JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV

Article

Biophysical and Structural Characterization

of a Robust Octameric g-Peptide Bundle
Jessica L. Goodman, E. James Petersson, Douglas S. Daniels, Jade X. Qiu, and Alanna Schepartz
J. Am. Chem. Soc., 2007, 129 (47), 14746-14751 « DOI: 10.1021/ja0754002
Downloaded from http://pubs.acs.org on February 9, 2009

Acid-1Y Zwit-1F
NH_* NH*
E, i i E, 4 3

B (B—‘L,\[,zol Kinetic and BE < tej,
B s, BF

> 3 o
B‘Y-, ~g3 BF 3

Blapio, . " SPlmypio,
(RS, Thermodynamic POy

Lo DBD, Stability o >kD,
5 Y

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 6 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja0754002

JIAICIS

ARTICLES

Published on Web 11/07/2007

Biophysical and Structural Characterization of a Robust
Octameric p-Peptide Bundle
Jessica L. Goodman,’ E. James Petersson,* Douglas S. Daniels,*
Jade X. Qiu,*& and Alanna Schepartz*+#

Contribution from the Departments of Molecular Biochemistry and Biophysics, Chemistry and
Molecular, Cellular and Deelopmental Biology, Yale Unérsity,
New Haen, Connecticut 06520-8107

Received July 19, 2007; E-mail: alanna.schepartz@yale.edu

Abstract: Proteins composed of a-amino acids are essential components of the machinery required for
life. Stanley Miller’s renowned electric discharge experiment provided evidence that an environment of
methane, ammonia, water, and hydrogen was sufficient to produce o-amino acids. This reaction also
generated other potential protein building blocks such as the p-amino acid f-glycine (also known as
f-alanine); however, the potential of these species to form complex ordered structures that support functional
roles has not been widely investigated. In this report we apply a variety of biophysical techniques, including
circular dichroism, differential scanning calorimetry, analytical ultracentrifugation, NMR and X-ray crystal-
lography, to characterize the oligomerization of two 12-mer 3-peptides, Acid-1Y and Acid-1Y*. Like the
previously reported /32-peptide Zwit-1F, Acid-1Y and Acid-1Y* fold spontaneously into discrete, octameric
guaternary structures that we refer to as f(-peptide bundles. Surprisingly, the Acid-1Y octamer is more
stable than the analogous Zwit-1F octamer, in terms of both its thermodynamics and kinetics of unfolding.
The structure of Acid-1Y, reported here to 2.3 A resolution, provides intriguing hypotheses for the increase
in stability. To summarize, in this work we provide additional evidence that nonnatural 5-peptide oligomers
can assemble into cooperatively folded structures with potential application in enzyme design, and as medical
tools and nanomaterials. Furthermore, these studies suggest that nature’s selection of a-amino acid
precursors was not based solely on their ability to assemble into stable oligomeric structures.

Introduction elucidate the molecular rules governing the aqueous assembly

i . ) . of non-proteinaceougjuaternary structure, a critical step in
In 1929 Svedberg first recognized that discrete polypeptide developing new and unique materials with potential as nano-
chains could assemble into multisubunit quaternary structures. materials, drugs, and enzymatic platforfns

The formation of multisubunit proteins composed of highly B-Peptides, in particular oligomers @-amino acids, are a

ordered homo- or heteroligomers enables both control and - T . .
. . . class of non-proteinaceous material with considerable potential
specificity at the molecular level and has guided the evolution )
- . or the development of unique quaternary structdrésWhen

of sophisticated cellular processes essential for the developmen . 3 . . .

. : . properly designedj3-peptides assemble into stable, monomeric,
of life from simple precursord.Moreover, the discovery that . : : .

3i4-helical structures in water, a first step toward formation of

control can be afforded via regulation of stable quaternary
” stable quaternary structures. Structural features that promote
structures has accelerated the development of nanoscale device . . . L N
Stable 3s-helices include alternating cationic and anionic side

with broad application in science and technoldgy Seminal chains arranged on one helical face to support salt bridge

work on natural and designed coiled coil proteins has revealed .13 1e . . .
e . formatiort and arranged to minimize the helix macrodi-
critical insights into the fundamental parameters that govern

o-peptide assembly and conformatior. A next goal is to

(7) Harbury, P. B.; Zhang, T.; Kim, P. S.; Alber, $ciencel993 262, 1401~
1407.

(8) Moffet, D. A.; Hecht, M. H.Chem. Re. 2001, 101, 3191-3203.

lDepartment of Molec_ular Biochemistry and Biophysics. (9) Goodman, C. M.; Choi, S.; Shandler, S.; DeGrado, WN&. Chem. Biol.
Department of Chemistry. 2007 3, 252-262.
* Department of Molecular, Cellular and Developmental Biology. (10) DeGrado, W. F.; Schneider, J. P.; Hamuro] YPept. ResL999 54, 206—
§ Current Address: University of Pennsylvania, School of Medicine. 217.
(1) Svedberg, T.; Fahraeus, R.Am. Chem. S0d.926 48, 430-438. (11) Cheng, R. P.; Gellman, S. H.; DeGrado, W.Ghem. Re. 2001 101,
(2) Klotz, I. M.; Langerman, N. R.; Darnall, D. WAnnu. Re. Biochem197Q 3219-3232.
39, 25-62. (12) Kritzer, J. A.; Tirado-Rives, J.; Hart, S. A.; Lear, J. D.; Jorgensen, W. L;
(3) Shimojima, A.; Liu, Z.; Ohsuna, T.; Terasaki, O.; Kuroda JKAm. Chem. Schepartz, AJ. Am. Chem. So005 127, 167-178.
Soc.2005 127, 14108-14116. (13) Cheng, R. P.; DeGrado, W. F.Am. Chem. So@001, 123 5162-5163.
(4) Mirkin, C. A,; Letsinger, R. L.; Mucic, R. C.; Storhoff, J. Nature 1996 (14) Arvidsson, P. I.; Rueping, M.; Seebach,@hem. Commur2001, 7, 649—
382, 607-609. 650.
(5) Hartgerink, J. D.; Clark, T. D.; Ghadiri, R. MChem. Eur. J.1998 4, (15) Stable 3r-helices are also obtained upon replacement3®amino acids
1367-1372. with cyclic ACHC residues: Gellman, S. Hcc. Chem. Redl998 31,
(6) O’'Shea, E. K.; Lumb, K. J.; Kim, P. Lurr. Biol. 1993 3, 658-667. 173-180.
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polel21617 Indeed, (3-peptides that embody these features ~  NH* X1 Xa X7 Xq0

tolerate extensive substitution of the remaining two helix PXSps ~p'0, AcidlF E F F E 1.
faced217.18tg generate highly protease-resistdntolecules that Py, 5D Base-tF O F F O p-F

inhibit interactions between proteins batheitro82021and in B ‘ g:::: E E FF, E 8

cell-based assay8.Importantly, the inherent conformational O acidY E Y Y E HoN COH
flexibility of 3-peptides, when compared to cyclic analogues ’ x“’gg' Acid-1Y* E F* Y E

such as ACHC? may be essential to the general success of
this approach, as alp3-peptides of known structure that

WD,
o

Figure 1. Helical net representation of bundle-formipg-peptides and

effective|y inhibit protein interactions possess geometries that the structure of th¢33-4-iodohomophenylalanine residue found in Zwit-

deviate from the ideal;3-helix imposed by ACHGL2224_arger
mixed-sequence peptides containing bettands-amino acids

have also shown success as protein ligands for the BH3

recognition site of Bcl-x.2526
Several strategies have been pursued to ideftipeptides

1F* and Acid-1Y*. Previously characteriz¢tpeptide bundles include Zwit-
1F and Zwit-1F%1-33 as well as a 1:1 mixture of Acid-1F and Base-1F (D.
Daniels, J. Qiu, A. Schepartz, manuscript in preparation).

and Base-1F (Figure 1) were characterized extensively using
biophysical methods and high-resolution structure determingtiéh.

that assemble into discrete, well-folded quaternary structuresHere, we characterize the related homo-oligomers Acid-1Y and
whose thermodynamic properties resemble those of naturalits iodinated analogue Acid-1Y* using analytical ultracentrifu-
proteins. Remarkably, as early as 1998, Clatkal. showed gation (AU), circular dichroism (CD), differential scanning
that cyclics®-peptides designed to self-assemble in lipid bilayers calorimetry (DSC), 1-anilino-8-naphthalenesulfong#sNS)
supported K conductance, although the existence of higher- binding, NMR spectroscopy, and X-ray crystallography. Acid-
order structure was not investigat€édn 2001, Raguset al. 1Y and Acid-1Y* assemble into stable, well-folded, octameric
described a shof-peptide that self-associated in water to form bundles whose three-dimensional structures are remarkably
a buffer-dependent mixture of quaternary states at high con-similar to those of Zwit-1f and the mixture of Acid-1F and
centration as judged by analytical ultracentrifugafidihe first Base-1F (D. Daniels, J. Qiu, and A. Schepartz, manuscript in
example of a protein-like higher-order structure was reported preparation), indicating the robust nature of the octamer fold.
in 2003 by Cheng and DeGrado, who describefl-peptide Surprisingly, the Acid-1Y octamer is more stable, in terms of
15-mer containing an amino terminab){cysteine residué& both its thermodynamics and kinetics of unfolding, than the
Disulfide bond formation between twg-peptide monomers  analogous structures formed from either Zwit-1F or the Acid-
generated a covalefitpeptide dimer that underwent a coopera- 1F/Base-1F pair. The structure of Acid-1Y, reported here to
tive melting transitior??-3° 2.3 A resolution, provides an intriguing hypothesis for the
Recently, we discovered thatpeptides containing alternating increase in stability. To summarize, in this work we provide
cationic and anionic side chains arranged on one helical¥iate  additional evidence that nonnaturdpeptide oligomers can
and -homoleucine residues on a second face assemble intoassemble into cooperatively folded structures (with potential
helical oligomers that we refer to Aspeptide bundled!~33 The application in enzyme design) and as medical tools and
B-peptide bundles formed from the sequences Zwit-1F, its nanomaterials. Furthermore, these studies imply that nature’s

iodinated analogue Zwit-1F*, and the 1:1 mixture of Acid-1F selection ofo-amino acid precursors was not based solely on
their ability to assemble into stable oligomeric structures, and

rather might be attributed to the minimal availability of diverse
p-amino acids monomers in the primitive environment.

(16) Hart, S. A.; Bahadoor, A. B.; Matthews, E. E.; Qiu, X. J.; Schepartd, A.
Am. Chem. SoQ003 125, 4022-4023.

(17) Guarracino, D. A.; Chiang, H. R.; Banks, T. N.; Lear, J. D.; Hodsdon, M.
E.; Schepartz, AOrg. Lett.2006 8, 807—810.

(18) Kritzer, J. A.; Luedtke, N. W.; Harker, E. A.; Schepartz,JAAm. Chem.
Soc.2005 127, 14584-14585.

(19) Schreiber, J. V.; Frackenpohl, J.; Moser, F.; Fleischmann, T.; Kohler, H.
P.; Seebach, DChemBioChen2002 3, 424-432.

(20) Kritzer, J. A.; Zutshi, R.; Cheah, M.; Ran, F. A.; Webman, R.; Wongjirad,
T. M.; Schepartz, AChemBioChen200§ 7, 29—31.

(21) Kritzer, J. A.; Hodsdon, M. E.; Schepartz, A. Am. Chem. So005
127, 4118-41109.

(22) Stephens, O. M.; Kim, S.; Welch, B. D.; Hodsdon, M. E.; Kay, M. S;
Schepartz, AJ. Am. Chem. So@005 127, 13126-13127.

(23) Raguse, T. L.; Porter, E. A.; Weisblum, B.; Gellman, SJHAmM. Chem.
So0c.2002 124, 12774-12785.

(24) Kritzer, J. A.; Stephens, O. M.; Guarracino, D. A.; Reznik, S. K.; Schepartz,
A. Bioorg. Med. Chem2005 13, 11—-16.

(25) Sadowsky, J. D.; Schmitt, M. A.; Lee, H. S.; Umezawa, N.; Wang, S.;
Tomita, Y.; Gellman, S. HJ. Am. Chem. SoQ005 127, 11966-8.

(26) English, E. P.; Chumanov, R. S.; Gellman, S. H.; Compton]. Biol.
Chem.2006 281, 2661-2667.

(27) Clark, T. D.; Buehler, L. K.; Ghadiri, M. RI. Am. Chem. S0d.998 120,
651-656.

(28) Raguse, T. L.; Lai, J. R.; LePlae, P. R.; Gellman, SOry. Lett.2001, 3,
3963-3966.

(29) Cheng, R. P.; DeGrado, W. B. Am. Chem. So002 124, 11564-5.

(30) In 2006, Lelaiset al. reported aS-peptide that bound 2m in a 1:1
stoichiometry: Lelais, G.; Seebach, D.; Jaun, B.; Mathad, R. I.; Flogel,
0.; Rossi, F.; Campo, M.; Wortmann, Relv. Chim. Acta2006 89, 361—
403.

(31) Qiu, J. X.; Petersson, E. J.; Matthews, E. E.; Schepartd, Am. Chem.
Soc.2006 128 11338-11339.

(32) Daniels, D. S.; Petersson, E. J.; Qiu, J. X.; Schepartz]. Am. Chem.
So0c.2007, 129, 1532-1533.

(33) Petersson, E. J.; Craig, C. J.; Daniels, D. S.; Qiu, J. X.; Schepartk, A.
Am. Chem. SoQ007, 129, 5344-5345.

Results

Circular Dichroism (CD) Spectroscopy Detects Acid-1Y
Self-Association in Solution.A series of experiments were
performed to characterize whether Acid-1Y underwent self-
association and, if so, how the oligomeric state and stability
compared with that of Zwit-1F. Initially, we made use of CD
spectroscopy to determine whether there was a concentration-
dependent change insghelical structure (as judged by the molar
residue ellipticity at 208 nm, MREgg'®) in Acid-1Y. As was
true for Zwit-1F and Zwit-1F23 CD analysis of Acid-1Y
reveals an increase inshelix structure between concentrations
of 6 and 376uM (Figure 2A, inset). The concentration-
dependent change in thesdhelical CD signature suggests that
Acid-1Y equilibrates between a minimally structured monomeric
state and a more highly structured oligomeric state. A plot of
MREzps as a function of Acid-1Y concentration fits well to a
monomer-octamer equilibrium with Ik, = 82.5+ 1.8 (Figure
2A). In addition, the CD spectra of Acid-1Y as a function of

(34) Recently Hornet al. described the structure of a GCN4 variant containing
severals-amino acids in place of thei-amino acid counterparts: Horne,
W. S.; Price, J. L.; Keck, J. L.; Gellman, S. Bl. Am. Chem. So2007,
129 4178-4179.
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0 2;0 40 6:0 8:0 + 1.8, respectively) is significantly more favorable than the
I oC corresponding values calculated for Zwit-1F g = 71.0+
emperature (°C) 0.9 and 70.5+ 1.9, respectively}? suggesting that the Acid-

Figure 2. Acid-1Y self-association monitored by circular dichroism 1Y octamer is thermodynamically more stable than the previ-
spectroscopy (CD). (A) Plot of MRigs as a function of [Acid-1Y7 fit to . i
a monomet-octamer equilibrium. (Inset) Wavelength-dependent CD spectra ously characterized Zwit-1F octamer.
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=4 Figure 3. Acid-1Y self-association monitored by analytical ultracentrifu-
150 uM
.E 5001 — 100 ﬂM gation (AU) (150uM Acid-1Y) and fit to monomem-mer equilibria where
&8 400 — 75 uM n = 8.4. Samples were prepared in 10 mM N&E&y, 200 mM NacCl (pH
= — 50 UM 7.1) and centrifuged to equilibrium at 26 at speeds of 42 (red), 50 (green),
o 3001 — 35 uM or 60 (blue) kKRPM. The experimental data points are shown as open circles;
2 — 25uMm lines indicate a fit to a monomenctamer model as described in the
el 200 experimental section (see Supporting Information).
= L . I
w 1001 Ka describing the Acid-1Y monomefctamer equilibrium
mﬁ calculated from either the AU or CD data (84£31.6 and 82.5
o
=
o

of Acid-1Y (MRExggin units of 16 degcm?-dmol2) at the indicated [Acid- ANS Fluorescence Indicates Acid-1Y Contains a Close-
1Y]t (uM). (B) Plot of SOMRE2esd T~ for the concentrations of Acid-1Y Packed Hydrophobic Core.Next we used 1-anilino-8-naph-
shown. thalenesulfonate (ANS) to probe the quaternary structure of the

Fi B | ion-d q Acid-1Y octamer. An increase in the fluorescence of ANS
Femperat_ure (Figure ) reveais a concentra_ltlon- ependent, .. s upon binding to hydrophobic surfaces and is an important
increase in T, also clearly indicative of concentration-dependent

if iatiof® Th defined h . . | diagnostic for probing the exposure of the hydrophobic core of
S? 6-|\6/1IT?SI(E)CIag9I'—.1 U fe T;‘ ( el\l/ln,i .281:( € rlna_><|mgm7|r: aplot protein®” A significant increase in ANS fluorescence in the
0 208 ) of a 100« AcIa-1Y SO ution is 78°C, a presence of a protein indicates a loosely folded, more exposed
value comparable to the previously observed value ofGO0

hydrophobic core; for example, relative ANS fluorescence
for Zwit-1F (100 uM).% In summary, both wavelength- and yerop b

d dent C . indi h id increases by a factor of 100 in the presence obtfactalbumin
temperature_- epen en_t D (_expenments indicate that Acid-1¥ molten globule®® By contrast, well-folded or unfolded proteins
assembles into a;ghelical oligomer and shows CD charac-

istics th imiic th found i ) d solely of generally do not provide a favorable ANS binding site, and little
fgﬂﬁ]sotaﬁdg'emmt ose found in proteins composed solely of o 1, f,orescence changes (fewer than 10 units in fluorescence

Analvtical Ul tugation: The Acid-1Y Oli | intensity) are observed in these ca%ed® The relative ANS
nalytica - tracenFn ugation: The Acid- Igomer 1s fluorescence (as determined by the ratio of the maximal emission
an Octamer in Solution. Next we turned to analytical ultra-

. ; . i - . _of the solution in the presence and absence of Acid-1Y)
centrifugation to elucidate the oligomeric state of Acid-1Y in increased from a value of 1.1 at 261 Acid-1Y (26% monomer,
solution. Sedimentation was monitored _at three speeds (42 0007404 octamer) to a value of 1.6 at 400 Acid-1Y, where
50000, and 60 000 ,RPM) at concentrations of 75, 1.5.0,.and 30098% of the sample is assembled into the octameric form (Figure
uM. The AU data fit best to a monomermer equilibrium
wheren = 8.4 (n was allowed to vary) with an rmsd of 0.0093
(Figure 3). Significantly poorer fits (rmsd’s of 0.0172 and
0.0132) were observed whem was set to equal 7 or 10,
respectively, whereas comparable fits were found wheras
set to equal 8 or 9 (rmsd’s of 0.0100 and 0.0101, respectively,
see Supporting Information). The Ky value calculated from
the fits wheren = 8.43 andn = 8 (84.3+ 1.6 and 83.3t 1.8)
agree well with the IrK, value calculated from the CD data
(82.5 £ 1.8), providing additional support for equilibration  (37) Matulis, D.; Baumann, C. G.; Bloomfield, V. A.; Lovrien, R.Biopolymers
between monomeric and octameric Acid-1Y. The value of In 1999 49, 451 458.

(38) Lumb, K. J.; Kim, P. SBiochemistryl995 34, 8642-8648.
(39) Semisotnov, G. V.; Rodionova, N. A.; Razgulyaev, O. I.; Uversky, V. N.;

4). The minimal increase in ANS fluorescence as a function of
Acid-1Y concentration implies that the Acid-1Y octamer is well-
folded, with a minimally exposed hydrophobic interior. Similar
results were obtained with the Acid-1Y analogue Acid-1F; in
this latter case the ANS fluorescence is unchanged at concentra-
tions as high as 40@M. Zwit-1F precipitated from solution
when mixed with ANS and thus could not be characterized in
this way.

(35) Sturtevant, J. MAnnu. Re. Phys. Chem1987, 38, 463-488. Gripas, A. F.; Gilmanshin, R. Biopolymers1991, 31, 119-128.
(36) Privalov, P. L.; Tiktopulo, E. I.; Venyaminov, S.; Griko Yu, V.; Makhatadze,  (40) Bruckner, A. M.; Chakraborty, P.; Gellman, S. H.; Diederichsengew.
G. I.; Khechinashvili, N. NJ. Mol. Biol. 1989 205, 737—750. Chem., Int. Ed2003 42, 4395-4399.
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A [Acid-1Y] 1.00
— (M
20 - 25 uM — 0.80+
w50 uM ¥
@ = 100 uM -
? 10 ' £ 0.40{ _
S 5 0.204
TS
0.0
04 T T T J 20 40 60 80 100120
400 450 500 550 600 Tem perature (oc)
Wavelength (nm) Figure 5. DSC analysis of 30@M Acid-1Y fit to a subunit dissociation
model as described in Supporting Information. Raw data are shown as black

B 10 - circles, the calculated thermogram is shown as a blue line, and the baseline
:g [Acid-1Y] | as a dotted blue line. The calculated thermogram and baseline farN300
w 84 OpM 16 * Zwit-1F are shown as purple solid and dotted lines, respectively. The Acid-
o BuM  q2) g ® 1Y data set is offset artificially for clarity, as indicated by the arrow.
8 64 ® 50 IJM 03"'
c e 100 uM 0.4
8 44 ® 200 pM '0 A
3 e 400 uM 0160 300 500
t =y
=] 21 ° ™
= [ N
L 0

0 100 200 300 400 500
[Acid-1Y] (uM)

Figure 4. Fluorescence of 1-anilino-8-naphthalenesulfonate (ANS) in the
presence and absence of Acid-1Y. (A) Change in fluorescence pMLO
ANS in the presence of the indicated concentration of Acid-1Y. Binding
reactions were prepared in a buffer composed ofxL®BC (100 mM
phosphate, borate, and citrate) and 200 mM NaCl (pH 7.0). (B). Ratio of
ANS fluorescence in the presence of given concentrations of Acid-1Y
relative to fluorescence in the absence of peptided{lOANS) as calculated
using the global maximum fluorescence value for each concentration
(observed at 492, 497, 491, 490, 487, 433 nm for concentrations of 0, 25,
50, 100, 200, and 400M Acid-1Y, respectively). (Inset) Fluorescence ratio
of Acid-1Y as a function of concentration on a smaller scale to show the
error bars.

Direct Calorimetric Measurement of Acid-1Y Stability .
To further explore the differences in stability between Zwit-1F
and Acid-1Y, we determined the enthalpy of unfolding of Acid-  Figure 6. Crystal structure of Acid-1Y*. (A) Ribbon diagram of Acid-
1Y by differential scanning calorimet@?:** Experiments were 1Y* octamer with parallel helices represented by similar shading. The rmsd
performed in phosphate buffer (10 mM sodium phosphate, 200 is 20 A between the previously solved Zwit-1F and the current Acid-1Y

. . . . _ structures. (B) Space-filling model of leucine side-chain packing in the Acid-
mM sodium chloride, pH 7.2) to enable direct comparison with 1y core. Ribbon diagram of (C) parallel and (D) antiparallel helices

previously reported values for Zwit-13¥ .Examination of the illustrating side-chain interactions.
thermograms in Figure 5 reveals that the width at half-maximum )
of the Acid-1Y unfolding transition is 18C versus 26C for indicating comparable levels of intermolecular cooperatiRAti.

the Zwit-1F transition. This difference could indicate that Acid- Thus, the DSC data demonstrate that Acid-1Y is significantly
1Y unfolds more cooperatively than does Zwit-1F, but a formal More stable thermodynamically than Zwit-1F with a similar level

assessment of cooperativity requires comparison of the ratiosCf cooperativity in its folding transition. _

of van't Hoff enthalpy to calorimetric enthalpyAHy/AHca) Side Cham Packlpg Drives Octamer Eorm{:mon.To fgrther

for eachB-peptide. The thermal denaturation of b@kpeptide characterize the Acid-1Y octamer and identify potential expla-
bundles fits well to a two-state dissociative unfolding transition, nations for its increased stability, we determined the structure

but the enthalpy at the transition temperatutelca(Tas) is of the Acid-1Y* oligomer by molecular replacement of a
greater for Acid-1Y than for Zwit-1F. For a 306M Acid-1 tetrameric asymmetric unit of Zwit-1F (Table SI-1). The refined
Y sample, AHca is 132.0 kcalmol~! octamer at theTy, of model is octameric and remarkably similar to the octameric
83.1°C, nearly 25 kcal greater thaxHca(Ty) of an equivalent ~ ZWit-1F and Zwit-1F structures (Figure 6§.The Acid-1Y*
concentration of Zwit-1F (107.4 keahol-* octamer at 89.1C). model consists of eight;3helices organized into two tetramers

Using the Gibbs-Helmholz equation, we determined the related by a two-fold rotation axis (Figure 6A). The design for
folding/association equilibrium constant of Acid-1Y to be 1.7 thef-peptide quaternary structure was based on the packing of
x 10735 (In K, = 81.1) at 25°C, in agreement with fits to the ~ 'eucine residues in coiled coils, a motif that promotes oligo-
AU and CD data (see Supporting Information),. Tkiéy/AHca merization of natural proteirf$:4 As predicted, our structure
ratios of Zwit-1F and Acid-1Y are 1.64 and 1.57, respectively, (42) Marky, L. A Breslauer, K. JBiopolymers1987, 26, 16011620,

(43) Crick, F. H. C.Acta Crystallogr.1953 6, 689-697.
(41) Privalov, P. L.; Potekhin, S. AMethods Enzymoll986 131, 4—51. (44) Crick, F. H. C.Acta Crystallogr.1953 6, 685-689.
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90 80 70 6.0 ppm Figure 8. Structure of Acid-1Y with tyrosine side chains rendered as sticks
illustrates hydrogen-bond formation between a tyrosine residue of one helix
18 with an aspartic acid residue from another helix, showing how the tyrosine
16 B —<-a hydroxyl could provide additional stability through hydrogen-bond forma-
’ tion.

1.4 -
- d
12 2.3x 1074 s (Figure 7B). These exchange rate constants can

be compared to that calculated for a random coil amieeHN
model systemk), in our cases-glycine oligomers® Using
these values, the protection fact®) for the amide resonances
of the samples can be calculatd®=€ k./key), and theP value
_ used to compare amide exchange rates among different protein
0 2 4 6 8 10 12 and other3-peptide quaternary syster##s!®4°The calculated
Time (hours) protection factors for a 750M (98% folded) solution of Acid-
Figure 7. Hydrogen/deuterium NMR exchange analysis of the Acid-1y 1Y range between 2.% 10* and 6.5x 10% In contrast, the
octamer. (A) 500 MHZH NMR spectra of 0.750 mM Acid-1Y acquired at  protection factors for a 1.5 mM (97% folded) solution of Zwit-
the indicated times after a lyophilized Acid-1Y sample was reconstituted 1F gre hetween 3.4 10° and 2x 10* and 6x 103 for a 750
in phosphate-buffered J®. (B) The normalized heights of the indicated 0 . . 350 . .
resonances (normalized to the aromatic resonance at 6.39 ppm (*)) fit to #M (94% fplded) solution of Zwit-1F " The dlfferences n
exponential function. the protection factors suggests that Acid-1Y amide protons are
more protected than those of Zwit-1F. Furthermore, the stability
possesses a quaternary organization that facilitates leucingnferred from these Acid-1Y protection factors is comparable
packing and sequestration from water, minimizing exposure of to the stability of small-bundle proteins GCNR & 10* at 1.0
the leucine side chains to the polar solvent. The tetramers aremM) and ROP P = 10° at 250uM).5:3346.51
positioned to allow the leucine residues to maximize hydro- ~ We note that our interpretations of stability are based on
phobic packing and shielding from solvent, affording a .80 protection factors calculated with reference to péHromogly-
rotation of one of the tetramers in relation to the ottfer. cine exchange rates, the only data availableff@mino acid
Acid-1Y is a Stable Template for Design.We used oligomers. An alternative (and more conservative) method to
hydrogen/deuterium exchange NMR, a method used to char-calculateP values for Acid-1Y makes reference ka values
acterize the stabilities of natural proteins, to characterize the for o-amino acid dipeptides corresponding to the Acid-1Y
kinetic stability of the Acid-1Y octamef® The Acid-1Y amide sequence, specifically to that of Glu-Leu, whose exchange rate
resonances span 1.5 ppm (Figure 7A), a range similar to thatis the lowest® P values calculated using the. for Glu-Leu
observed for the amide resonances of Zwit-1F (1.4 pfimhe agree within a factor of 4 (Table S1) with those calculated with
amide resonances of bothpeptide bundles span a chemical reference to poly3-homoglycine. A more accurate analysis of
shift range larger than the 0.5 ppm range observed for the Acid-1Y and Zwit-1F stabilities, as evaluated from their
monomeric Acid-1¥?AL11A variant®® The broad chemical shift  respective protection factors, requires broad calibration of
range observed for the Acid-1Y amide resonances indicates thakexchange rates for gi-amino acids to reduce the uncertainty
Acid-1Y forms a distinct quaternary structure, providing unique in the protection factors calculated for ofipeptide bundles.
and differentiated electronic environments for the amide reso-  Qur biophysical characterization of Acid-1Y identified a

Normalized Peak Height

nances. . . small, but significant increase in thermal stability of the Acid-
Amide N—H exchange ratesk{) correlate with the avail- 1Y octamer as compared to the previously characterized Zwit-
ability of amide protons to exchange with bulk solvéhSlow 1F octamer. A possible explanation for the increased stability

exchange rates are observed for amide protons that are protectegf Acid-1Y derives from hydrogen-bonding interactions of the
from exghange due.to participation in stablllzmg hydrogen-bond Acid-1Y tyrosine hydroxyl group (Figure 8). The distance
interactions. The disappearance of peaksl gFigure 7A) of between the tyrosine hydroxyl (Y7) and the nearest hydrogen

the Acid-1Y bundle can be fit to a first-order kinetic model hond-accepting carbonyl (E10) is too far to support formation
with exchange rate constants that vary between<31®-° and
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of a direct hydrogen bond (4.08 A). However, solvent density from Miller's reaction, it is interesting to ask why-amino acids
in the crystal structure suggests that a water hydrogen-bondwere selected in the presence of alternative compounds contain-
network may exist as supported by the hydrogen-bonding ing the same functional groups. Possible answers include the
potential of the tyrosine residue in Acid-1Y, which is not following: (1) that the other products did not have the ability
provided by the phenylalanine residue in Zwit-1F. The presence to assemble into discrete higher-order structures and/or (2)
of this water network could contribute added stability to the assemblies of the other products lacked stability to support the
Acid-1Y structure as compared to the lack of phenylalanine complex functions required for the evolution of life. We have
solvation in Zwit-1F, and the unfavorable entropic penalty shown thats-peptide quaternary structures possess stabilities
introduced by the exposure of the hydrophobic residue to the and structures that closely resemble those of natuamino
polar solvent? acid proteins. These results suggest that nature did not prefer-
entially selecti-amino acids as the minimal protein unit because
of the stability of quaternary structures formed freramino

The question of how complex structures evolved under 4ciq oligomers, but perhaps because of the incremental energetic
primitive Earth conditions has been extensively investigéted. st of assembling the extend@eamino acid backbone. The
One widely cited experiment of this kind, Miller's classic electric  jistribution of amino acids produced in Miller's experiments
discharge experimefit, provided the first glimpse at how 5001t this reasoning, as the products include a greater variety
o-amino acids could be generated in a pnmprdlal environment ¢ _amino acid monomers (glycine, alanine, valine, proline,
composed of methane, hydrogen, ammonia, and water. Thegerine aspartic acid, glutamic acid) th&amino acid monomers
o-amino acids progluced dynng the Miller discharge experiment (B-alanine)$+-5658The diverse array of availabe-amino acids
provided a chemical rationale for the source of monomer may have provided an expanded capacity to develop unique

bu_lll_ﬁmglbllcq)cks ufseddfor rlbosgmaldpfrotmrlcﬁlyn,thess._ and differentiated structures with specialized functions as
e plethora of products produced from Miller's experiment o 0o e 03 amino acids,

which include- and y-amino acids in addition t@-amino

acids—does not provide a sigular rationale for the selection of  Acknowledgment. This work is dedicated to Stanley Miller.
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