGlc involved in the phosphoryl transfer cascade for the phosphorylation of glucose transported
into E. coli. In the first state (A), the N-terminal domain of IIAGlc is disordered in solution (Pelton et al. 1991) (gray) and not required
for interaction with HPr (Wang et al. 2000a). In the second state (B), residues Leu 2–Val 10 of the N-terminal domain change
conformation to an amphipathic helix (red), which functions as a membrane anchor to enhance the stability of the total IICBGlc-IIAGlc

complex required for efficient phosphoryl transfer between them (Wang et al. 2000b). Both the hydrophobic and cationic side chains
(Lys 5 and Lys 7) in the amphipathic helix are required for the binding of the membrane anchor (red) to the E. coli membrane (black).
Shown here is one of the possible orientations of the anchor on the membrane surface generated from the calculations. The coordinates
for residues Asp16Thr17Gly18 are represented by broken lines (black) to reflect the fact that they were not observed in the crystal
(Feese et al. 1997), nor determined in this study. In both states, the C-terminal domain, represented by a yellow ribbon, remains folded.
The N- and C-termini of the protein are labeled. Figures 5 and 7 were made using the program MOLMOL (Koradi et al. 1996).
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residues, including Lys 5 and Lys 7, are the most critical
part of the membrane anchor. A similar anchor function of
this N-terminal domain of IIAGlc has also been implicated in
interactions with lactose permease (Sondej et al. 2002). The
nature of interaction between this cationic amphipathic he-
lix and the anionic DHPG micelle (Fig. 7B) is remarkably
similar to those observed recently in the interfaces of the
protein–protein complexes between the N-terminal domain
of enzyme I and HPr (Garrett et al. 1999) and between HPr
and IIAGlc (Wang et al. 2000a) in the same glucose cascade,
with hydrophobic interactions in the center bordered by
electrostatic interactions. Using the hydrophobicity scale of
Karplus (1997), we calculated the transfer-free energy for
this amphipathic region of the N-terminal domain of IIAGlc

from cytoplasm to the membrane to be −17.0 kcal/mole by
summing all hydrophobic side chains, including Lys 5 and
Lys 7. This is very close to the value found previously for
human apoE(267–289; −17.6 kcal/mole; Wang et al.
1996a), which was shown, just like the N-terminal domain
of IIAGlc, not to associate with zwitterionic phospholipids.
This calculation further substantiates the importance of ad-
ditional electrostatic interactions between cationic Lys 5/
Lys 7 and the anionic E. coli membrane for anchoring. The
weakness of this membrane anchor may be understood from
another angle. This anchor contains a relatively short helix
with only one aromatic residue, whereas the strong lipid-
binding domains of human apolipoprotein A-I, apolipopro-
tein C-I, and apolipoprotein E contain 3–4 aromatic residues
(Wang 2002). Therefore, the membrane anchor found at the
N-terminal domain of IIAGlc may be one of the minimal
models for understanding other amphitropic proteins, which
utilize a similar amphipathic helix as the anchor.

In conclusion, the amphitropism of IIAGlc, as depicted in
Figure 7, plays a crucial role in the phosphoryl transfer
cascade for glucose uptake. Further, the capability of IIAGlc

to shuttle between a membrane-bound form (to IICBGlc) and
the cytoplasm, allows it to interact with multiple partners
such as HPr, glycerol kinase, adenylate cyclase, and a va-
riety of permeases.

Materials and methods

A peptide corresponding to the N-terminal domain of IIAGlc was
synthesized by solid-phase methods and purified by reverse-phase
HPLC (Peptide Technologies Corporation). The peptide was
>99% pure as judged by HPLC analysis. Mass spectroscopy gave
a molecular peak at a mass of 1694.5 (calculated 1694.0). SDS
(>99%) was purchased from Bio-Rad Laboratories and deuterated
SDS (SDS-d25) was obtained from Cambridge Isotope Laborato-
ries. Protonated DHPG (>98%) was purchased from Avanti Polar
Lipids, Inc. Chloroform was removed from DHPG in a fume hood
under a stream of nitrogen gas. Residual chloroform was removed
under vacuum overnight. DSS was obtained from Wilmad-Lab-
glass. The signals of DHPG (for chemical shifts, see legend to Fig.
1) were assigned on the basis of two-dimensional NMR spectra
collected in deuterated chloroform on a 500-MHz NMR spectrom-

eter and in water on the 600-MHz NMR spectrometer (Varian,
Inc.), by comparison with the reported chemical shifts for phos-
pholipids (Birdsall et al. 1972). The NMR spectra collected for
these materials before mixing with the peptide also support their
high purity.

Nuclear magnetic resonance spectroscopy

The synthetic peptide (5 mM) was solubilized in 0.6 mL of aque-
ous solution containing 90% H2O and 10% D2O. The peptide:de-
tergent molar ratio was determined by titrating DHPG or lipid-
mimicking compounds in powdered form into the solution of the
peptide until the NMR signals showed no further change. The
sample temperature was calibrated on the basis of the chemical
shift of water containing 1 mM DSS (Hartel et al. 1982). The pH
(meter reading at room temperature of 22°C without isotope effect
correction) of the sample was measured directly in the 5-mm NMR
tubes using a micro pH electrode (Wilmad-Labglass) and adjusted
with the addition of a few microliters of NaOH or HCl solution.
For observation of intermolecular NOE cross-peaks between SDS
and the peptide, protonated SDS was included (Wang et al. 1996b).

All TOCSY (Bax and Davis 1985; Griesinger et al. 1988),
NOESY (Jeener et al. 1979), and DQF-COSY (Rance et al. 1983)
spectra for the peptide or peptide/detergent complexes were ac-
quired at a 1H resonance frequency of 599.807 MHz on a Varian
INOVA600 spectrometer. The sign of the frequency in the indirect
dimension was discriminated using the method of States-TPPI
(Marion et al. 1989). Typically, spectra were collected with 512
increments (32 scans each) in t1 and 4K data points in t2 time
domains using a spectral width of 10,000.0 Hz in both dimensions.
The water signal was suppressed by low power (50 Hz �B1) pre-
saturation during the relaxation delay, as well as during the mixing
period in NOESY experiments. Alternatively, the WET technique
was applied during the mixing period of the NOESY experiments
to achieve water suppression (Smallcombe et al. 1995). NOESY
experiments were collected at mixing times of 35, 75, and 150
msec for the peptide/detergent complexes and at 75, 150, and 300
msec for the peptide in water. TOCSY experiments were per-
formed at a mixing time of 75 msc using a clean MLEV-17 pulse
sequence (Bax and Davis 1985; Griesinger et al. 1988). NMR data
were apodized by a 63°-shifted squared sine-bell window function
in both dimensions, zero filled and Fourier transformed on a Sili-
con Graphics octane workstation using NMRpipe (Delaglio et al.
1995) to yield a data matrix of 4K × 1K. The first data point was
scaled by half prior to Fourier transformation (Otting et al. 1986).
Baselines were corrected using a fourth order polynomial function
in both dimensions. NOESY cross-peaks were picked using PIPP
(Garrett et al. 1991). The chemical shift of water was referenced to
internal DSS at 0.00 ppm (Markley et al. 1998). Protein signals
were referenced to the water signal (Hartel et al. 1982) because of
the interaction of DSS with this peptide observed in this study.

Structure calculations

Three-dimensional structures of the peptide in SDS-d25 or DHPG
at pH 5.4 and 25°C were calculated on the basis of the distance
restraints using the simulated annealing protocol (Nilges et al.
1988) in the NIH version of XPLOR (Brünger 1992; Schwieters et
al. 2003). The distance restraints were obtained by classifying the
NOE (75 msec) cross-peak volumes into strong (1.8–2.8 Å), me-
dium (1.8–3.8 Å), weak (1.8–5.0 Å), and very weak (1.8–6.0 Å)
ranges (Garrett et al. 1999). The distance was calibrated on the
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basis of the typical NOE patterns in helices (Wüthrich 1986). A
covalent peptide structure with random �, �, and � angles but
trans planar peptide bonds was used as a starting structure. In total,
100 structures were calculated for the peptide in both SDS and
DHPG. An ensemble of 50 structures with the lowest total energy
was chosen. This final ensemble of accepted structures satisfies the
following criteria: no NOE violations greater than 0.20 Å, rms
difference for bond deviations from ideality less than 0.01 Å, and
rms difference for angle deviations from ideality less than 2°.

The structure of the membrane-bound state of enzyme IIAGlc

was calculated using the recently developed constrained/restrained
simulated annealing protocol (Wang et al. 2000a). In this ap-
proach, the X-ray coordinates of the C-terminal domains (Feese et
al. 1997) were fixed, and the structure of the N-terminal domain
was determined by the NMR restraints obtained above in the
DHPG micelles. In the previous structure determined by X-ray
crystallography, the electron density for the N-terminal domain
was missing. To view the structural state of enzyme IIAGlc before
associating with the membrane, we also performed a separate cal-
culation. In this calculation, the coordinates for the C-terminal
domain were again fixed, whereas the N-terminal domain was not
restrained, as our current NMR study here indicates that it is un-
structured in aqueous solution.

Structure deposition

The coordinates of the N-terminal domain of IIAGlc in DHPG at a
peptide:DHPG ratio of 1:10, pH 5.4, and 25°C have been deposited in
the Protein Data Bank (PDB accession code 1O0Z). The chemical
shifts have been deposited with BMRB (accession no. 5708).

Electronic supplemental material

Two tables are available for chemical shift assignments of the
N-terminal domain of enzyme IIAGlc in deuterated SDS at a pep-
tide:SDS ratio of 1:20, pH 5.4 and 25°C (Table 1) and protonated
DHPG at a peptide:DHPG ratio of 1:10, pH 5.4 and 25°C (Table 2).
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Note added in proof

A recent paper reported a remarkably similar membrane-targeting
sequence (EEEKKGFLKRLFGG) at the C-terminus of E. coli
MinD, a widely conserved ATPase. Interestingly, sequence ho-
mology analysis indicates that this sequence is conserved from
eubacteria, archaea, to chloroplasts, thereby reinforcing our con-
tention that the N-terminal amphipathic helical structure of E. coli
enzyme IIAGlc elucidated here in anionic membrane-mimetic
micelles serves as a general model for understanding membrane-
associating sequences of amphitropic proteins. (Szeto, T.H., Row-
land, S.L., Rothfield, L.I., and King, G.F. 2002. Membrane local-
ization of MinD is mediated by a C-terminal motif that is con-

served across eubacteria, archaea, and chloroplasts. Proc. Natl.
Acad. Sci. 99: 15693–15698.)
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Griesinger, C., Otting, G., Wüthrich, K., and Ernst, R.R. 1988. Clean TOCSY
for proton spin system identification in macromolecules. J. Am. Chem. Soc.
110: 7870–7872.

Hartel, A.J., Lankhorst, P.P., and Altona, C. 1982. Thermodynamics of stacking
and of self-association of the dinucleoside monophosphate m2(6)A-U from
proton NMR chemical shifts: Differential concentration temperature profile
method. Eur. J. Biochem. 129: 343–357.

Henry, G.D. and Sykes, B.D. 1994. Methods to study membrane protein struc-
ture in solution. Methods Enzymol. 239: 515–535.

Herzberg, O. and Klevit, R. 1994. Uraveling a bacterial hexose transport path-
way. Curr. Opin. Struct. Biol. 4: 814–822.

Jeener, J., Meier, B.H., Bachmann, P., and Ernst, R.R. 1979. Investigation of
exchange processes by two-dimensional NMR spectroscopy. J. Chem. Phys.
71: 4546–4553.

Johnson, J.E. and Cornell, R.B. 1999. Amphitropic proteins: Regulation by
reversible membrane interactions. Mol Membr Biol. 16: 217–235.

Karplus, P.A. 1997. Hydrophobicity regained. Protein Sci. 6: 1302–1307.
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