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Abstract

A 2-dimensional bio/synthetic hybrid system at thie-solution interface made of polymerized
diacetylene Langmuir film with nucleobase modifieedgroups is presented. The polymerized film
present a crystalline array of nucleobases, capalflespecific binding of complementary
mononucleoside or oligonucleotide sequences.

Monolayers of the linear polyconjugated polydiateste (PDA) films derivatized with Cytosine
(10,12 pentacosadiyne-cytidyl, PDC) monomersompressed and polymerized at the air-water
interface with circular polarized light (CPL) ormmolarized UV light.

Here we report a grazing incidence x-ray diffract{&IXD) investigation of PDC films polymerized
to different chirality and hybridized with complentary ssDNA strands. We have demonstrated for
the first time enantioselective interactions ontkgtic structured interfaces produced by Langmuir
surface compression followed by polymerization vaittular polarized UV light (CPL). Thieft and
right CPL polymerized light exhibit the same well defirggstalline structure, closely related to the
polydiacetylene (PDA) blue phase structure. Theenlexd difference betweereft and Right CPL
polymerized PDC75% Langmuir films compressed ovee tcomplementary mononucleotide
Guanosine or hybridized with fully complementar$g s oligonucleotide in subphase suggests that
they are indeed enantiomeric structures, capablenahtioselective binding of their natural ligand,
guanosine, solely as a result surface induced aggmnm “left” , but not in“right” form. Our finding
may also be related to the intriguing questiontofat selection during the early period of “Orig
Life”. We show that a--chiral compounds, as a restilirradiation with circular polarized light, can
organize in chiral surface structures capable opldication biopolymers binding of particular
handedness.

Results and discussion

1. PDC75% UV irradiated film structure

GIXD reciprocal maps obtained from PDC films thares polymerized with CPL UV lightHg. 5B)
are compared to PDA (blue phasdjig( 1A) and PDC75% films polymerized with non-polarized
light (Fig. 1D) and to un-irradiated PDC75% film (monomefjg. 1C).

The reciprocal map depicted fiigure 1B was used to solve the PDC75% film structures pohzed
with CPL (the PDC75% L and PDC75% R reciprocal maps identical). Four reflections are
observed; two withy,<0.5A™ corresponding to small inclination of the diffriact planes, and two
highly inclined reflections with g> 0.6 A* (according to recently solved PDA blue phase strec
(Fig. 1A)*. Accordingly, the lowg; reflections are attributed to the hydrophilic syela and the high
g. correspond to the highly tilted hydrophobic subtaifable 1).



Miller indices | Qyy, A™ O, A Otot, AL 70 Oy, A
(11 138 0 138 0 4.55
(11)s 1.38 0.41 1.44 16.55% 4.55
02) 1.27 0.94 158 36.51 4.95
(]j_) 1.49 0.61 1.61 22.26 4,22

Table L Summary of the GIXD reflections in Figure 1dg, andg, are the peak coordinates in reciprocal space;

o= Gy * +0; ?)2js the reciprocal interplanar distancés the tilt angle of the diffraction vectors withspect

to the normal.

Considering the recently solved carboxylate terteiddeadgroup PDA structdras a benchmark, we
have indexed the reflections and deduced the smeicif the CPL polymerized PDC film$dble 2).
We note thateft andright CPL results are indistinguishable 2-D structuresvéitheless they are of
opposite handedness as was shown by circular dschri@D) measurements for PDA21 and for PDC
(manuscript in preparation).

As is the case in PDA (blue phase), the main siratteature of PDC structure are the highly inetin
alkyl chains in the [11] direction, manifested e t(11) reflection witlg,=0.

In contrast, the non-CPL polymerized PDC film exhipoor crystallinity, judged from its weak
intensity reflections, packed in a different stwuet Fig. 1D). The 3 reflections observed for non-CPL
PDC have similar interplanar tilted spacings of ragpnately 4.16A'. Their projections onto the
plane correspond (11) and (11) reflections of PDiAebphase. The third reflection cannot be
unequivocally be related to the PDA-blue (02) retften, so although this structural variation cannot
be unambiguously solved at this stage, it appears aisordered.
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Figure 1.2-D reciprocal space maps obtained from PDA film ifeldiated with non-polarized UV lighfA),
PDC75% film UV irradiated with &ft or right CPL (B), Un-irradiated PDC75% film (monomer) (C)Xan
PDC75% film irradiated with non-polarized UV lig{id). Arcs areg,=1.9 A*, 1.60 A* and 1.51 A which
corresponds to d=3.31A, 3.93 A and 4.16 A, respelsti The calculated positions for PDA based on the
crystallographic model are marked by triangles in A




Miller indices dyy, A (PDA blue phase Oxy dyy, A (PDC75%)
(PDC75%)
(11) 4.55 1.375 4.57
(02) 4.83 1.44 4.86
(11) 421 1.49 4.22

Table 2 Summary of the interplanar spacings in the 2D eglis of PDA blue phase and PDC75% films.

A PDA blue phase B PDC75%

b=9.73A \ b=0.7TA \

VAL VA
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Figure 2. Schematic representation of PDA blue ph4#¢ and PDC75% film (B). The tilt direction of the
alkyl chain tilt is denoted by triangles. The tiggansizes represent the chain projection on theeptand, hence,
their tilt. The tapered shape of the alkyl chaigsresentation in A reflects their curved sfafféea andb axes
correspond to the centered cell. The structurakimétion is summarized ifable 2

2. Interactions of CPL-polymerized PDC75% films with complementary guanosine

mononucleotides.

PDC75% Langmuir films were compressed over subphesetaining the complementary
mononucleoside, guanosine. The resultant film gawized in a structure that is related to that€P
monomer Figure 1C), though with several important differencdgigure 3A). The prominent
observation is the appearance of a series of teffecatq,,=1.31 andg, = 0.0, 0.4, 0.5 and 0.7A
Shift of the reflection to highegy, values, indicating smaller, more compact unit eslithe result of
base-pair formation.

It is plausible to index the reflections as follogg=1.31 — (02);0xy=1.42 — (11);0,=1.50 — (11),
according to their relative order in PDC CPL iratdd structureHigure 1B). The absence of the (02)
reflection in PDC monomei~{gure 1C), and its appearance in the presence of G indicatentiiease in
the film's order induced by basepairing.
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Figure 3. 2-D reciprocal space maps obtained
from PDC75% films compressed on guanosine
mononucleoside buffered solution and un-
irradiated film, (A). Irradiation with non-
polarized UV light (B), Irradiation with aight

(C) andleft (D) CPL UV light. Arcs are g=1.9
At 1.60 A" and 1.51 A which corresponds to
d=3.31A, 3.93 A and 4.16 A, respectively
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Figure 4. 2-D reciprocal space map obtained fr
PDC75% film UV irradiated with a non polarized UV
light (A) and with a right (C) or left (D) CPL and
incubated with GTs-ssDNA in comparison to
PDC75% film UV irradiated with a non polarized UV
light and incubated with (GEpBsDNA. Arcs are
Go=1.9 A%, 1.60 A* and 1.51 A which corresponds
to d=3.31 A, 3.93 A and 4.16 A, respectively



It may also hint that the base-pairs planes arented along the polydiacetylene conjugated diractio
(hence parallel to [02] direction). PolymerizatiohPDC film compressed on G subphase with non-CPL
UV light for 20 sec. results in distorted reflectgoalong equatyotal arcs, (Figure 3B). The massive
reflection spotentered aty, = 1.9 A* corresponds to d=3.3A, the typicabtacking distance of DNA
basepairs.

Yet, its broad nature suggest highly disorderedcsral feature. PDC polymerization on G containing
subphase witlRight CPL UV light results in slightly different struceuiFigure 3C), compared with the
PDC film in G absencda-{gure 1B). The (11) and the (02) reflections appear at #mesposition and tilt

as in CPL polymerized PDC in G absence. However,(11) reflection has shifted towards higlugy
value from ¢y, =1.48 t0Qxy =1.51A", indicating a more condensed packing in this divec As a
result, this reflection intensified and appears.a0, indicating that these planes are not tilteciolat
the [11] diection. The significant shift in positicand reflected intensity suggests that the (11)
reflecting planes are directly affected by the $age; hence it may be associated with the planar
Cytidyl groups.

Very distinct reflections centered on tlgw, = 1.9A" arc were observed when PDC film was
polymerized withLeft CPL UV light (Figure 3D). The two observed reflections projection onto the
Oxy axis are aty = 1.43 (very strong) and,y = 1.375A" (weak). The observed difference between
Left andRight CPL suggests that they are indeed enantiomerictates, capable of enantioselective
binding of their natural ligand, guanosine, soletya result surface induced asymmetry.

3. Interactions of CPL-polymerized PDC75% films with complementary ssSDNA GT
oligonucleotides.

PDC75% monolayers were compressed on buffer angnaoized with non-CPLLeft or right CPL

UV light. After polymerization, 16 or 17-mer oligodleotides, fully or partially complementary to the
PDC film were carefully injected under the film agigden 30 min. to hybridizezigure 4A depicts the
2-D diffraction map obtained when fully complemewgtasG,Ts oligonucleotide was injected under a
film polymerized with non-CPL light. The diffractiopattern resembles that of the same film without
the oligonucleotide(Figures 4A and 10 respectively) and reflects a poorly crystallissembly.
Injecting the partially complementary, alternatel§§516-mer nucleotide, severe deformation of the
film is observedFigure 4B)— the well localized diffraction spot transformedioi an arc of equaotal
value. This can be interpreted as the result olaago film undergoes out-of-plane deformation,
possibly due to the significant mismatch that céanbe accommodated between the regular
presentation of cytidyl moieties in PDC film, antet doubly spaced, partial complementary
nucleotide.

The fully complementary oligonucleotide §sG did not induce any observable change also when
hybridized with the right-CPL lightrigure 4C. The 2-D diffraction map resembles that of sintylar
polymerized PDC film without oligonucleotid€ifure 1B).

A very different effect results when usihgft-CPL. A series of highgz Bragg rods centered at
Ootal = 1.9AT (d=3.31A) are observedFigure 4D). Notably, the PDC film reflections appear at the
same positions as for CPL polymerized bare PDCs Dhiservation suggests that complementary
base-pairs are formed between the Cytidyl headgrafpthe film and the complementary G
oligomers at the subphase, without significantlgraipting or deforming the film order. Thugy
positions of these reflection correspond to theipliane spacings, between 1.17<f,,<1.50 A",
corresponding to

in-plane spacing of 5.37 to 4.19A. The observaiidrthese reflections may suggest nonuniform
orientation with respect to the PDC unit cell. dllédws that basepain-stacking may take place
between neighboring Cytidyl moieties, not nece$sarn the same polydiacetylene backbone.
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4. Interactions of PDC75% films with non-complementary sSDNA Cy,Ts.

Interaction of non-Watson-Crick complementary ofiggs G.Ts, resulted in similar effect to what
was observed for the complementary oligomer — g&esef intense reflections with typicalstack
spacing, tilted at about 45°+7° with respect to sueface planeFigure 5. Surprisingly, this non-
standard hybridization took place oight-CPL polymerized PDC, but not on theft-CPL, as is the
case for hybridization of the mononucletide G ahd fully complementary oligonucleotides. We
cannot account at this stage for the exact stesgoicial details of these structured enantioselective
surface interactions.

Q. (1/A)

Q_{1/A)

Figure 5. 2-D reciprocal space map obtained from PDC7584% iV irradiated with a right CPL and incubated
with C;,Ts-sSDNA. Arcs are g=1.9 A*, 1.60 A* and 1.51 A which corresponds to d=3.31 A, 3.93 A and 4.16
A, respectively. Dotted circles correspond to #iéections observed for CPL polymerized film in tifesence

of oligonucleotide in figure 1B. These reflecticare partially masked due to the intense reflections

The somewhat disturbing observation of hybridizatd cytosine rich oligonucleotides with the
cytidyl headgroups in an ordered manner can posbikxplained on the basis of observations on
cytosine-cytosine base pairfhor cytosine quartets’

Similarly, it may well be that the observed hyhration of the G-rich oligonucleotides are related t
non-Watson-Crick base pairing such as Hoogsteesphirsor G/C quartet formatin

Conclusions

In this work we have demonstrated for the first éirenantioselective molecular recognition
interactions on synthetic structured interfacegsipeed by Langmuir surface compression followed by
polymerization with circular polarized UV light (CR The left and right CPL polymerized light
exhibit the same well defined crystalline structtirat is closely related to the polydiacetylene ApD
blue phase structure. The main difference is ti€ Brganized in a monolayer while PDA tends to
orderly collapse into a stable trilayer. The coasadble difference in the limiting area between PDA
and PDC likely stems from the domain morphologytiié two films (PDA: 27A/molecule vs.
~60A%molecule for PDC). Minor differences include: &jte alkyl chains in PDC compared to bend
in PDA. The slightly different unit cell dimensioasd structural transformations in PDC nevertheless
do not lead to the stable PDA red-phase struciype. tAs is the case in blue phase PDA, the main
structural feature of PDC structure are the higihtyined alkyl chains in the [11] direction, marsfed

in the (11) reflection withg,=0. In contrast, the non-CPL polymerized PDC filhibit poor
crystallinity, judged from its weak intensity refteons, and probably represents a racemic structure
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Since the monomer is a-chiral, this notion is afipalar interest and indicates that the chiraface
structures originate during UV irradiation by def@tion of symmetric packing.

The observed difference betwedreft and Right CPL polymerized PDC75% Langmuir films
compressed over the complementary mononucleotider Gybridized with fully complementary
ssG.Ts oligonucleotide in subphase suggests that theyndieeed enantiomeric structures, capable of
enantioselective binding of their natural ligandjagosine, solely as a result surface induced
asymmetry in th&left” , but not in“right” form.

Our finding may also be related to the intriguingestion of chiral selection during the early peradd
“Origin of Life”’. We show that a-chiral compounds, as a resultrafliation with circular polarized
light, or otherwise stabilized at the interfacen carganize in chiral surface structures capable of
selective amplification of biopolymers binding afrpcular handedness.
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