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ABSTRACT. Conformational studies of the synthesized N-terminal cytoplasmic domain of the canine’Sec61
protein, an essential protein from the translocation pore of secretory proteins across the endoplasmic
reticulum membrane, were performed using two-dimensional proton NMR spectroscopy. This canine
domain is one of the smallest domains within the homologous protein family and may thus constitute the
minimal functional structure. The peptide was solubilized in pure aqueous solution or in the presence of
dodecylphosphocholine micelles mimicking a membras@ution interface. In pure aqueous solution,

the peptide is remarkably unfolded. Forming a stable complex with dodecylphosphocholine micelles, it
acquires a well-defined-helix—loop—a-helix secondary structure, with the first helix, highly amphipathic,

lying at the micelle surface. The loop comprising four residues is delimited by two flanking helix-
capping structures, highly conserved in the whole homologous protein family. No tertiary structure, which
could have been revealed by interhelix NOE contacts, was observed. From these experimental results
and using general arguments based on sequence information and knowledge of-peptid@ane
interactions, a structure of the entire Segitotein in membrane bilayers is proposed.

The earliest event in the export of secretory proteins from  In mammalian cells, a homologous Sec61 complex was
eukaryotic cells is their transport across the endoplasmicfound (Golich & Rapoport, 1993; Hartmanat al., 1994)
reticulum (ER} membrane, followed by signal peptide that also comprises three membrane proteins: Sec61
cleavage, core glycosylation, and folding. It has been shown (Sec61p homologue), Sec61(Ssslp homologue), and
that, in yeast cells, the translocation of secretory proteins Sec6} (to which Sbhlp was found to be homologous).
involves a protein-conducting channel, the Sec61 complex Interestingly, it has been shown that Seg@an functionally
(Esnaultet al., 1994; Panzneet al, 1995). This complex  replace Ssslp in yeast cells (Hartmaatral, 1994).
is called the translocation pore and is also involved in the At the present level of our knowledge on the translocation
insertion of proteins into membrane. The translocation pore machinery, one can now focus on the molecular mechanisms
is formed by the association of three membrane proteins: involved, that is investigate the structarinction relation-

(i) Sec6lp (Deshaies & Schekman, 1987; Stirleigal., ship of the proteins forming the translocation pore. Ssslp/
1992), a 53 kDa protein with 10 transmembrane domains Sec6¥ proteins appear as good first candidates for such an
(Stirling et al,, 1992); (ii) Ssslp (Esnhaudt al, 1993), an investigation since their low molecular mass allows a

8.9 kDa protein anchored to the ER membrane by its conformational study at the residue level by NMR spectros-
C-terminal hydrophobic domain with its N terminus on the copy and because their role is essential for pore function;
cytoplasmic side (Esnaukt al, 1994); and (iii) Sbhlp  severe defects in translocation of several secretory and
(Panzneret al, 1995), a 10 kDa protein with the same membrane protein insertions result from Ssslp depletion
topology as Ssslp. (Esnaultet al,, 1993).

Ssslp and Secflproteins were predicted to possess a
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69 08 81 39, Phone: 33 169 08 28 63, single transmembrane C-terminal segment, most probably

*URA CNRS 2096, CEA Saclay. o-helical, whereas their N-terminal cytoplasmic domain
§ URA CNRS 487, Institut Pasteur. appears strongly amphipathic with a large humber of basic
" CEA Saclay. amino acids and is thus expected to present strong interac-
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® Abstract published ildvance ACS Abstractdlovember 1, 1996. we focused on the N-terminal cytoplasmic domain of the

! Abbreviations: COSY, correlated spectroscopy; CPMG, €arr  canine Sec6jl protein obtained by chemical synthesis. The
Purcel-Meiboom—Gill pulse sequence; DPQss-dodecylphospho- i ion® (i
choline; DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; EDTA, ethyl- C?OICS of Se(t:_G)l rzsults fr':)rg afOUblg Obs.ervatlon'ﬁdg) As
enediaminetetraacetic acid; ER, endoplasmic reticulum; JR, “jump and already men I(_)_ne ’ yea_s sslp an Canl_ne Sec S-
return” pulse sequence; NMR, nuclear magnetic resonance; NOE, complement; (ii) the canine Secgpsequence is significantly
nuclear Overhauser effect; NOESY, nuclear Overhauser enhancemenshorter than that of yeast Ssslp (67 and 79 residues,

spectroscopy; POPC, 1-palmitoyl-2-olesytglycero-3-phosphocho-  yagnectively), and the difference exclusively concerns the
line; Ry, longitudinal relaxation ratdR,, transverse relaxation rate; SA,

simulated annealing; TFA, trifluoroacetic acid; TOCSY, total correlated N-terminal domain. Therefore, the cytoplasmic domain of
spectroscopy. canine Sec6l is believed to represent the minimum
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functional unit for this component of the translocation pore. COSY, TOCSY, and NOESY phase sensitive spectra were
Our aim is thus to analyze the conformational properties and collected either on a Bruker AMX 500 or on a Bruker AMX

the stability of the N-terminal cytoplasmic Seg6domain 600 spectrometer at different temperatures frethto 24
either in pure aqueous solution or in a membrane-like °C (pure aqueous solution) and from 22 to 45 (in the
environment. presence of micelles). Chemical shifts were referenced from
The canine Sec6l sequence is DQVMEVEPSy the DSS signal. The water resonance was suppressed either
RQFVK1sDSIRLyVKRCT2sKPDRK3EFQKI3sAMATA 40 by presaturation or by using the JR sequence (Plateau &
IGFAIsMGFIGsgFFVKLssIHIPIgoNNIIV 6sGG. Guaon, 1982). In general, a total of 48 (COSY and

The cytoplasmic domain can be predicted to spanthe D TOCSY) or 80 (NOESY) transients were acquired with a
K34 Segment, and the transmembrane domain to spagsthe | fecycling delay of 1 s. Increments (512) of 2K data points
Hs; segment. The present paper reports the results of ourwere collected for each two-dimensional experiment, yielding
NMR conformational study of the synthesized canine Sec61 @ digital resolution of 6 or 8 Hz/point in both dimensions
N-terminal cytoplasmic domain, extended to residug, G after zero filling. Shifted squared sine-bell functions were
solubilized either in pure aqueous solution or in the presenceused for apodization. The mixing times were 80 and 150
of dodecylphosphocholine micelles mimicking a membrane Ms for the TOCSY and NOESY experiments, respectively.
solution interface. From the experimental results and using The longitudinal and transverseN relaxation ratesR,,
general arguments based on sequerstricture relationship  andR;) of the®N-labeled Val 21 residue were measured on
information and knowledge of peptidenembrane interac-  a Bruker AMX 500 spectrometer in the absence and presence
tions, a model for the structure of the entire Secptotein of DPC micelles at 28C using one-dimensiondH—°N

in the membrane bilayer is proposed. experiments derived from the two-dimensional pulse schemes
proposed by Kayet al. (1989). A recycling delay of 4 s
MATERIALS AND METHODS and a refocusing delay of 1 ms (CPMG) were used.

Longitudinal and transverséP relaxation ratesR; andRy)

of DPC micelles were measured at 202 MHz on a Bruker
AMX 500 spectrometer in the absence and presence of
peptide at 25C. Standard inversion recovery and CPMG

Peptide Synthesisin order to minimize possible boundary
effects, the predicted sequence of the SecBlitterminal
cytoplasmic domain (35 residues) was extended to 42

residues with the sequenca@/MQ:FVEPSRQFVKss- sequences were used with a recycling delay of 10 s and a
DSIRLzoVKRSTzsKPDRK3EFQKIAMATA 40 G.. refocusing delay of 2 ms (CPMG). N#i—3P NOE was
To prevent a potentially o_hsturbmg d|_mer|_zat|on, Cy§_24 detected, thus confirming that ti¥&P relaxation is solely
was replaced by a Ser residue. The identically modlfleq governed by the chemical shift anisotropy at 202 MHz.
chsslp \(/jva? found to Igerfectly cor(nplerknsnt adyeast strain Molecular Modeling We used the last release, 6.1, of
eprived of any8SSWild-type gene (F. Skiba and F."Kes, . ; S
unpublished data). The Cys24Ser mutation is therefore notSybyl (Tripos) for analyzing the N.OE data |n.terms of
secondary structure and for modeling the entire Sec61

expected to change the function of the protein. : : . . X
The peptide was synthesized by the Merifield solid-phase protein. Tripos force field with electrostatics was used for
minimization and dynamics. The entire protein was con-

?ittm%ii(z'\élfrrlpﬁédé 1r?t?]?é)s%nv\?;SA%F::cf:jngslﬁ;emos543&%‘0'structed, and the secondary structure, partly resulting from
y : Y P g9 the experimental study of the cytoplasmic domain, was set.

2;:? V(;?; Pglg:}ereigi.ngSt?hpéNlZ(taaﬁggr%atlcc:)nug;;g;e)ppiﬁgtlde Hydrogen bonds, accqrding to secondary_strupt_u_res, were

protocols. ThéSN Val in position 21 was incorporated using added \_Nhenever p053|ble. After construction, |n|t|al_ struc-
file normally assigned to this amino acid and filling the U'eS With the desired topology (see text) were obtained by

at y 9 9 setting interhelix constraints. After a rough minimization,

Ia:lggge;i C'gaclf 2:]:’ Itdhgee \év'ttri] dgsrez(i)r? ((ielnv?t\l/\v/zs(s:]tr)l'segeodp’to the loop residues, R23D28, were subjected to simulated
) Pep -9 ) annealing from 700 to O K for 3 ps. The initial structures,

the low—high HF cleavage (Tam & Heath, 1983). The crude _ .. = . X L

; " . with interhelix constraints, were then minimized by alternat-
peptide (484 mg) was purlfl_ed on BIO Gel P4 using O'.l.M ing short low-temperature (2 ps, 50 K) dyna)r/nics and
ACOH as eluent. The peptide (150 mg) was then purified minimization runs on the entire structure until the potential

Sgir? '\;u:ge?s"sgé/m”gégre’?g d/?eﬁfg}lgrfgiﬁpr\illg iCnOI(l)”(?gc;/ energy remains stable. Then, the interhelix constraints were
a ugous TFA for 200 min atga6 mL/min flow rate. The .finalo removed, and the whole structures, with only secondary
q ' structure constraints, were subjected to a 300 K dynamics

. ; 0 )
pum”gl(%f ;g% 'pg)\eg):gle ti(gagl /<(:)3)I\lljvr?1s;1 CSSei%keg gg t?) gg‘f/:lelase"a? for 20 ps, to check the stability of the structure and eventually
“ y ' 9 0 to make sure that the structure corresponded to, at least, a

gradient of the same eluents as above, at a 1 mL/min flow o .
rate (r = 14.24 min). The yield was 45 mg. The positive I:}?gﬁ;:{;gy minimum. - Surviving structures were further

ion electrospray ionization mass spectrum was 4879.8 Da
(expected, 4879.6 Da). RESULTS AND DISCUSSION

NMR Experiments.Samples were prepared from 7 mg
of pure peptide dissolved inJD or in 90:10 HO/D,O 10 NMR Data of the Peptide Solubilized in Pure Aqueous
mM phosphate buffer containing 0.1 mM EDTA to give a Solution The N-terminal cytoplasmic domain of canine
final concentration of 3 mM. A second set of samples was Sec6¥ protein was found easily soluble in aqueous solution
prepared by cosolubilizing 7 mg of pure peptide and 24 or at the NMR concentrations. Proton resonance assignment
48 mg of deuterateddsg-dodecylphosphocholine (DPC) was performed on a 3 mM sample using standard COSY,
(SMM, CEA, France) in the same buffer as described above. TOCSY, and NOESY experiments recorded at different
The pH was adjusted to 5.0 in most experiments. Sets oftemperatures—<1, 9, 11, 20, and 24C). Proton chemical
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Ficure 1: (A) a-Proton chemical shift indexe&da = doops —
0., for the peptide solubilized in aqueous solutior-dt°C and

pH 5. Filled and hollow symbols respectively correspond to positive
and negativé\da values. (B) Temperature coefficients of the amide
protons for the peptide solubilized in aqueous solution (solid line)
and for random coil peptides (dashed line) (Merutkal., 1995).
Filled and hollow symbols respectively correspond to temperature
coefficients smaller and larger thar6 ppb/K.

shifts of the peptide measured atl °C are given as
Supporting Information. The weak spectral dispersion of
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associated with &\da value of —0.1 ppm (-region). In
fact, the negativeAda value has to be related to a ring
current effect induced by the neighboring F6 residue since
the V7 H3 and Hyy' proton chemical shifts (1.925 and 0.91
ppm, respectively) also appear significantly high-field shifted
from their standard values (Merutled al., 1995). Such an
effect suggests the existence of a hydrophobic cluster
involving F6 and V7. Furthermore, the presence of a strong
NN(7,8) NOE and the set of NOEs observed between F6
and V7, V7 and E8, and F6 and E8 side chain protons also
support this view. Existence of highly populated residual
structures, based on hydrophobic side chain clustering, is
now quite commonly observed in the unfolded state of
proteins (Garvegt al,, 1989; Evan®t al,, 1991; Broadhurst

et al, 1991; Neriet al, 1992; Alexandrescet al, 1993;
Macquaireet al,, 1993; Smithet al, 1994; Lumb & Kim,
1994). These structures are thought to constitute important
initiation sites of secondary structure in the early state of
folding.

The temperature dependence of the amide proton chemical
shifts was also studied, and Figure 1B shows the temperature
coefficients obtained for each residue. The dashed line
shows the values measured for amide protons in random coil
peptides (Merutkaet al, 1995). Most of the coefficients
are close to the coil values which confirms that the peptide
is poorly structured in aqueous solution. However, four
residues-Q2, V7, S17, and Q33exhibit a temperature
coefficient lower than—-6 ppb/K, indicating a significantly
slower exchange between their amide proton and the solvent.
For both glutamine residues, Q2 and Q33, it probably results
from an intraresidue side chain to backbone hydrogen bond.
In the case of S17, the low temperature coefficient supports
the existence of a partial helical structure in the region
previously delimited by theAdo index. Lastly, the low
temperature coefficient of V7 is in agreement with the
presence of a (F6-V7-E8) cluster.

NMR Study of the Peptide in the Presence of Dodec-

the amide proton signals (0.7 ppm) and the scarce NOEylphosphocholine Micelles: #dence for the Formation of

pattern apart from intenseN(i,i+1) correlations indicate
that the peptide is poorly structured in aqueous solution.
Nevertheless, a few NN{+1) correlations and one medium
range aN(14,17) correlation, both characterizirnghelix

a Stable Peptide DPC Micelle Complex In a first experi-
ment, perdeuterated DPC (150 mM) was added to the peptide
sample. Taking into account the peptide concentration (3
mM) and the aggregation number of a DPC micelle (about

structures, were found. The overall conformational tendency 50, Lauterweiret al., 1979), the [peptide]/[DPC] molar ratio

of the peptide was described using the ldhemical shift
index (Ada). For each residue, this index was determined
by subtracting the random coil chemical shift valdeyi
(Merutkaet al,, 1995), from that measured atl °C, 00Qobs
(Ad0L = O0ops — O0oi). Figure 1A shows thé\do index
profile of the 42-residue peptide. The wealda values

approximately corresponds to one peptide molecule for one
micelle. Addition of DPC micelles considerably modifies
the peptide spectrum, especially the spectral dispersion of
the NH signals that is increased from 0.7 to 1.3 ppm. Such
a large increase indicates that the DPC molecules strongly
interact with the peptide and undoubtedly largely modify its

confirm the absence of any stable secondary structure forconformation.

the peptide solubilized in pure aqueous solution. However,
in the S16-S17 segment, thada values are predominantly

In order to more precisely characterize the peptihicelle
association, relaxation rate measurements were performed.

negative, suggesting a weak preference of the peptide forFor this purpose, &N-labeled valine residue was incorpo-
the helix secondary structure, in agreement with the observedrated into the synthesized peptide at position 21, i.e. in the

oN(14,17) NOE. Nevertheless, the largest negathde
values do not exceed0.1 ppm and are thus quite far from
the values observed for a stable helix (abet@.4 ppm,
Wishartet al, 1992). Lastly, most of the measurédjy

middle of the sequence!®N R; andR; relaxation rates were
measured in the absence and presence of micelles&.25
As shown in Table 1, addition of micelles led to a large
increase théz, value. Using the well-known formalism of

values are between 6 and 8 Hz which indicates the absence jpari and Zsabo (1982) and neglecting the effect of internal

of any stable structure in agreement with the NOE Add.
data.

With regard to the V7 residue, an apparent contradictory
result was noticed, that is %,y value of 9 Hz §-region)

motions, a crude evaluation of the correlation time
characterizing the overall motion of the peptide, was derived
from theR; andR; values. We foundr values of 3 and 10

ns for the free peptide and the peptithaicelle complex,
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Table 1: Longitudinal R;) and TransverseR) Relaxation Rates of
the Peptidé®N V21 Residue and of the DP&P Head Group
Measured at 25C

Ri(s!) R(sh)
15N V21 (peptide) in the absence of DPC 17 3.2
15N V21 (peptide) in the presence of DPC 1.4 115
31p (DPC) in the absence of peptide 0.9 3.2
31p (DPC) in the presence of peptide 1.2 7.6

ppm v

7.8

Op

21/22 37/38

7.9 i
1617 @ 3132

o) 28729 @
/11 9

o
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8.1

8.7 84

FiIGurRe 2. Amide proton region of the NOESY spectrum (500
MHz, mixing time and 150 ms) for the peptide solubilized in DPC
micelles at 38C and pH 5.
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respectively. In parallel, th&P R; andR; relaxation rates
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Ficure 3: Diagram showing the sequential and medium range NOE
connectivities for the peptide solubilized in the presence of DPC
micelles at 38C and pH 5. The ProCH, protons are used as the
NH proton.

sequential NNi(i+1) NOEs andi(i+3)/(i,i+4) correlations
characteristic ofi-helices: M4-K22 and R29-T39. Within

the first helix, one can notice the presence of a Pro9 residue
which could disrupt the integrity of the helix. However,
significant N9(8,9) NOEs indicate a preferred trans confor-
mation for the P9 residue and the P9 signals associated with
the cis configuration are indeed very small, corresponding
to only a few percents of this configuration. In addition, an
oN(7,10) NOE is observed. We thus conclude that the-M4
K22 segment forms a unique helix. Nevertheless, the
significant increase of the number ¢fi¢3) NOEs observed
when passing from M4P9 to S16-K22 indicates that the
presence of the Pro residue increases the flexibility of the

of the DPC head group were measured in the absence andN-terminal end.

presence of the peptide (Table 1) atZ5 Upon addition
of peptide, thé’P R, value is significantly increased, and in
agreement with th&N relaxation study, the DPC relaxation

As for the NOE network, theAHa index (Figure 4A)
clearly establishes the formation of stable helical secondary
structures for the peptide in the presence of DPC. For the

parameters are consistent with the formation of a complex first helix region defined by the NOE data, M&22, the
having a correlation time corresponding to a molecular masscorrespondingAHa. profile exhibits (,i+3) oscillations of
of about 206-25 kDa, that is the expected range for one negative amplitude (apart from the singular P9-S10 motif),

peptide solubilized in a micelle.

characteristic of a stable amphipathic helix with a frayed

In a second set of experiments, the DPC concentration N-terminal end. Theé\Ha profile relative to the second helix
was doubled but no further spectral change was observeddefined by the NOE data, R2939, also displays charac-
This shows that the characteristic saturation plateau wasteristic (,i+3) oscillations of negativdHo amplitudes that
already reached at the lower DPC concentration and that full are however weaker than those observed for the first helix.
solubilization of the peptide was achieved [see also for The R23-D28 segment connecting both helices, designated

instance Cordier-Ochsenbeiet al., (1996)]. This also

A (M4—K22) and B (R29-T39) in the following, exhibits

indicates that the occurrence of peptide oligomerization null or positiveAHa values consistent with a loop structure.

within the micelle is unlikely. In addition, such an oligo-
merization inside the micelle is known to give rise to

Examination of the amino acid sequence of the cytoplas-
mic domain of the canine Secplprotein suggests the

characteristic NOE contacts clearly not detected here. Theoccurrence of several possible motifs able to form local
absence of oligomerization is also consistent with the structures, initiating or stabilizing the tw-helices. First,
markedly charged nature of the fragment which has four we observed that the B-helix starts with a characteristic D

positive charges in excess.

XXE3; capping box motif known to form a very stabilizing

Structure of the Peptide Solubilized in Dodecylphospho- N-terminal structure. The structure of N-terminal capping

choline Micelles. From standard COSY, TOCSY, and
NOESY experiments recorded at 22, 30, 38, and°@5

boxes such as the DXXE motif has been recently described
for several helices (Harper & Rose, 1993; Lgual., 1993;

almost all the proton resonances were assigned (Supportinglimenezet al, 1994; Sealet al, 1994; Muioz & Serrano,
Information). Figure 2 shows the amide proton region of 1995; Mufoz et al,, 1995) and consists ofi&d+3 reciprocal

the NOESY spectrum recorded at 38. The structuring

side chain to main chain hydrogen-bonding network. The

effect induced by the DPC micelles on the peptide, already occurrence of an N-capping structure is strongly supported
indicated by the large increase of the NH spectral dispersion,by the intenseg3N(28,30) NOE (Figure 3), by the strong
was clearly confirmed by the abundant NOE network magnetic nonequivalence of the D28’ signals (0.1 ppm),
summarized in Figure 3. Two regions exhibit intense and especially by the very low temperature coefficients of
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FIGURE 4. (A) a proton chemical shift indexeg\do. = ddtops —
Od0Loi, for the peptide solubilized in the presence of DPC micelles
at 38 °C and pH 5. Filled and hollow symbols respectively
correspond to positive and negati%@a values. (B) Temperature
coefficients of the amide protons for the peptide solubilized in the
presence of DPC micelles (solid line) and for random coil peptides
(dashed line) (Merutkat al, 1995). Filled and hollow symbols
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with the capping structure. There is no experimental
evidence for such a salt bridge apart from an ambiguqus
(31,34) NOE (Figure 3). However, molecular modeling
demonstrates that the D2&31 capping box is not incom-
patible with an E33+K34 salt bridge and even with a reverse
K26—E31 salt-bridge. In addition, the single R9Q335
NOE indicates an interaction between the R29 guanido group
and the Q33 carboxamide group. Lastly, no tertiary structure
which could have been revealed by interhelix NOE contacts,
was observed.

Location of then—Loop—o. Motif within the DPC Micelle.
Figure 4B shows the amide proton temperature coefficients
plotted versus the residue number for the fragment in micelle.
The values present a very large range of variation, extending
from —11 to+4 ppb/K, together with a marked alternation.
Amide proton thermal coefficients are related to hydrogen
bond stability, that is to structural effects, as well as to water
molecule accessibility. However, given the homogeneous
secondary structure revealed by other NMR data, structural
effects cannot account for such an amplitude and distribution
of the thermal coefficients. On the other hand, most of the
A-helix residues exhibiting a low amide thermal coefficient
have their amide group mainly located in the apolar side of
this amphipathic helix. Thus, the marked alternation of the
thermal coefficients rather indicates that the peptide experi-
ences two different environments at the same time. This
result is clearly consistent with the A-helix lying at the
membrane interface which is expected for a highly amphi-
pathic helix exhibiting 10 apolar residues on one side and 8
charged plus 4 polar residues on the other side. For the
B-helix residues, there is no correlation between the thermal
coefficient values and the polarity of the residues as for the
A-helix. This may result from a different average location
of the B-helix in the membrane interface; for instance, the
hydrophobic C-terminal part of the peptide, about five
residues, might point toward the lipidic interior. In conclu-
sion, the cytoplasmic domain of Seg6donstitutes a well-
defined a—loop—a. motif with at least one helix lying at
the membrane interface.

Comparison with Homologous Proteinghe sequence of
a number of Sec61homologues from different organisms
is available (Hartmanmt al, 1994; Murphy & Beckwith,

respectively correspond to temperature coefficients smaller and 1994) (Figure 5). The N-terminal parts of the corresponding

larger than—6 ppb/K.

both D28 and E31 amide signalst3.5 and 0 ppb/K,

cytoplasmic domain of these homologous proteins are quite
different in length and generally have unrelated sequences
apart from their conserved amphipathic nature. The SecE

respectively; Figure 4B). Second, we observed that the of Escherichia colirepresents a very special case since its
A-helix ends with two positively charged residues, K22-R23, N-terminal domain comprises two transmembrane segments.
known to have important capping ability at the helix C In contrast, there are several striking sequence conservations
terminus (Bordo & Argos, 1994). Whereas the N-terminal in the homologous segment approximately corresponding to
capping box of the B-helix can be easily assessed from thethe canine K22 F32 segment (Figure 5). The remarkable
NMR data, we have no direct evidence for the A-helix conservation concerns the A-helix C-terminal capping Lys/
C-terminal capping. Indirect evidence may be found in the Arg residues and the N-capping residues of the B-helix,
slightly positive Ada value (Figure 4A), thus nonhelical, including the Pro residue. The conservation of a capping
observed for R23, associated with the largely positive value box motif, PDXXE or P(S/T)XX(E/Q), at the B-helix N
(+3 ppb/K, Figure 4B) observed for its amide thermal terminus is impressive. There are two excepti®@egillus
coefficient, reflecting a strong hydrogen bonding. Third, the subtilis and Bacillus licheniformis with the particular
A-helix possesses a potentiai{3) salt bridge, D16R19. PKGKE sequence where the standard N cap residue D, S,
This salt bridge formation is supported by the presence of or T is replaced by an ordinarily noncapping Lys residue
anay(16,19) NOE (Figure 3) and by the significant magnetic but where the following, N cag- 1, residue is now a Gly.
nonequivalence of the D166' and R19yy' signals (0.14 Such a possible capping sequence has not yet been described.
ppm for both methylene groups). Fourth, in the B-helix,  Finally, these elements of conservation markedly suggest
residues E31K34 may also form a salt bridge, competing that the P9-K34 o.—loop—a. motif constitutes the minimal
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(7) EPSRQFVKDSTRLVKRCTKED!

EFQKIAMATAIGFAIMGFIGFFVKLIHIPINNIIVGG

{8}

EPSRQFVKDSIRL ICTKED!

EFQKIAMATAIGFAIMGFIGFFVKLIHIPINNIIVGG

{14) EPSRQFVKDSIRLVKRCTK

|||

FOKIAMATAIGFAIMGFIGFFVKLIHIPINNIIVGG

(8) EPSRQFVKDSIRL TK

EFQKIAMATAIGFAIMGFIGFFVKLIHIPINNIIVGG

(7) DPLREFAKDSVRL' HK

EFTKVAARTAIGFVVMGFVGFF

KLIFIPINNIIVGSG

{21) DPLRDFTKDSIRL HK

KKKKK

TKVAVRTAIGFVVMGFVGFFVKLIFIPINNIIVGAT

(17} DPLRDFAKDSIRL! HK

|||||

TKVAVRTAIGFVVMGFVGFFVKLIFIPINNIIVGAT

(21} EAPVEFVREGTQFL

DLKEYTKIVKAVGIGLIAVGIIGYAIKLIHIPIRYVIV

(8) QIPKNFYKEGSHFI]

BFLSISKAVATGFVLMGLIGYIIKLIHIPINKVLVGGA

(2) DIIKRLREDWKRIISWAKKEL

DSFNYSTRLTLLVMAVVGLIAYIVQLTTSLIIR

(64}

KATVAFAREARTE IWHT

JETLHTTLIVAAVTA'

MSLILWGLDGILVRLVSFITGLRF

(6) APKDSFFKGVISEMEKTSWHTKEEHT

LKYTTIVIVTVVFFLIFFYALDLGIGKLIELIS

(43) TKARAFFNDSRTE

7

ROTTLIVIGVTMIASLFFWAVDSIIVTVINFLTDLRF

{0) EKLRKFFREVIAEAKKISWHSRKEL

LTSFGVVLVILAVTSVYFFVLDFIFSGVVSAIFKALGIG

(16)

GRLALFYRQIVAELR WBTRSC

LTTYT

IVF MIGLVTVLDIGFARVVKYVFG

(24) GRLALFYRQIVAEL

P
=

NQLTTYTTVVIVFVVIMIGLVTVIDFGFEKATKFVFG

Beswick et al.

C-terminal break at the H57 residue thus considered as the
C-cap residue. Ousecond assumptiois that the D28

H57 segment constitutes a single helix, roughly oriented
parallel to the bilayer normal. The reason for this is the
absence of helix-breaking signal other than the DXXE
capping box already described. The only residue that could
participate in a helix break, as an N-terminal capping residue,
is T39. However, threonine residues are frequently found
in transmembrane helices with no capping, i.e. helix-breaking
property (see for instance the structure of #hr&lis reaction
center; Deisenhofeet al, 1989), and thus, in this context
of transmembrane helix, the single T39 residue was not
considered as a helix-breaking signal. Tast assumption
concerns the topology of the two helices. Interactions with
the membrane surface impose on the markedly amphipathic
A-helix a severe restriction on its axial rotational freedom.
This restriction results in topological constraints on the
disposition of the transmembrane B-helix with respect to the
A-helix. If, in addition, the two helices are constrained to
interact, then the available topologies reduce to two ap-

proximately mirror anch priori equivalent topologies, which
roughly places the B-helix on either side of the A-helix.
Modeling the entire protein is now rather straightforward.
The two helices were first positioned at a right angle in either
main topologies and initially set to contact themselves in
the region of their extremities in order to form a minimum
compact structure. In a second step, the loop residues; R23
FiGURe 5: Alignment of the eukaryotic Secglsequences with D28, and the C-terminal fragment, H5&67, were annealed
the bacterial SecEp sequences. Most of the sequences were obtainedith the sole capping constraints relative to R23, BEB1,
from Hartmannet al. (1994) and Murphy and Beckwith (1994).  and H54. The whole structures were then minimized as
The numbers in parentheses correspond to the remaining N-terminalye gcriped in Materials and Methods. The two models were
residuesnot indicatedin the figure. The conserved proline is . -
indicated in bold. The potential N-capping box and C-capping SuPsequently subjected to a 20 ps dynamics at 3@atout
residues are framed. Residue numbering corresponds to the canin@ny interhelix constraints Only one topology gave a stable
Sec6). Amino acid sequences froanis Mus, Rattus Homo structure, and the corresponding model is presented in Figure
sapiens(H.sap), Rice Arabidopsis thaliana(A.tha), Brassica 6. The stability of this configuration can be explained by
gﬁg}gﬁ;ﬁg’rgz)ﬁqbsggf;ggfbrgycseu? ﬁfﬂges(afgfgr’@?éz_ggﬁ,& the two following features: (i) it allows the formation of a
Escherichia coli(E.coli), Staphylococcus carnosiS.car), Hae- hydrophobic core involving L20, I35, and A38 and (ii) it
mophilus influenzagH.inf.), Thermogata maritimgT.mar), Strep- allows the formation of an abundant hydrogen bond network
tomyces griseuS.gri), Streptomycesirginiae (Szir.), Thermus between the two helices, namely D1&34 and R19-E31.
thermophiluT.therm), Synechocystis sf5.speg, Bacillus subtilis | the reverse topology, the loop is much more constrained
gg..sgrbo)\’/viicmus licheniformigB.lich.), andRickettsia prowazekii anql does not aIIOW_any stable contact between the tWO helices
which are left floating around each other. Two criteria can
structure for the cytoplasmic domain of the SegfSecE be used to validate the main features of the model, namely
component of the translocation pore. Interestingly, the length the distribution of the hydrophilic residues with respect to
of the canine Sec1P9-K34 segment corresponds, within  the reference membrane interface and the distribution of the
very few residues, not only to the length of the smallest hydrophobic residues with respect to the membrane thick-
known SecE, namely that d@. subtilis, B. licheniformis ness. In Figure 6, the phospholipidic bilayer is represented
and Thermogata maritimabut also to the shortest active by two phospholipid molecules (partially disordered POPC)
fragment of the very much longé&. coli SeckE described by  delineating a biological membrane with the appropriate
Murphy and Beckwith (1994). thickness, that is-38 A between the two opposite glycerol
Modeling the Entire Sec@l Protein. The signals of C2 atoms (White, 1994). One can thus observe that the polar
secondary structure which are encoded in the sequence oN-terminal segment D28K34 of the B-helix, the hydrophilic
the Sec6% family are rather strong and can be used to build loop, and the hydrophilic face of the A-helix can be located
a compact model of the entire protein. These signals arein the same region with respect to the reference membrane
the two previously described capping structures and the end-surface and, as a consequence, exactly occupgah@ A
of-helix signal constituted by the K54H57 doublet after  thick phospholipidic interfacial region which comprises the
the stretch of 19 hydrophobic residues, 1383. The glycerol and the polar head parts. The bare hydrophobic
histidine residue is indeed a quite common residue found atpart, 135-V53, of the transmembrane helix (full B-helix)
the Ccap position in helices (Salt al., 1988; Dasguptat covers 19 residues, that is 27 A betweencarbons.
al., 1993) as it is also the case for the lysine residue at the Considering that the effective hydrophobic part of the helix
C2 and C3 position (Ccaf2 and Ccap-3). Ouir first can be reasonably defined as extending from residues 135
assumptiorto build the Sec6it structure is thus the occur-  to H57, one obtains a length of 33 A. This pretty well fits
rence, at the end of the predicted transmembrane helix, of athe membrane hydrophobic core. It is worth noting that the

T.therm. (0) FARLIRYFQEARAEL TWRTRE BGTQATLLFTLAFMVYLGLYDTVFRFLIGLLR

S.gpec. (19) QARSNFIAATKDELQI WHSRQQLISESVAVILMVILVSTVIYFVDQIFGWITKQPFLFG

B.sgub. (o) RIMKFFKDVGKEMKR TRYTITVISTVIFFVIFFALLDTGISQLIRLIVE

B.lich. (0) GIIKFLKNVGKEM TRYTITVITTVIFFAIFFALIDSGITQLIRLIVE

R.prowa. (3) EYRIYKFFEQVKQETYKVF IASTLVVVATVFIFSLICLVLDYSIHNIMQLLLTIGK

C-cap N-cap
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Ficure 6: Two orthogonal views of the Secpprotein compact model within a reference membrane bilayer. The green ribbon corresponds
to the fragment studied, and the orange ribbon corresponds to the remaining C-terminal part of the protein for which there is no experimental
structural information available. Polar and apolar amino acid side chains are respectively colored orange and blue.

model shown in Figure 6 represents a reasonable structureSUPPORTING INFORMATION AVAILABLE

with the maximum possible compactness. This means that . . . . .
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L . ; solution at—1 °C and pH 5 andH chemical shifts for the
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