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Abstract: RNA sequences previously isolated by in vitro selection were further characterized for their ability
to control palladium particle growth. Five pyridyl-modified RNA sequences (Pdases) representing each of
the different evolved families were found to form hexagonal plates with a high degree of shape specificity.
However, a sixth nonrelated pyridyl-modified RNA sequence was found to form exclusively cubic particles
under identical conditions. Replacing pyridyl-modified RNA with native RNA resulted in a complete loss of
RNA function. Removing the 3'-fixed sequence region from the Pdase had little effect on particle growth;
however, further truncations into the variable region resulted in a significant loss of activity and particle
shape control. These Pdases were selected using the organometallic precursor complex tris(dibenzyli-
deneacetone) dipalladium(0) ([Pd>(DBA)s]). Changing the metal center and ligand of the group VIII
organometallic precursor complex revealed a strong dependence of particle growth and shape on the DBA
ligands. Changing the metal center from Pd to Pt while retaining the DBA ligands gave predominantly
hexagonal Pt, but with a decrease in shape control. Taken together, the results of this study suggest that
the full-length Pdases contain active sites capable of highly specific molecular recognition of organometallic
complexes as particle formation reagents.

Introduction relative to other growth directions, resulting in highly anisotropic
The si h q | ‘ lid . Icrystal shape%.Choosing the correct additive is crucial and
e size, shape, and crystal structure of a solid-state materlaIargely a trial-and-error process. If the binding interactions

can haye a profou_nd Impact on its chem|ca! and_physmal between the capping reagent and a crystal are too strong, only
properiuzas. The optical properties and catalytic activities of |1 small crystal nuclei will form. If they are too weak, face-
metalst?2 the magnetic moments of metal oxidesnd the selective growth will not occur.

electron transport charactgrlstlcs .Of semlcongludo‘csr, ex- Nature has provided some of the best examples of selective
ample, all change dramatically with cr.ystal SIz€, polymorph, materials crystal growth. In an attempt to emulate these
and macroscopic morphology. Despite the |mport'ance' of controlled growth processes, crystal engineering research has
contrplllng crystal morp_hplogy,_ ”?0‘?'6”‘ _crystal engineering recently been directed toward understanding how biological
remains _Iargely an empirical (_3I|SC|pI|ne .W'th few exceptlon_S. systems create the breadth of sophisticated material architectures
Crystal size a_nd shape are typically manlpulated by con_trol!lng found in nature. Nearly every living organism on earth
growth kinetics. Th'.s can be accomplished by aqlustlng synthesizes a solid-state material, some for structural integrity
monomer concentration and temperature and by adding smallOr protection, others for biosphere function such as light

molecules, surfactants, or polymeric capping reageritavhile focusing or magnetotaxid? Many of these functions have now
the molecular-level interactions between capping reagents and

. tal " K ¢ A i been mimicked effectively in the lab; proteins, peptides, and
a growing crystal are curréntly unknown for many systems, | ampiphilic monolayers that closely resemble nature’s ability to
is generally postulated that an additive binds to the crystal in a

. . . form materials have been isolated. Biomimetic methods have
face-selective fashion. This can slow the growth of that face been used to prepare oriented hydroxyapatite crystals similar
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Family 1 {14 members, 56%) Family 2 (6 members, 24%)

Pd_017 5'-CCCUUUCUAUCCL_4CCAACMAAAAUGU ucc-y RLO19 F o AARATACCCCAUCUUUACGUACGUUA-3

Pd_021 F-CUCTUCCUATCCUCAAAGUACCAACT] 5 UUUAATACCCCATCULTICGUAACGTUUA-Y

Pd_024 5 U AARAUACCCCAU UGUAACGUUA-3
Pd_025 5 UATISATACCCCATCULTIACGAACGTUA-Y

Pd_028 5 UUUAAJACCOCAJ%%GUMCGUUA-?'

Pd_029 5 UUUAATACCCCALT GUAACGUUA-F

Pd_031

Pd_032 Family 3 (2 members, 8%)

Pd_082 F-CUCUUUAUUUCCUUAAA ATACCAAAUCUTAAUGAATCCOC-3

Pd_085 F-CUCOUUALTUUCCULUAU AGUACCCOCUCUTAUUGUATCGOC-3
Pd_086

Pd_090

Pd_093

Pd_094

Family 4 (2 members, 8%)
5 UL AATACOCCAUCUUUCOUACGUCTTA-Y
5 U [sCOaacUuAUAAAUGAACGOCC-Y

Chphans
Pd_033  F-UCACCAACUCAGUAUUCUAGCCUUCCAACACACCUCAAC-3
Pd_034  5-UCCAACAUCUUUUAAUUUUGUGGCGUCCACAUAUCAUCCA-3
Pd_084  F-CCCUUUCUUUUUUCAAAGUACCCCCUAUUAUUGUAUUUCA-S

Figure 1. Evolved RNA sequences capable of catalyzing the formation of hexagonal Pd platelets. The sequences are grouped into families related by highly
conserved regions (shown in color).

metallized DNA wire$* and viral-templated liquid crystals. discover the active RNA sequences required, or can native
Many of these biomimetic syntheses utilize protein or peptide uridine be used in its place?
fragments. Given recent developments in RNA catalysis, it was

of interest to determine if selected sequefges this highly Results
structured biopolymer could also control materials crystal  The RNA in vitro selection that gave the sequences capable
growth. of synthesizing hexagonal Pd particles (Pdases) was previously

A new approach to the discovery of unique RNA sequences reportedit It began with a chemically synthesized library of
that can catalyze crystal growth and direct crystal shape was 4 unique ssDNA sequences, 87 bp in length, containing a
demonstrated recently in our labsln that work, modified (4- center region of 40 bp, random in sequekt&wo-cycle PCR
pyridyl-uridine) RNA libraried”'® were used and in vitro a5 ysed to convert the ssSDNA library into dsDNA, and T7

selection based on particle size was performed until a small N A polymerase was used to transcribe the dsDNA library into
subset of sequences was found that catalyzed the formation of;, ssrNA library containing ca. 19 sequences. During

thin (ca. 20 nm) hexagonal_ paI_Iadium_pIates from the _zerovglent transcription, 5-(4-pyridylmethyl)-UTP was incorporated into
metal complex precursor_trls_(d|benzyI|o_Ien9e_aZ§etone) dipalladium- the RNA to provide additional metal coordination sites aug-
(0) ([Pc(DBA)3]). RNA in vitro selectio®"?* has a number  menting the heterocyclic nitrogens present in native RNA. The
of attributes as an alternative materials synthesis tool. A large gna library was incubated fo2 h atambient temperature with
number of sequences and crystals can be screened simultapp,(DBA)4]. For selection, RNA sequences were required either
neously and selected for a desired size or shape. In addition,1, mediate the formation of Pd metal particles and remain bound
RNA-mediated evolution is performed in a cyclic process, i those particles or simply to bind to particles formed
mult_lple times until tht_a selected property emerges. _Durlng FhIS spontaneously or by other RNA sequences. Size exclusion
cyclic process, mutations can occur that alter the interactions jyempranes (100 kD cutoff) and native polyacrylamide gel (6%)
between a pool of RNA sequences and their concomitant gjectrophoresis gel mobility shift-dependent partitioning were
growing crystal. When successful, this materials evolution seq to select for particles that were formed in the presence of
process ultimately converges on RNA structures that reproduc-RNA. The selected RNA was reverse-transcribed to give a
ibly fold into intricate 3D structures dictated by their sequence. ~pnA copy of the “winning” RNA sequences. RNA sequences
This leads to the questions we pose herein: Do all evolved that did not form or bind to particles in each selection cycle
sequences in a given family (Figure 1) yield the same particle \yere discarded. Finally, the evolved RNA pool was cloned and
shape? Is the metal, ligand, or both important in the growth sequenced, and the active Pdase RNA sequences were grouped
process, or is the particle shape controlled exclusively by the i,iq families related by conserved regions (Figure 1).

folded RNA acting as a template? Is the entire RNA molecule Sequence-Dependent Pd Particle GrowthFrom Figure 1
required or will truncated sequences maintain activity toward j i cjear that the selection converged on highly conserved
particle shape control? Is the pyridyl-modified uridine used to sequences. It was of interest to determine if all of these

(14) Yan, H.: Park, S. H.; Finkelstein, G.: Reif, J. H.; Labean, T Seience sequences in fact assembled the same shape and size Pd particle.

15 |2_003 830\1;\/ 18L82—1888§. Belcher. A Mde. Mater. 2003 15, 689692 However, significant sequence variability was found outside the
ee, o. ., Lee, 5. K.; belcher, A. v. viater. 2 . H H i
(16) Gugliotti, L'; Feldheim, D. L.; Eaton, BScience2004 304, 850-852. conserved sequence region, and this portion of the molecule

a7 ngeQVéeiféTl.Gl\q.l; Zfézln?iewski, M. C.; Eaton, B. Blucleosides Nucleotides  might play an important role in dictating crystal growth and
(18) Vaught, J.; Dewey, T. M.; Eaton, B. Am. Chem. S02004 126, 11231 shape. When representative sequences from each respective

19) }Eﬁgz B. ECurT. Opin. Chem. Biol1997 1, 10-16 family were incubated with [P4DBA)] individually (isolates
(20) Nieuwlandt, D.: West, M.; Chéng, X. Q Kirshenheuter, G.; Eaton, B. E. 17, 19, 20, 81, and 84), each was found to yield hexagonal Pd

ChemBioChen2003 4, 651—654. i i i i
(21) Tarasow, T. M.; Tarasow, S. L.; Eaton, B. E.Am. Chem. So200Q plgtes exclusively, consistent with C.rySt.aI shape being correlated
122, 1015-1021. with the conserved sequence motif (Figure 2A). In contrast to
(22) Kuhne, H.; Joyce, G. F. Mol. Evol. 2003 57, 292-298. il
©3) Tuerk G- Gold. LSciencel09q 249, 505510, the RNA P_dases of the_ sequences fam!lles, orphan sequence
(24) Ellington, A. D.; Szostak, J. Wature 1992 355, 850-852. Pdase 34 yielded exclusively Pd cubes (Figure 2B). The average

(25) Eaton, B. E.; Holley, B. InEvolutionary Methods in Biotechnology ; i ; i
Brakmann, S., Schwienhorst, A., Eds.; Wiley-VCH: Weinheim, Germany, size W X l) of cubic partlcles formedni 2 h was O'lle +

2004; pp 87111. 0.05um x 0.07 um + 0.02 um. Multiple experiments gave
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Table 1. Metal Precursor Effects on Particle Shape and Size
. A B . RNA metal particle size %
0.5um . o . isolate precursor shape (um) population
L]

17 Pd(DBA); hexagonal 1.24-0.57 100
P b Pt:(DBA); spherical 0.1G 0.06 14
. @ cubic 0.22+0.13 16
. hexagonal 0.46- 0.22 69
. Pd(PPh)4 spherical 0.27:0.16 100
1um ﬁ 1um : 0.5 um Pt(PPh)4 spherical 0.00% 0.003 100
" Ni(PPh)4 spherical 0.2 0.10 100
Figure 2. TEM micrographs of (A) hexagonal palladium particles formed 34 P&(DBA); cubic 0.10£ 0.05 100
in the presence of Pdase 17 and (B) cubic palladium particles formed in Pt(DBA)3 spherical 0.16t 0.05 2
the presence of Pdase 34. cubic 0.14+ 0.07 29
hexagonal 0.3 0.16 68
; ; s atribg it ; Pd(PPB)a spherical 0.3 0.29 100
reproducible size distributions and exclusive shape control based PHPPh)s spherical 0.00% 0.007 100

on Pdase sequence. Thermal denaturation of Pdase 17 resulted Ni(PPhy)s spherical 0.24+ 0.10 100
in complete loss of shape control and a low yield of solid
material consistent with the importance of folded RNA structure.
It is now clear that RNA Pdases can control crystal shape, examples of hexagonal or cubic Pd particles were observed and
dictated by their sequence, and associated 3D structure. only a low yield of spherical particles was found by TEM.

It seemed reasonable that Pdase sequence families mad&nowing that the pyridyl group was important for Pdase activity
related palladium particle shapes and that the conserved motifand that this was a good ligand for ®dt was of interest to
was essential in determining particle shape, but it was uncleardetermine how the Pd precursor ligands might influence particle
what role the more variable parts of the sequence played. Togrowth.
investigate the importance of these more variable sequence Metal and Ligand DependenceThe RNA Pdase sequences
regions on particle formation, two new truncated RNA se- showed rapid kinetics in particle growth L um in <1 min).
guences were enzymatically synthesized from chemically pre- An essential part of any Pd particle growth mechanism requires
pared DNA templates (Figure 3). In one sequence (truncate 1),the elimination of ligands. This elimination process could occur
the 3-fixed region was removed from the full-length Pdase 17 by associative or dissociative processes where the RNA played
template, leaving only the conserved sequence and variablea role in displacing ligands or stabilizing coordinatively unsatur-
portion. In the second sequence (truncate 2), tHx&d region ated Pd intermediates. If Pdigand bonds were important, then
and four nucleotides of the variable region were removed from studying other metalligand combinations in the group VIl
the original Pdase 17 template. Both truncates were subjectedtriad (Ni, Pd, and Pt) as precursors for the Pdases might reveal
to the [Pd(DBA)s] precursor under identical incubation and differences in metal particle shape. It is well-known that metal
partitioning methods used in the selection (e.g., ambient ligand bond strengths increase moving down this triad in the
temperature for 2 h), and the resulting material was analyzed periodic table. It was of interest to determine if the Pdases were
by transmission electron microscopy (TEM). Both hexagonal capable of discriminating different metal precursors, either Pd
and spherical particles were observed with truncate 1, while with different ligands or the transition metals of the same triad
particles of undefined shape were observed with truncate 2. The(Pt and Ni). The effects of changing the group VIII metal
estimated yield as determined by TEM of particles generated precursor on particle shape and size were studied with both
with truncates 1 and 2 was relatively poor in comparison with isolates 17 and 34. Pyridyl-modified Pdases 17 and 341
the full-length Pdase 17. These results suggest that the fixedwere incubated in the presence of various metal precursors (400
region of the sequence must function in the structural context uM) for 2 h atambient temperature, and the resulting particles
of the variable region in maintaining the required 3D structure were examined by TEM. Focusing first on the results for Pdase

for creating hexagonal Pd particles. 17, changing the metal center to Pt, while retaining the DBA
In the original selection experiments it was postulated that ligands, resulted in a predominance of hexagonal Pt particles,
pyridyl modification could provide added diversity in Pligand but also a minor fraction of cubic and spherical particles (Figure

interactions and that expanding the chemical diversity of the 4, Table 1). Growth of hexagonal particles was Qu22in 2 h
RNA would be advantageous. However, it remained to be testedcompared to 1.24m + 0.57 um for the same sequence with

if in fact the pyridyl modification provided any benefitat allin  [Pdy(DBA)3]. Changing the ligand to triphenylphosphine (BPh
these sequences. The importance of the pyridyl modification resulted in the formation of spherical particles only, independent
was examined by replacing pyridyl-modified UTP with native of the metal center (Pd, Pt, Ni). When [Pt(RRhwas used as
UTP for both Pdase 17 and 34 and investigating the particle the precursor, particles only reached a size of ca. 7 nm,
formation for the resulting RNA molecules. In both cases, no compared to>200 nm for all other precursors.

5'--23 Fixed--CCCUUUCUAUCCUCAATUGUACCAACA AL AL ATGUAUUCC---24 Fixed--3'
5'--23 Fixed—CCCUUUCUAUCCUCAAUGUACCAACAALAAATGTATTCC--3'

5'--23 Fixed—CCCUUUCUAUCCUCAAUGUACCAACAAAALATGTA--3

Figure 3. Full-length 87-mer Pdase 17 sequence (top) and ttriBcated sequences examined for the ability to catalyze the formation of Pd hexagons.
Truncate 1 (middle) was a 62-mer, and truncate 2 (bottom) was a 58-mer. Conserved region is underlined.

17816 J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005
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B e —— complex or juxtaposition of the growing particle with incoming
A ' B = C Pd fragments. The precise length of the fixéer8gion that is
. necessary to exclusively form hexagons has yet to be deter-
mined.

Replacing the pyridyl-modified uridine with native uridine
resulted in complete loss of RNA catalytic activity. This loss
Py ® of activity could be a combination of changes in 3D structure
. . or the absence of an essential functional group at the catalytic
site. The metatligand dependence on both the rate of particle

1pm 2um - 0.5um formation as well as the specifity of crystal shape might suggest
i S ————————— that ligand elimination is an important aspect of the particle
D E . F growth mechanism. It remains to be determined if the pyridyl
. o modification plays an active role in either the associative or
-" . dissociative elimination of DBA ligands from the Pd precursor
organometallic complex.

In addition to sequence-dependent shape control, it is apparent
A . that formation of Pd particles is highly dependent upon the
- ST . ligand of the precursor complex. Changing the metal from Pd
to Pt, while keeping the DBA ligand constant, did not
compromise the ability of Pdases 17 or 34 to form particles,
Jum 50 nm . Apm but did result in a slight decrease in shape specificity with a
wider range of products being observed (cubes, hexagons, and
spheres). However, in the case of Pdase 17, changing the ligand
from DBA to the more tightly bound ligand triphenylphosphine

When [P(DBA)3] was incubated with Pdase 34, hexagonal Was detrimental to both the number and specificity of particle
and cubic particles were the major shapes observed. Changingshapes that could be found by TEM.
the ligand to PP however, again resulted in loss of shape  Taken together, the results show that the full-length Pdases
control by the RNA for all metals examined. Taken together, 17 and 34 evolved through the course of the in vitro selection
these results imply a correlation between Pd or Pt ligandtal to recognize a specific metaligand set, [Pe{DBA)3]. Changes
bond strength and shape control of the RNA Pdase to createin sequence length, base composition, metal, and ligand all affect
hexagonal particles. The weaker donor ligands DBA as  the ability of these RNA sequences to mediate the formation
compared to triphenylphosphine gave consistently higher yields of metal particles. These results suggest highly structured
of hexagonal particles for both Pd and Pt. catalytic sites in these Pdases that can discriminate between
metal precursors and their associated ligands. Interestingly, for
the Pd and Pt DBA complexes, shape specifity was largely

The goals of this study were to better understand the effec'fspreserved favoring the formation of previously unknown
of RNA primary sequence and metal precursor on RNA- pexagonal Pt particle plates. Consistent with increased metal
mediated growth of metal particles. Perhaps the most surprising”gand bond strength and Pdase 17 playing an active role in
result was the discovery of a sequence (Pdase 34) that codeg|imination of ligand, the Pt particles were significantly smaller

for Pd cubes rather than hexagonal platelets, the exclusivethan the Pd particles under the same incubation conditions.
product of all other sequences studied to date. Though sharing

the same 5 and 3-fixed sequence regions, Pdases 17 and 34 Conclusions
are individually unique by way of their evolved sequence regions
and do not share a common conserved region (Figure 1). While Biomimetic strategies are useful alternatives for exploring
the deeper fundamental structural origins for the observed how to control particle growth. In contrast to controlling particle
differences are not known at this time, the implication of the Size and shape with surfactant or polymer capping reagents
result is that a single in vitro selection can result in multiple typically used in large excess, biopolymers such as RNA can
catalytic RNA sequences, which, depending on their structure, form highly structured active sites that can dictate the formation
assemble discrete crystal shapes with a high degree of specific-of different shape particles from the same input metal precursors
ity. under identical conditions. Many unanswered questions remain
The results obtained from Pdase 17 sequence truncates 1 antegarding how the Pdase RNA structures accomplish the
2 provide information regarding the length of RNA template assembly of relatively large particles rapidly with a high degree
required to mediate the formation of hexagonal Pd particles. It of shape control. Clearly we now know that the ligand bound
appears that the four nucleotide bases between the conservetb the metal is more important to the control of shape in this
region and the fixed'aegion, or a portion thereof, are somehow process than an isoelectronic metal from the same row of the
critical to the structure of the Pdase and its ability to direct periodic table. However, metaligand bond strengths cannot
particle shape with a high degree of specificity. We hypothesize be ignored as they undoubtedly influence the rate of particle
that these portions of the Pdases are strong determinants oformation. Using in vitro selection to explore the catalytic
secondary structure; removing them likely disrupts a critical landscape of RNA for the assembly of inorganic materials has
folding motif necessary for proper interaction with the precursor revealed new possibilities for the creation of previously

Figure 4. TEM images of particles formed with Pdase 017 and-(@)
[Ptz(DBA)3], (D) [Pd(PPh)4], (E) [Pt(PPh)4], and (F) [Ni(PPh)4].

Discussion
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unknown Pd and Pt particle shapes, and there is much to learnbenzophenone) THF to give a concentration of 8 mM. This THF
about this process. solution was then added to water (pH 7), giving an agueous solution
of 5% THF and 40uM organometallic precursor. The incubations
were performed in agueous solutiorr  h atambient temperature.
ReagentsAll reagents were used without further purification. Tris- ~ Size-exclusion membranes (Microcon 100, 100-kD cutoff) were used
(dibenzylideneacetone) dipalladium(0) was purchased from Alfa Aesar. to separate the RNA-bound metal particles from free RNA and
Tetrakis(triphenylphosphine) palladium(0) and tetrakis(triphenylphos- unincorporated metal precursor. The reaction mixture was first con-
phine) platinum(0) were purchased from Strem. Tetrakis(triphenylphos- centrated onto the membranes by centrifugation and washed four times
phine) nickel(0) was purchased from Acros. Milli-Q water was treated with buffer containing NaCl (1 mM), KCI (1 mM), Cag1l mM),
with diethylpyrocarbonate (depc) prior to use to ensure nuclease- andMgCl, (1 mM), and NaPQ, (1 mM, pH 7.2) followed by two water
protease-free water. (pH 7) washes to remove excess salts. The RNA-bound metal particles

Generation of RNA Isolates. RNA isolates were prepared by  were recovered from the membrane by being resuspended in water.
transcription of dsDNA templates. 4% (w/v) PEG 8000, 40 mM Tris-

HCI, pH 8.0, 12 mM MgC), 5 mM dithiothreitol (DTT), 1 mM
spermidine HCI, 0.002% Triton X-100, 0.2 mM each of ATP, CTP,
GTP, and 5-(4-pyridylmethyl)-uridineBriphosphate, 125 nM T7 RNA

Experimental Section

Electron Microscopy. TEM was performed at the University of
North Carolina School of Dentistry using a Philips CM12 transmission
electron microscope operating at 100 kV accelerating voltage. To

polymerase (Promega), 0.8 units/RNase inhibitor (Promega) were prepare samples for analysis, an agueous solution of RNA-bound metal

incubated to yield 5-(4-pyridylmethyl)-uridine modified RNA transcripts  Particles was drop-cast onto carbon-coated copper TEM grids (Formvar
(87-mer): 5-GGGAGACAAGAATAAACGCTCGG-40 nucleotides- support, 300 mesh, Ted Pella). Bright-field images were captured

TTCGACAGGAGGCTCACAACAGGC-3 digitally with Digital Micrograph using a Gatan 780 DualVison camera.
Formation of Metal Nanoparticles. RNA sequences (M) were ]
incubated in the presence of the metal complex precursor 40 Acknowledgment. We thank the W. M. Keck Foundation

The following metal precursors were investigated: tris(dibenzylidene- and the National Science Foundation (CHE 0414527) for partial
acetone) dipalladium(0) ([RDBA)3]), tris(dibenzylideneacetone) di-  support of this work. We also thank Dr. Wallace Ambrose at

platinum(0) ([PXDBA)s]), tetrakis(triphenylphosphine) palladium(0)  the University of North Carolina for help with electron
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