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Polar Networks Control Oligomeric Assembly in Membranes
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Despite the central importance of membrane proteins to cell da a d a d a d a
biology and pharmaceutical science, our understanding of the MS1 BQLLIA VLLLIAV NLILLIA VARLRYL VG
features determining their structures is at a primitive state when MS1-V13S BOLLIA VLLLIAS NLILLIA VARLRYL VG
compared to that of water-soluble proteins. However, polar interac- MS1-V13T BQLLIA VLLLIAT NLILLIA VARLRYL VG
tions are beginning to emerge as important features for folding of ; CQ e. \b‘f
both natural proteins as well as designed pepfid&sar interactions b/‘ d af \
involving Asn, GIn, and protonated Asp and Glu residues have been Ta d/gc
shown to contribute significantly to the thermodynamics of as- g/d\ai’e
sembly of model transmembrane pepti@i@heir introduction into CT/b

natural membrane proteins can lead to aberrant associations with
Figure 1. The sequences of the membrane peptides investigated; the

pathological consequencéBreviously, we showed that the intro- mutated position 13 is shown in bold. The “B” residue i-alanine.

duction of an Asn into an otherwise hydrophobic transmembrane
peptide provided a strong driving force for association, but that
the assembly process lacked specificity and led to the formation of @ssociation constant and aggregation number were determined from
dimers and trimeré.Here we show that both the overall affinity global fits to multiple peptide-to-detergent ratios and centrifuge rotor
and specificity of the interaction can be increased through the SP€€ds.

introduction of a Ser or Thr side chain at a single position of the Pr_ewl?us moqelz ofg/_lSl assembly ctj)_asecz)on uItraCﬁntrlfugatlon
peptide to mimic a “polar clamp” spatial motif, such as those " Micelles required a dimeric intermediate between the monomer

. . L and the trimef2 In contrast, mutation of MS1 to either MS1 V13T
observed in natural proteifg\lithough Ser and Thr are individually ) - :
) o . .. or V13S resulted in a completely cooperative monomer/trimer
unable to induce association, they can cooperate with the Asn side .. . . . . . L
. L L equilibrium that did not require the incorporation of a dimeric
chain to clamp the peptide into a trimeric conformattohhus,

) ) o ... species to describe the data. In addition to improved cooperativity,
hydrogen-bonded interactions can be efficiently networked to yield stability of the ternary complex increased by over 2 orders of

highly stable, specific structures that fold cooperatively. magnitude. The I8,ss0f trimerization for MS1 is 5.0, while MSt

The 29 amino acid MS1 peptide has provided a useful system y/13T and MS1+V13S are 7.3+ 0.1 and 7.2+ 0.2, respectively.
for studying the structural basis for membrane protein assefmbly. The resulting trimeric complex is stabilized by 10.0 kcal mpl
Residues 320 define an aliphatic core of a well-folded helical  which is 3.0 and 3.2 kcal mot, respectively, more than MS1. This
peptide? An Asn at position 14 is critical for oligomerization, and  amounts to more than 1 kcal mélper Ser/Thr side chain. van der
when this residue is converted to Val, Thr, or Ser, the peptide fails Waals contacts have been implicated in membrane association;
to assemble appreciably Examination of a computational model  however, the isosteric substitution from valine to threonine provides
of MS1 indicated that the full hydrogen-bonding potential of the a substantial change in stability and specificity, suggesting additional
Asn side chain was not satisfied in the trimeric conformafi@n membrane-embedded hydrogen botids.
the basis of predictions from a computational search of side chains  Fluorescence resonance energy transfer is used to confirm the
in low-energy rotamers, polar residues were introduced that could tight association of MS1V13T.* The peptide is labeled at the
form additional hydrogen bonds to the Asn carboxamidésThr N-terminus with 4-nitrobenzo-2-oxa-1,3-diazole (NBD) or tetram-
or Ser positioned one residue prior to the critical Asn appeared €thylrhodamine, which can quench NBD fluorescence. The binding
capable of receiving a hydrogen bond from an Asn side chain on ©f meémbrane peptides is influenced by the mole fraction of
a neighboring helix, while simultaneously donating a hydrogen bond fjetergent or I|p|.d.5 Therefore, exqmlnatlon of the quorescen(;e
to a carbonyl at position—3 in its own helix, thereby creating an intensity at multiple rat|o'_s of peptld_e 0 d(_eter_gent cqrw_centratlon
intricate network of hydrogen bonds that could only be formed in can be used to determine the oligomerization affinity. Three

trimeri f tion. Althouah related oolar cl h b different peptide concentrations were examined over a range of
a rlmerlc.con ormaton. ougn re ‘?‘ © .p_o ar camps aYe een detergent ratios from 1:25 to 1:1500 (peptide:C14 betaine). The
observed in membrane protefnthe designed i—1 motif described

i - fluorescence of MS1V13T is globally fit to determine the trimeric
herein was not observed in a search of an updated database. Thus,iqing constant of 6.2 0.7, which is within experimental error

thei, i—1 motif is a novel design. of ultracentrifugation dat# While polar interactions have been
Analytical ultracentrifugation of these variants indicated that the implicated as potential sources of transmembrane stabilization, few
Ser and Thr mutations indeed increased the affinity as well as the stydies have directly probed their role in stabilizing membrane
specificity of the association. The association is measured4n C  proteins. Multiple, networked polar interactions seem to reflect
betaine micelles, and the molecular mass contribution of the natural methods of transmembrane helix stabilization. The aspartate
detergent is eliminated by matching the density of the aqueousreceptor has a QxxS motif that is believed to be important for
buffer to that of the betaine micelle with 12.5%,@!* The dimerizationt” Transmembrane peptides with multiple Ser residues

4170 = J. AM. CHEM. SOC. 2006, 128, 4170—4171 10.1021/ja055561a CCC: $33.50 © 2006 American Chemical Society



COMMUNICATIONS

MS1
Figure 2. Model of the trimeric structures of MS1 and MS¥13T. Side cha

Hydrogen bonds are represented as dashed lines. The polar network is shown in detail on the right. Interhelical hydrogen bonds are shown &s black dashe

and the intrahelical hydrogen bond is shown in red.

MS1-V13T

ins from residues 13 and 14 are shown. All others are omitted for clarity.

Supporting Information Available: Experimental details, CD

analysis, and fluorescence resonance energy transfer data. This material

is available free of charge via the Internet at http://pubs.acs.org.
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Figure 3. Analytical ultracentrifugation of NBD-labeled MSIV13T. The
peptides are solubilized in C14 betaine micelles. The samples are spun at
46, 48, and 50K rpm. The micelles are density matched with 12.5@ D
MS1-V13T NBD is 26.6uM and the betaine is 4 mM, giving a 1:250
peptide-to-detergent ratio.

can also form dimers in bacterial membra#eSubstitution into
the GxxxG motif of GpA has shown that small, polar residues,
such as Ser, can also stabilize a dimeric conforméafiofihe
reported findings here show that maximizing the hydrogen-bonding
potential of residues into polar networks can strongly influence
membrane protein folding. Often a hydroxyl alone is insufficient

to nucleate assembly; however, as a hydrogen bond acceptor, Ser

or Thr can be designed to synergistically stabilize and specify
membrane protein assembly. In conclusion, de novo designed
peptides with a novel motif of networked polar interactions
successfully show effective control of membrane protein organiza-
tion. Further studies are currently being carried out to fully explore
the structural and energetic roles of polar interactions and hopefully
improve our understanding of intermolecular forces in the mem-
brane.
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