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Peptide Self-Replication Enhanced by a Proline Kink
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The influence of proline on the conformation of helical regions a) a2 by 13
of proteins and peptides has been well documehtetlices _ms o ESOO0
containing proline after the fourth position have a pronounced kink, Al B2

with bending of the helical axis of approximately°3@way from
the side with the proline residdé.Incorporating proline within a

peptide derived from the leucine zipper motif of gg@br a model K7
. . . . . . . K14
coiled-coil3® demonstrated kinking of the helix in the region of K2 b
. . . . . . K 3 5
the proline residue and reduced coiled-coil stability. Herein we K3 oo 8 I2
disclose the effect of a proline kink on coiled-coil, self-replicating Al 7 130
. b) - 1'37
peptides. Y3134
One of the major challenges in the design of self-replicating EIE2:  Ac-ELYALEKELGAL EKEL ACL E* KELGAL EKEL YAL EK-CONH,
. . e . . v S . 1920, S Y
molecules is product inhibitiohThe self-assembly that is exploited XL ACELYALEKELGALEKELACP E' KELGALEKELYALEK-CONH,
. R R . . . XL-2: Ac-ELYALEKE LGALEKELACL" P*’KEL GALEKE LYALEK-CONH;
to promote self-replication may be its downfall if dissociation of XL-%  AcELYALEKELGALEKELA-COSR
p p y
the product/template complex is limited. A self-replicating oligo- X CPEREL GALEKELYALEK-CONH,
XL-5: CLPKELGALEKELYALEK-CONH;

nucleotide has been reported that overcomes product inhibition
through solid-supported cycliffgwhereas a highly efficient self-
replicating peptide has been described based on reducing the number 100.0 1
of heptad repeats within a coiled-céillhe difficulty in limiting
product inhibition by weakening the product/template complex is
that essential interactions between the peptide fragments and
template may also be weakened. Incorporating a proline kink at
the center of the template (Figure 1), however, seemed an ideal
design as the fragments should maintain all interactions on either
side of the kink, but the product of the self-replicating reaction 20.0 1
would have reduced affinity for the template.

Two proline-containing, coiled-coil peptides were designed 00w
(XL-1 and XL-2) based on the self-replicating peptide EYE2. ¢ 40T0ime(6r:(:nm:;)0 1000 1200
Within XL-1 a. proline replaced Leg 19 Of.ElEZ’ whereas in XL-2 Figure 2. XL-2 production from two fragments (5Q@M each) as a function
the Glu20 residue was replaced with proline. In this way, the effect ' eaction time with varying initial concentrations of template at pH 4.0
of the placement of proline within the coiled-coil sequence and23°C: (A) no template, ) 25:M template, and<) 50 M template.
(hydrophobic d position versus hydrophilic e position) could be Error bars reflect three independent experiments. Curves were generated
evaluated. Two peptide fragments were synthesized for eachUsing the program SimFitBuffer: 100 mM MOPS with 1% 3-mercapto-
peptide, one containing a C-terminal thioester (XL-3) and one propionic acid.
containing an N-terminal cysteine (XL-4 and XL-5), for the native
chemical ligation reactiof.

Circular dichroism was used to evaluate the helical content of .
the proline-containing peptides. XL-1 displayed a somewhat lower temper:?lture of 45 and 75 were thalned for XL-1 and XL-2,
helical content as compared to XL-2 (45% and 55%, respectively, resPectlver, whereas ElEZ remalned_greater than_75% fplded at
at 2004M). The helical contents of the peptide fragments of XL-1 75°C. .These.data confirm that the addmg_n of a proline residue to
and XL-2 both increased upon addition of the corresponding the coiled-coil at Fhe hydrophpblc d position has a much greater
template: the fragment XL-3 increased by 39% and 38%, respec- effect on dep_reasmg Fr_]e meltlpg _temperature than replacement at
tively, whereas the fragments XL-4 and XL-5 increased by 42% the hydrophilic e position. A similar decrease has been reported
and 19%, respectively. These data indicate that both peptides adop¥vhen proline is placed in the f position of a coiled-coil pepfitle.

a helical conformation that is conducive for templating the  With these data in hand, the self-replicating properties of XL-1
fragments, a condition that is necessary for self-replication. For and XL-2 were investigated (Figure 2). Autocatalysis in the
comparison, the helical content of ELE2 under identical conditions formation of XL-2 from XL-3 and XL-5 was unambiguously

was 85% the replacement of Leu19 or Glu20 with proline did established by performing the fragment ligation in the presence of
affect the helical content, presumably due to distortions in the helix. increasing amounts of the template XL-2. The reaction was

Analytical ultracentrifugation was used to analyze the self- accelerated by the presence of template; increasing the amount of
assembly of XL-1 and XL-2. Whereas XL-1 was found to aggregate XL-2 in the reaction mixture increased the initial rate of XL-2
as an octamer, XL-2 was found to exist as a tetramer. Interestingly, formation. Alternatively, the reaction between the XL-3 and XL-4
by comparison, E1E2 was found to form a dimeric coiled-€oil. was very slow, with less than 5% of product formed within 24 h,

Figure 1. Helical wheel (a) and sequences (b) of XL-1 and XL-2.
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The stability of XL-1 and XL-2 was compared to that of ELE2
using thermal denaturation (all peptides at 2M). Melting

11820 = J. AM. CHEM. SOC. 2003, 125,11820—11821 10.1021/ja036569s CCC: $25.00 © 2003 American Chemical Society



COMMUNICATIONS

N,

.~ 0.06

g

E

3 o g
=2

~ 0.04

£

£

=

£

= 0.02

0 Figure 4. Schematic of the effect of proline substitution (black circle) on

the direction of the kink within XL-1 (a) and XL-2 (b) with respect to the
0 10 20 30 40 hydrophobic surface of leucine residues (gray circles).
[XL_2]0.91 ( “M(wl )
Figure 3. Initial rate of XL-2 formation as a function of added template
to the power of 0.91.

the peptide fragments to bind to each segment of the template, but
may place the termini in a poor orientation for ligation. The proline
replacement in the hydrophilic face within XL-2, however, would
and added template had no effect on product formation (data notcreate a bent, but continuous, hydrophobic surface which may be
shown). more conducive to ligation between bound fragments.

The experimental data for XL-2 were analyzed with the program N CO”CWSiO”- the. use of a proline kiqk has been shown to
SimFit based on the empirical equations developed by Kiedrdwski. Promote highly efficient peptide self-replication. However, the
This analysis provided an apparent autocatalytic rate congtant, placement of the proline kink within the coiled-coil is a critical
of 24.0+ 1.2 M9 571 and a noncatalytic rate constakg, of factor in the success of this strategy. The ability to generate a highly
7.5+ 0.4x 104 M-1sL This corresponds to a catalytic efficiency eﬁicient self-replicating system with a single amino aci.d modificg-
(e = koko) Of 3.2 x 10%, a value that is 260-fold greater than that tion demonstrates the promise for developing replicators with

obtained for ELEZ,and is comparable to the catalytic efficiency €Xponential growth in the future.

qbtaiged when the coiled-coil was shortened Fo destabilize int.erac- Acknowledgment. The authors are grateful to NSF (78923) and
tions® The order of the self-replicating reaction was determined NASA for support of this work. We are also grateful to Prof. von
by finding the best fit for the catalytic and noncatalytic reaction giedrowski for the generous gift of the program SimFit, and to V.
rates using SimFit, and was found_ t_o_ be 0.91. Alinear relat_lonshlp S. Hwang for helpful discussions.
was also observed between the initial rate for each reaction as a ] . . o
function of the concentration of the template to the power of 0.91  Supporting Information Available: ~Characterization data (mass
(Figure 3). A self-replicating tetramer such as XL-2 should exhibit speptral, circular _dlchr0|s_m, _SlmF!t file, and analytical _uItracentrlfu-
a reaction orderg) of 0.75 if the system was subject to product gatlon). (PDF). This material is available free of charge via the Internet
inhibition 210 XL-2, however, displayed a much higher reaction &t Nttp://pubs.acs.org.
order, thereby classifying the replication as weakly exponential (0.75
<p < 1)810

A very interesting contrast is observed between XL-1 and XL-2 (1) ‘(151)2""(%?@'&2% "f_| -\’Y\'EJQEB”JOR’ -JHtg/rurﬁa'\:l\glb\}%it(gi'n?gétrilc? 3;?17n_ct
with respect to self-replication. On one hand, both peptides are able Genet1991 10, 219-228. (c) Altman, K.-H.; Wojcik, J.; Vasquez, M.;
to template an increased helical content in their corresponding @ %Q;?ggﬁ’ B- ﬁB'Wﬁ}gmgr%gaqF?é% é?;—ttlfgéo 277 185188
peptide fragments. On the other hand, the fragments of XL-1 show  (3) (a) Chang, D.-K: Cheng, S,: Trivedi, V. D.; Lin, K.-IL. Struct. Biol.
little propensity for ligation, even in the presence of template, %2396}1@625710279- (b) O'Neil, K. T.; DeGrado, W. FSciencel99Q
whereas XL-2 demonstrates a high catalytic efficiency for self- 4 (@)'Li, X.; Chmielewski, JOrg. Biomol. Chem2003 1, 901-904. (b)
replication. These results are quite remarkable when one considers IlslsaféaFi.‘;lgaam, Y.-W.; Chmielewski, Curr. Opin. Struct. Biol. 2001,
that the on'ly dlfferer_me betwe_en XL-_l and XL-2 is the posﬂmmng (5) Luther, A.; Brandsch, R.: von Kiedrowski, Glature 1998 396, 245
of the proline at adjacent amino acids (Leul9 and Glu20) within 48.

(6) Issac, R.; Chmielewski, J. Am. Chem. So@002 124, 6808-6809.

the EL1E2 core structure. According to literature precedent, these (7) Yao, S.; Ghosh, I.. Zutshi, R.; Chmielewski,UAm. Chem. Sod997,

References

differences should result in a bending of the helical axis of 119, 10559-10560. ' '
approximately 30 away from the side with the proline residge. ®) ?;&sggé%75;7¥g”' T. W.; Clark-Lewis, L.; Kent, S. B. iScience

For XL-1 this would create a break in the hydrophobic surface of  (9) von Kiedrowski, G Bioorg. Chem. Front1993 3, 113-146.
the coiled-coil, with the two segments being directed away from (10) von Kiedrowski, GAngew. Chem., Int. Ed. Engl989 28, 1235-1237.
one another (Figure 4). Presumably this conformation would allow JA036569S

J. AM. CHEM. SOC. = VOL. 125, NO. 39, 2003 11821



