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Abstract PMP1 is a 38-residue single-spanning membrane
protein whose C-terminal cytoplasmic domain, Y25-F38, is
highly positively charged. The conformational coupling between
the transmembrane span and the cytoplasmic domain of PMP1
was investigated from !'H-nuclear magnetic resonance data of
two synthetic fragments: F9-F38, i.e. 80% of the whole
sequence, and Y25-F38, the isolated cytoplasmic domain. Highly
disordered in aqueous solution, the Y25-F38 peptide adopts a
well-defined conformation in the presence of dodecylphosphocho-
line micelles. Compared with the long PMP1 fragment, this
structure exhibits both native and non-native elements. Our
results make it possible to assess the influence of a hydrophobic
anchor on the intrinsic conformational propensity of a cytoplas-
mic domain. © 2001 Federation of European Biochemical So-
cieties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

The interaction network governing the structural properties
of membrane proteins takes place in three different environ-
ments, i.e. the aqueous phase, the hydrophobic core of the
bilayer and the interface milieu. The latter region, highly het-
erogeneous in terms of both structure and dynamics, exhibits
singular physico-chemical properties that increase the diffi-
culty of understanding the molecular mechanisms underlying
the membrane protein folding [1,2]. In particular, little is
known about the role and extent of conformational coupling
between the transmembrane spans and the cytoplasmic/extra-
cellular domains of membrane proteins.
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To address these questions, it is necessary to get informa-
tion at the amino acid level of membrane proteins. An appro-
priate method consists of studying by nuclear magnetic reso-
nance (NMR) small membrane proteins or fragments
solubilized in membrane-mimicking environments, especially
that provides by dodecylphosphocholine (DPC) micelles be-
cause of the presence of phosphocholine head groups [3-7].
Using this methodology, we have recently undertaken the
analysis of the conformational features and lipid-binding
properties of the single-spanning membrane protein PMPI,
a regulatory subunit of the yeast HT-ATPase [8,9]. Its C-ter-
minal cytoplasmic domain, corresponding to bold residues in
the sequence given below, is highly positively charged: L;-P-
G-G-Vs-I-L-V-F-1;9-L-V-G-L-A |5-C-I-A-I-15)-A-T-I-1-Y»5-R-
K-W-0Q-A3)-R-Q-R-G-L35-Q-R-F3g

'H-NMR experiments have shown that the PMPI fragment
A18-F38, solubilized in perdeuterated DPC micelles, adopts a
single helix conformation from the N-terminus up to Q32 [10].
The N-terminal helix thus includes the truncated hydrophobic
segment A18-124 and a part of the charged cytoplasmic do-
main, Y25-Q32. The C-terminal extremity, R33-F38, folds
back toward the micelle interior [11]. As a result, the PMP1
fragment A18-F38 exhibits a ring-like interfacial distribution
of five basic side chains and has been shown by 2H-NMR to
specifically bind POPS when inserted in mixed POPC/POPS
bilayers [12].

The involvement of both the hydrophobic span and the
cytoplasmic domain within the same secondary structure led
us to consider PMP1 as a suitable model for investigating the
conformational coupling evoked above. With this view, we
have analyzed the conformational properties of two synthetic
peptides representing two extreme fragments of the PMPI
protein: (i) F9-F38, corresponding to 80% of the whole
PMPI1 sequence (underlined residues in the aforementioned
sequence), and (ii) Y25-F38, corresponding to the isolated
PMP1 cytoplasmic domain (bold residues).

2. Materials and methods

2.1. PMPI fragment synthesis

Peptides were synthesized by using continuous-flow Fmoc/tBu
chemistry [13-15] on a Applied Biosystems (Foster City, CA, USA)
Pioneer peptide synthesizer. All chemical reagents were purchased
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from Applied Biosystems. HATU and DIPEA were used as coupling
reagents. Peptides were blocked at the N-terminus with an acetyl
group and at the C-terminus with an amide. The syntheses were per-
formed using 0.1 mmol of Fmoc-PAL-PEG-PS resin. N-terminal ace-
tylation was achieved on the peptide resin at the end of the synthesis
with acetic anhydride.

2.1.1. Fragment 25-38. Stepwise elongation of the peptide chain
was done using the extended coupling protocol (yield 97%). A TFA/
TIS/thioanisole/water/phenol/EDT 83.5:2.5:2.5:4:5:2.5 (v/v) mixture
was used for cleavage. After removal from the resin and deprotection,
the cleavage product was precipitated in cold diethyl ether, filtered,
dissolved with aqueous trifluoroacetic acid (TFA) buffer and lyophi-
lized (190 mg, yield 99%). Crude peptide was directly purified by
reverse-phase medium-pressure liquid chromatography on a Nucleo-
prep 20 um CI18 100 A preparative column, using a 0-50% linear
gradient of acetonitrile in 0.08% aqueous TFA (pH 2) for 60 min at
a 25 ml/min flow rate. The purity (>99%) of the peptide was verified
on a Nucleosil 5 um CI8 300 A analytical column, using a 5-40%
linear gradient of acetonitrile in 0.08% aqueous TFA (pH 2) for 20
min at a 1 ml/min flow rate (119 mg, yield 63%). Positive ion electro-
spray ionization mass spectrometry revealed a molecular mass of
1933.76 £0.54 (expected: 1934.26).

2.1.2. Fragment 9-38. Synthesis was performed using the ex-
tended double coupling protocol. Deblock steps were improved with
two successive deliveries of piperidine instead of a single one (yield
84%). The Cys-16 residue of the sequence was substituted with a
serine to avoid oligomerization effects. The cleavage method was the
same as for fragment 25-38 except for peptide isolation, which was
mostly improved by extraction of the Et,O layer with water (182 mg,
yield 61%). Crude product was purified according the latter method,
on a Nucleoprep 20 um C4 300 A preparative column, using a 55—
85% linear gradient of acetonitrile with 30% 2-propanol, in 0.08%
aqueous TFA (pH 2) for 100 min at a 25 ml/min flow rate. During
the purification steps, mass spectrometry revealed the presence of a
contaminant with molecular mass of 3473.14, likely corresponding to
a des-Ala product, scarcely resolvable by HPLC. In this case, five
purification steps were necessary to remove this contaminant and to
obtain with a low yield the target peptide. Purity (> 95%) was finally
verified on a Nucleosil 5 um C4 300 A analytical column, using a
52-65% linear gradient of acetonitrile in 0.08% aqueous TFA (pH 2)
for 20 min at a 1 ml/min flow rate (11 mg, yield 6%). Positive ion
electrospray ionization mass spectrometry revealed a molecular mass
of 3544.20 £0.32 (expected: 3544.33).

2.2. NMR experiments

2.2.1. Fragment 9-38. Samples were prepared using 3 mM of the
PMP1 fragment solubilized in 90:10 H,O:D,0 solutions containing
120 mM of DPC-dsg micelles (CIL, USA). The pH value was adjusted
to 5. '"H-NMR experiments were carried out on a DRX 600 Bruker
spectrometer at 35 and 45°C. Total correlated spectroscopy (TOCSY)
and nuclear Overhauser enhancement spectroscopy (NOESY) spectra
were recorded with mixing times of 80 ms and 100-250 ms respec-
tively.

2.2.2. Fragment 25-38. Samples were prepared using 4 mM of the
PMP1 fragment solubilized in 90:10 H,O:D,0O solutions in the ab-
sence and presence of 120 mM of DPC-dsg micelles. The pH value
was adjusted to 5. '"H-NMR experiments were carried out on a DRX
500 Bruker spectrometer at 25 and 35°C. TOCSY and NOESY spec-
tra were recorded with mixing times of 80 ms and 50-100 ms respec-
tively. DPC titration experiments were performed by adding small
aliquots of a 800 mM DPC stock solution to the peptide sample
previously solubilized in a 90:10 H,O:D,O buffer. For modeling
the Y25-F38 peptide, we used the latest release, 6.6, of Sybyl (Tripos
Inc.). Tripos force field with electrostatics was used for minimization
and dynamics.

3. Results

3.1. Conformation of the F9-F38 fragment in DPC micelles
Proton assignment of the F9-F38 fragment solubilized in
perdeuterated DPC-dsg micelles was achieved using standard
TOCSY and NOESY experiments. Fig. 1 shows the amide
proton region of a NOESY spectrum, whose dispersion is
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Fig. 1. Amide proton region of a NOESY spectrum (100 ms mixing
time) of the F9-F38 peptide (3 mM) solubilized in the presence of
DPC micelles (120 mM) in a H,O:D,0 9:1 solution pH 5 at 35°C.

characteristic of highly structured peptides. Fig. 2A summa-
rizes the sequential and medium range NOEs involving the
backbone protons. A set of intense NH-NH (i,i+1) NOEs
associated with a continuous network of CaH-NH (i,i+3)
and (i,i+4) contacts indicates the formation of a unique helix
from the N-terminus up to Q32. The secondary structure of
the F9—F38 peptide thus confirms that previously observed for
the shorter A18-F38 peptide [10]. However, the residual NH
signals observed in a D,O solution for the F9-F38 peptide
(Fig. 2A) arise from 11 consecutive residues (I117-K27) instead
of only four in the case of the A18-F38 peptide [10]. This
result assesses the stability gain provided by the additional
helix turns.

The distribution of the residual NH signals along the 117-
K27 segment also means that the residues of two helix turns
(F9-S16) in the N-terminus but of only one helix turn (W28-
Q32) in the C-terminus are less stable than those of the helix
core. The difference in flexibility observed between the N- and
C-termini can be readily explained as follows. First, the
C-terminal part of the helix comprises the interfacial anchor-
ing residues Y25 and W28, which contribute to its stability as
compared to the N-terminus whose fraying is not restricted.
Second, as mentioned in our paper dealing with the structure
of the 18-38 fragment previously studied [10], the helix
C-terminus of PMP1 is further stabilized by capping interac-
tions, not observed in the N-terminus.

Examination of the Ho chemical shift indices (ASHa) of the
F9-F38 peptide (gray bars in Fig. 3) highlights two important
conformational features. First, they confirm the existence of a
unique helix [16]. Second, in the C-terminus region extending
from Q32 up to F38, the ASHo profile of the F9-F38 peptide
fully fits that previously obtained for the A18-F38 peptide
[10]. This result indicates that the average conformation of
the cytoplasmic loop is similar for both peptides. In summary,
the A18-F38 and F9-F38 fragments exhibit the same struc-
tural features, apart from the stability gain observed for the
F9-F38 peptide, provided by the three additional helix turns.
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Fig. 2. Sequential and medium range NOEs involving the backbone protons of (A) the F9-F38 peptide and (B) the isolated cytoplasmic do-
main Y25-F38, solubilized in the presence of perdeuterated DPC micelles at 35°C, pH 5.0. The bar thickness refers to the NOE intensity
(strong, medium, weak); a gray bar corresponds to an ambiguous NOE. The open symbol (H/D exch) indicates the residues of the F9-F38

peptide whose NH signal is still detected after 24 h in D,O solution.

3.2. Conformation of the Y25-F38 C-terminal domain in
aqueous solution, in the absence and presence of
DPC micelles

In contrast with the previous PMP1 fragments studied, the
isolated Y25-F38 C-terminal domain is soluble in pure aque-
ous solution. Fig. 4A shows the low-field region of the corre-
sponding NMR spectrum. The very weak dispersion observed
for the NH signals, around a mean value of 8.3 ppm, is char-
acteristic of a highly disordered peptide. In the presence of a
DPC concentration similar to that used for the F9-F38 pep-
tide (120 mM), the spectral dispersion of the NH resonances
dramatically increases (Fig. 4B), which reveals a marked
structuring effect induced by the membrane-like environment.
From TOCSY and NOESY spectra, proton assignment of the
peptide solubilized in micelles was straightforward.

In a second step, the Y25-F38 C-terminal domain was ti-
trated with DPC and the formation of its secondary structure
was monitored following the Ho resonances. Fig. 5 presents
the DPC dependence of selected Ho signals. Upon addition of
DPC micelles, most of the Ho resonances undergo a high-field
shift, characteristic of helical folds. The resulting titration
curves exhibit similar sigmoid behaviors with a plateau region
reached for a DPC concentration of 100 mM (Fig. 5). This is
in particular the case for the two extreme residues, Y25 and
F38, which suggests that the micelle interface exerts a coop-

erative structuring effect on the whole peptide. It has to be
pointed out that the Ha signals of G34 and L35 are poorly
sensitive to the DPC effect although a sigmoid transition can
be detected in both cases.

Fig. 2B summarizes the NOE network connecting the back-
bone protons of the Y25-F38 C-terminal domain, solubilized
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Fig. 3. ASHo chemical shift indices of (A) the F9-F38 peptide (gray
bars) and (B) the isolated Y25-F38 C-terminal domain (black sym-
bols) solubilized in the presence of perdeuterated DPC micelles at
35°C, pH 5.0.
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in 120 mM DPC micelles. Remarkably, this small peptide
exhibits a continuous set of aN(7,i+3) and oN(i,i+4) NOEs
in the Y25-Q32 segment corresponding to the C-terminal part
of the a-helix of the longer A18-F38 [10] and F9-F38 (Fig.
2A) peptides. In addition, one can observe two (i,i+3) NOEs,
oN(34,37) and aN(35,38), which are absent in the NOESY
spectra of the A18-F38 [10] and F9-F38 (Fig. 2A) peptides.

In Fig. 3, the ASHa indices of the Y25-F38 C-terminal
domain (black symbols) are superimposed on those of the
corresponding residues of the F9-F38 peptide (gray bars).
The ASHa profile obtained for the isolated cytoplasmic do-
main is mostly close to that drawn by the corresponding res-
idues of the F9-F38 peptide, except for two couples of resi-
dues, W28-Q29 on the one hand and Q36-R37 on the other
hand. With regard to the Q36-R37 couple, their ASHo values
are found to be significantly greater for the Y25-F38 peptide.
This result can be readily related to the presence of the sin-
gular alN(34,37) and aN(35,38) NOEs previously mentioned
and absent in the FO9-F38 NOESY spectra. Besides, the pre-
ceding G34-L35 couple exhibits weak ASHa values in agree-
ment with their poor dependence on the DPC concentration.
Therefore, the NOE network (Fig. 2B) combined with the
ASHo data (Fig. 3) of the Y25-F38 peptide delineate two
distinct regions: (i) the Y25-Q32 segment that folds into a
native regular o-helix and (ii) the C-terminal G34-F38 seg-
ment that adopts a non-native conformation which may be
either a fraying o-helix turn or a short 3jy-helix, since no
aN(i,i+4) NOE is observed between G34 and F38. Neverthe-
less, molecular modeling analysis using NOE data as con-
straints indicates that the 3;y conformation is mostly
formed.

In the case of the W28-Q29 couple, the ASHa values found
for the Y25-F38 peptide are significantly smaller than those
obtained for the F9—F38 peptide. This decrease most probably
results from an averaging of the ring current effect exerted by

TrTr I T Tt I
8.5 8.0 7.5 7.0 ppm
Fig. 4. Low-field region of the 'H-NMR spectrum of the isolated

Y25-F38 C-terminal domain in the absence (A) and presence (B) of
perdeuterated DPC micelles, at 35°C, pH 5.0.
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Fig. 5. DPC dependence of the Ho signal of residues Y25, W28,
R33, G34, L35 and F38 of the isolated Y25-F38 C-terminal do-
main.

Y25 on the following i+3 and i+4 residues of the helix turn. In
the isolated cytoplasmic domain, Y25 is the N-terminal resi-
due and its side chain is certainly much more flexible than
within the helix of the FO9-F38 peptide.

4. Discussion

A main point to be discussed is the coexistence of native
and non-native conformations displayed by the Y25-F38
C-terminal domain. In the case of the A18-F38 [10] and
F9-F38 (this work) peptides, the cytoplasmic domain is
coupled to a hydrophobic span within the same helix struc-
ture, extending from the N-terminus up to Q32. The Y25-Q32
C-terminal segment of the helix thus points toward a direction
perpendicular to the micelle surface and the following G34—
F38 residues form a loop that folds back toward the hydro-
phobic interior of the micelle [10,11]. The ‘snorkeling’ ability
of the basic side chains R26 and K27, associated with the
anchoring interfacial property of Y25 and W28, ensures the
appropriate positioning of the Y25-Q32 segment [10]. As a
matter of fact, the Y,5-R-K-Wsg motif constitutes a paradigm
sequence since it contains all the four amino acids now iden-
tified as the key residues in the conformational features of
membrane proteins at the interface [1,17,18].

In the case of the isolated Y25-F38 C-terminal domain, the
Y25-Q32 segment still forms an o-helix in the presence of a
membrane-like interface. Uncoupled from a hydrophobic
stretch, the stable orientation of this amphipathic two-turn
helix is obviously to lie parallel to the micelle surface. The
persistence of G34 as a transition residue and the presence of
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a short 3jp-helix in the C-terminal part can then be simply
explained as follows. As the N-terminal region, the L3s-Q36-
R37-F3g C-terminal segment exhibits an amphipathic sequence
able to form a helical structure lying at a water—-membrane
interface. However, simple modeling considerations show that
a full helix extending from Y25 up to F38 would expose F38
on the same side as that formed by the basic residues. In
contrast, the occurrence of a break around the G34 residue
followed by the formation of a short 3jp-helix allows the
whole Y25-F38 sequence to adopt a regular amphipathic
rod-like structure, in which the four hydrophobic residues
Y25, W28, L35 and F38 are located on the same side, i.e.
buried toward the micelle interior.

Therefore, in both the isolated Y25-F38 C-terminal domain
and the longer PMP1 fragments, G34 plays its role of tran-
sition residue due to its well-known ability to adopt unusual
¢, values. However, the coupling with a hydrophobic anchor
is necessary to drive the intrinsic conformational propensity of
the cytoplasmic domain towards the appropriate interfacial
fold. Comparing the A18-F38 and F9-F38 fragments shows
that two hydrophobic helix turns, i.e. the A18-124 segment,
are sufficient. Adding supplementary helix turns in the N-ter-
minal part of the hydrophobic span improves the secondary
structure stability but does not exert any additional influence
on the conformational features of the cytoplasmic domain.
Our study thus shows that, in appropriate cases, relatively
easy chemical synthesis of short protein fragments, i.e. such
as the 18-38 peptide, may be suitable for investigating mem-
brane protein folding. In contrast, the study of fully isolated
extracellular/cytoplasmic domains may provide misleading in-
terpretations. Nevertheless, we cannot rule out the possibility
that the conformation obtained for the uncoupled PMP1 cy-
toplasmic domain has a biological relevance. When interact-
ing with the 'H-ATPase in the yeast plasma membrane,
PMP1 may adopt a conformation different from that ob-
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served for the 18-38 and 9-38 fragments in a membrane-like
environment.
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