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Natural proteins are composed of linear chains.:@mino acid
monomers that adopt complex folded structures stabilized primarily
by noncovalent interactiordsWithin a single polypeptide chain,
local interactions generate helix or sheet secondary structures and
longer-range interactions generate tertiary structuessemblies
of multiple secondary structurés-urthermore, multiple discrete
polypeptides can associate to form quaternary complexes. This
higher order structure is nearly universally responsible for the
sophistication of protein function. Non-natural polymers have the g

Not Pursued Zwit-1F Octamer Z28 Tetramer

potential for structural complexity and sophisticated function, but :;T;O:::::
the design of such molecules is even more challenging than protein chains
design because there exist no natural templates to ndifnic. = —> =
Our efforts to design higher ord@-peptide folds began with fip helix 180°
the synthesis of the oppositely chargégeptides Acid-1F and add linker
Base-1F, which assemble in agueous buffer into a stable, octameric ~ Parallel anti-parallel
helices helices: Z28

quaternary compleXTo more fully characterize the structure and

thermodynamics of Acid-1F/Base-1F association, we designed the Z28 Sequence

dodecapeptide Zwit-1F, which we crystallized to obtain the first € sp_ ;| —p20=p°0-~11 "1 =BF=p"Dmi'l = F=pP0=}" =FE= G

high-resolution images of a 14-heliga¥peptide bundlé.A detailed PR 3T s s T s R e i BG,

thermodynamic analysis established that the solution-phase behavior  °Dz L =p*0z 0z 1 LB F "Dy LB Fep?Oz i LepiEz 16— 1

of Zwit-1F was consistent with ar.l eqUIIIbrlum b.etweer.] unfolded Figure 1. (A) Two strategies for conversion of the Zwit-1F octamer into

monomers and folded octamers with an association/folding constanta tetramer. (B) Details of Strategy B. We began with a parallel dimer unit

of 4 x 1030 M7 at 25°C. (helices 1 and 2) from the Zwit-1F crystal structure and proceeded as
The Zwit-1F octamer contains four Copies ofa paraﬂ.ﬁeptide des_cribed in the_text. Sphere representations of side ch:_:lins ar_e colored by

dimer. Each parallel dimer associates in an antiparallel fashion with :gZ'r‘é‘;eert&’g: ;‘5 Lﬂéhseinsg‘?g”lzggf'cg%)eséqt‘;“;”g:u(i’\flﬁezg‘t‘r']?r?oa:c?j "jl‘:rf

another dlr_ner to form a tetramer, and two tetramers assemble Wlthdenotesp-iodophenylalanine and O denotes omithif& is comménly

a 39 crossing angle to form the octamer (Figure 1A). The octamer referred to ag-alanine.

core is composed entirely of solvent-inaccessitidomoleucine

(83L) residues; hydrophobic burial of their side chains presumably

drives association. The solvent-exposed octamer surface is decorate@rientation of the two interngl-peptide monomers, converting four

by p3-homoglutamate APE), S°-homoaspartate 3gD), and j3°- copies of a noncovalent parallel dimer into four copies of a covalent

homoornithine §°0) residues that are charge-paired within the antiparallel dimer, Z28 (Strategy B).

dimer unit and across the dimer/dimer or tetramer/tetramer inter-  To reverse the relative orientation of the two interfladeptides

faces. in each tetramer of Zwit-1F, we used Spaftém convert each of
While we regarded the crystal structure as an important step the four paralle|3-peptide dimers that comprise the octamer into

toward the design of a higher ordémeptide fold, several factors  an antiparallel dimer (Figure 1B). The side chains of the interior

make Zwit-1F nonideal. First, it has a low self-affinity: the phejix of each parallel dimer (helix 1) were disconnected, and the

concentrations at which 50% 4§ or 90% (Go) of Zwit-1F exists B-peptide backbone was flipped axially by 280he side chains

in the folded, octameric state are 50 and 380, respectlygly. were then reconnected and the backbone structure energy-minimized

Secon_d, because_ of the complete Sl_Jrface charge pairing anq/vith the side chains fixed. The now antiparalepeptide dimers

exclusively 14-helical structure, the Zwit-1F octamer contains no . :

easily modified residues and no pocket to support ligand binding were then connected WG linkers of varying lengths, and a four

BG linker was determined to be the shortest that could span the

and catalysis. Last, the octameric stoichiometry complicates heli Finallv. th lting 28 resid
interpretation of self-association data and increases the chance thavo helices. Finally, the resulting 28 residue structure was energy-

substitution of any single side chain will alter the Zwit-1F fold. ~ Minimized. This modeling exercise suggested that the antiparallel
We considered two strategies to identify longepeptides that helix-loop-helix structure, which we call Z28 (Figure 1C), could
could recapitulate the Zwit-1F fold with fewer subunits (Figure 1A). feplace each parallel dimer unit in Zwit-1F, effectively placing the
One, which was not pursued, involves joining the antiparallel strands Side chains in the same regions of space as the parallel dimer from
of a single tetramer with an appropriate (albeit lengthy) linker Zwit-1F (Figure S1 in Supporting Information).
(Strategy A); the strategy reported here reverses the relative It has previously been shown that the purity @peptides
t Department of Chemistry. prepared using solid-phase synthesis falls off precipitously with
* Department of Molecular, Cellular and Developmental Biology. chain lengtt:19We sought methods that could yiglepeptide 28-
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Figure 2. (A) AU sedimentation equilibrium at 42 kRPM (red), 50 kRPM Temperature (°C) Temperature (°C)

(green), and 60 kRPM (blue) fit to a single ideal species of 14.8 kDa ( . ) o
4.0). Residuals are displayed with a lindéaaxis scale. (B) Z28 concentra-  Figure 3. (A) Temperature dependence of the molar residue ellipticity at
tion-dependent CD data. The molar residue ellipticity at 205 nm (MBRE 205 nm (MREgs) of 3.125 (yellow), 6.25 (light green), 10.0 (dark green),
fit to a monomer-tetramer equilibrium where MRE, = 4.7 x 10° and 12.5 (tealxM Z28 in phosphate buffer (pH 7.2). Inset: Inverse thermal
degcn?-dmolt, MRE = 34.8 x 10° degcm?-dmol-, and InK, = 37.5. denaturation midpoints (T4, in 10~ K1) at various concentrations of
Inset: Wavelength-dependent CD data at the indicated concentrations (inZ28 (3.125, 6.25, 10.0, 12.5, and 18.4H) fit to eq 1 as described in
#M). MRE in units of 16¢ degcm?-dmolt. AU and CD measurements Supporting Information. (B) Normalized temperature derivatives of MRE
were performed in 10 mM phosphate, 200 mM NaCl (pH 7.2). for 150 uM Zwit-1F and 6.25uM Z28.

mers of high purity without need for large excesses of costly
B-amino acid monomers. Z28 was first synthesized in the standard _ i "
way, using a single coupling with 3 equivalents of Fmoc-protected %“é écio =49 ”M?' thtfoI_(iIhl?r\:ve'rAﬁzntth_e %‘r}]otftﬁwn LF. T?et'
p-amino acid monomer, HOBt, and PyBOP. Solutions of 20% aaa_re consistent wi e atain that the _concen rations
piperdine (Pip) in DMF were used for Fmoc removal, and both observed |nth§ AU cell range from 9t_o aM, all of which should
coupling and deprotection steps were performed with microwave P€ at least 65% folded and tetrameric. N
irradiation. Most short (7- to 12-mef-peptides synthesized this Temperature-dependent CD studies show z28 to exhibit a
way are purified effectively by a single HPLC pass in yields of concentration-dependefi, an inherent property of protein qua-
20—40%11 This protocol failed for Z28: the desired product was ternary structure (Figure 3A). The Z2R,, which increases from
contaminated by many peptidic side products (6% purity by LC 73 °C at 3.125uM to roughly 92°C at 31.25:M, is higher than
area percentage, LCAP), so that we isolated Z28 in less than a 1%the T, of 100uM Zwit-1F (69 °C). Roughly 25% of the CD signal
yield. is lost prior to cooperative unfolding of Z28, indicating flexibility

The synthesis and purity of Z28 were optimized in several steps. in the folded structure. However, the width of the temperature
Significant improvements were observed upon inclusion of a second derivative of the Z28 CD signabMRExg/dT) at half-maximum
piperidine deprotection step and substitution of PyBOP and HOBt js 25 versus 40°C for 150 uM Zwit-1F, implying increased
with PyAOP and HOAt (see Supporting Informatidf)Our final cooperativity in Z28 unfolding (Figure 3B%.228 unfolding is 92%
synthetic procedure used 3 equiv @famino acid, PyAOP, and reversible, as judged by recovery of the CD signal at°Z5
HOAt; deprotections with one 20% piperidine treatment and two : 1516

. . following thermal denaturatiotf:

treatments with 2% DBU; and A© capping after every fourth . ,

. . . : . . . The temperature-independent van't Hoff enthalpyH() of a
amino acid. This procedure provided Z28 in 19% isolated yield at i iati ¢ be determined f the s| f a plot
an LCAP purity of 42%, values that compare favorably with those sefl-associaling system can be determined irom the siope ot a plo

of 1/Ty, versus In[%], where Z is the total concentration of

generally seen fof-peptide 12-mers. Thus, we avoided having to ; | . A ’
use segment condensation reactions by optimizing microwave Monomer units (Figure 3AY. For Zwit-1F and 228, this analysis
coupling conditions for the linear synthesis of Z28. yields AH,4 values of 104 and 124 kcahol™%, respectively (see

With sufficient quantities of Z28 in hand, we characterized its Supporting Information). Thus, both concentration- and temperature-
association and stability using analytical ultracentrifugation (AU), dependent CD analysis, as well as AU analysis, indicate that 228
circular dichroism (CD) spectroscopy, 8-analino-naphthalene sul- is substantially more stable than Zwit-1F. We note, however, that
fonate (ANS) binding’H NMR, and light scattering measurements. AH,; measurements must be treated with caution, as more thorough
Consistent with our design, Z28 sedimented as an ideal tetramercalorimetric analysis found the Zwit-1F enthalpy of denaturation
upon ultracentrifugation, producing linear In(absorbagizg versus to be temperature-dependéat.

(radial distancé)plots at three speeds (Figure 2&)indeed, the We also characterized the 728 fold by the extent to which it
observation that Z28 behaves as a single ideal species implies thajnfluenced ANS fluorescence and Bt NMR. ANS increases in

it possesses higher self-affinity than Zwit-1F, which could be fit f,orescence when sequestered in a hydrophobic envirorihht.
only as an equilibrating species. Moreover, the 228 assembly is o protein-dependent increase in ANS fluorescence suggests that
stable “r.‘der.a range of solution Cond't'eﬂs sediments as a the protein core is sufficiently fluid to allow invasion by ANS. In
tetramer in Tris buffer at pH 8.5 or 10.0 and in phosphate buffer at the presence of 200M Z28 (96% tetrameric), ANS fluorescence
pH 6r'0 cér ZilAtMpFé 6'9‘ 1w9e?TI1<MdirEe{iﬁatiginirt]? fc;rrtr; (r)]ct?rt?]ers increased 12-fold over background in phosp;hate buffer at pH 7.2
oceurs (Go = 41uM, Ceo = 1. ). butno disintegration of the (see Supporting Information). While direct comparison to Zwit-1F

tetramer is observed. ST . .
Next, we used CD spectroscopy at concentrations from 0.39 to ANS binding is precluded by the fact that Zwit-1F forms insoluble

2004M to evaluate the stability of the tetrameric 228 fold (Figure 29gregates in the presence of ANS, a 12-fold fluorescence increase

constant of 1.6< 106 M~3. This value corresponds to adf 4.7

2B). The molar residue ellipticity at 205 nm (MRE) of 200 M is generally regarded as evidence of a molten hydrophobic?ore.
728 is —34 820 deecm-dmol-?, 4 times the value measured for Additional evidence for the plasticity of the Z28 core was found
Zwit-1F at an equivalent oligomer concentration8700 degcm? in the *H NMR spectrum (Figure S4 in Supporting Information).

dmol1 at 400uM). The MREys concentration dependence fits well ~ At 400u4M in phosphate buffer, no discrete amide-N resonances
(R=0.999) to a monomettetramer equilibrium with an association  were observed, whereas 10 discrete peaks could be observed in
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Zwit-1F °F4

Figure 4. Left: The Zwit-1F side chain display angle, made by hearbon
(Cy), the projection of thes-carbon on the helix axis (€), and the
C-terminus of the helical axis (£ The G/, Cf', C' angle is shown for
reference. Right: The analogoug,(Ca’, N' side chain display angle and
Ca, Ca', N' reference angle for GCN4 (N= helical axis N-terminus).

the Zwit-1F amide region at 750M (95% folded). The higher
affinity, more cooperative fold of Z28 appears to be related its
topology, as the hydrophobic core is not as well packed as the Zwit-
1F core.

In the absence of high-resolution structural characterization,
sedimentation velocity AU and size-exclusion chromatography
coupled light scattering (SEC-LS) experiments were used to show
that the Z28 oligomer adopts a compact, nearly spherical féid (
= 1.1). The hydrodynamic radiug¢ = 19 A) measured by SEC-
LS is consistent with the radius (20 A) of our computational model
of the tetramer and not with an elongated fold (see Supporting
Information for models, AU data, and SEC-LS data.)

Inherent in the design of Z28 is the assumption that the flipped
helix—which is formally a “retro”3-peptide—will present its side
chains in a manner that closely resembles the origipéptide
helix in Zwit-1F. This assumption is frequently invalid farpeptide
helices: analogous “retro” analogues of the GCN4 leucine zipper
domain formed poorly folded mixtures or oligomers of different
stoichiometries than their pareit2® We propose that the design
of Z28 succeeded because of two defining characteristics of the
14-helix: the linear arrangement of side chains along one helix

face, a direct consequence of a 3.1 residue repeat, and the nearly

flat trajectory of 3-peptide side chains as they emerge from the
helix axis. The side chains of Zwit-1F helix 1 on average project
at 84.6 to the helical axis, a value significantly closer to°3ban
the corresponding angle for a GCN4helix (77.7) (Figure 4 and
Supporting Information). The small deviation of the 14-helix
projection angle from Y0implies that helix flipping will minimally
alter side chain display.

In summary, we successfully converted the pargigleptide
dimer unit embodied in the octameric Zwit-}peptide bundle
into a linear, single chain 28 residy®peptide. We optimized

microwave-assisted synthesis conditions to enable a linear assembly

of Z28 in sufficient yields and purity to make future analogue
syntheses routine. Z28 is, to our knowledge, the longgsptide
yet synthesized. CD and AU experiments indicate that Z28 is

tetrameric as expected. Furthermore, the CD data show that Z28

unfolds more cooperatively than Zwit-1F, with a higher affinity

and a largeAH,4. Thus, we have overcome the problems associated
with Zwit-1F: Z28 is a stables-peptide bundle of reasonable
stoichiometry with a region ¢8G residues that should be amenable
to functionalization. Z28 is an important step toward protein-like
pB-peptides, and the apparent ease of flipping the 14-helical epitope
may soon enable the design of even more complex geometries.
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Supporting Information Available: Descriptions of the synthesis
of Z28 and its characterization by MS/MS sequencing, AU, CD, ANS
fluorescence’H NMR, and SEC-LS, as well as analysis of the side
chain display angles of Zwit-1F and GCN4 are provided in Supporting
Information. This material is available free of charge via the Internet
at http://pubs.acs.org.
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