Supporting Methods

Sampling error

Treating the per-position nucleotide frequencies (Fi) as though they were actual probabilities (P))
results in asampling error in the information content calculation. Schneider et al.** demonstrated a
method for calculating the standard error by computing the weighted uncertainties for all possible
combinations of bases for a given number of sequencesin an aignment. To account for the reduction in
uncertainty due to afinite number of sequences, we subtract a correction factor from the information
content calculated at each position. The correction factor is the difference between the known maximum
uncertainty (2 bits/position for RNA) and the cal culated expectation value for the maximum uncertainty
in an alignment of acertain size. To compute the values for the expected maximum uncertainty, error
correction and variance per position, we implemented a version of CALHNB by Schneider et a.? in
Perl. We modified their algorithm to adjust the frequency distributions obtained from the sequence
alignments to compute the information content required to specify the active structures in completely
random RNA sequence space. The values were computed for all of the aignments with prior base

probabilities of 0.79, 0.07, 0.07, 0.07. The chart below gives a sense of the magnitude of these values.

Mumber of Expectation Error correction  Variance
seguences  value (hits) (hits) per position
30 1.74 0.26 0.060
40 1.82 0.18 0.034
50 1.8B6 0.14 0.020
60 1.89 0.11 0.013
70 1.91 0.09 0.009
B0 1.92 0.08 0.006




Normalizing and adjusting base frequencies

We computed the information content of each aptamer using the selection sequence alignments. The
sequence pools were synthesized with 21% rate of mutagenesis, where each of the non-wild-type bases
was equally likely. Because we know the prior probability of each basetypei at every position, we can
use the frequency distribution of nucleotides from the alignment to compute the information content of
the aptamers in relation to random (Pa=Py=P-=Pg) sequence space.

Asan illustration (see below), consider an aptamer that requires a purine (A or G) ina
certain position to be functional. For simplicity imagine that we synthesize a pool of 100 aptamer
sequences mutated 21% at that position with A asthe original base. I1n the idealized case we would
have 79 sequenceswithan A, 7 witha U, 7 witha G, and 7 withaC. After selection, only the A- and
G-containing sequences remain. The total number of sequencesin the pool is reduced to 86, where 79
are A and 7 are G. The relative frequency of A and G after the selection reflects the fact that A and G
are equally compatible with a functional molecule and that A was present much more often in the
starting pool than G. To normalize each F; for the skewed starting frequencies we divide each F; after
the selection by the F; before the selection. Dividing each normalized F; by the sum of the normalized
Fi s gives the adjusted frequencies of each base type relative to the others, In the current example, the
normalized and adjusted F»,=0.5 and Fs=0.5; the information content of this positionis 1 bit, whichis

the information content needed to specify atwo-base varying position in an RNA structure.



Before Selection After Selection Normalized

bhase [# seqs] frequency base |# seqs| frequency base |# seqs| frequency
A 79 0.790 A 79 0.919 A 79 1.160
U 7 0.070 _ ] 0 0.000 ] 0 0.000
G 7 0.070 G 7 0.081 G 7 1.1G0
C 7 0.070 C 0 0.000 C 0 0.000
Total | 100 1.000 Total g6 1.000 Total 826 2.320
Adjusted

bhase |# seqs| frequency
A 79 0.500
] 0 0.000
G 7 0.500
C 0 0.000

Total 86 1.000




Supporting Figure 1A-K. GTP aptamer sequence alignments. DNA sequence alignments from each of
the selections are shown in order from highest affinity for GTP to lowest. Thetop linein each
alignment contains the minimized sequence (corresponding to the length of the optimized sequence).
This is the sequence used as the template for synthesizing the library of mutants. Immediately below
that is the secondary structure model of the optimized aptamer shown in bracket form where the 5' -most
open bracket "(" base pairs with the 3'-most closed bracket ")". Paired strands are shaded with same
color. Point mutations in the loops that were assayed are indicated on the same line as the secondary
structure. Blue bases were tested and found not to improve binding activity. Red bases improved the
activity of the aptamer relative to the minimized construct and were incorporated into the optimized
version.

Mutations in the stem regions of the alignment are shaded to indicate:

Red = Watson-Crick covariation

Orange = new Watson-Crick base pair

Green = new wobble (A-C or G-U) pair

Black = broken pairing

Mutationsin the loop are shaded purple



FHgure 1A. 9-4.



Fgure 1B. Class V.



Fgure 1C. 10-10.



Fgure 1D. Class|.



Fgure 1E. 10—-509.



FHgure 1F. 10-24.
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FHgure 1G. 9-12.
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Fgure 1H. 10-6.
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FHgure 1l. ClassI.
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Fgure 1J. Class IV.
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Fgure 1K. ClasslIl.
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Supporting Chart 1. Original, minimized, and optimized sequences. The chart contains DNA
sequences for each aptamer included in our analysis. Thetop in each group, marked ‘ori', is a clone that
was identified from the original GTP aptamer selection of Davis and Szostak’®. Aptamers referred to by
number indicate that only one isolate was identified. Aptamers named Class |-V originated multiple
times as judged by the presence of diverse flanking sequences - these suggested 5' and 3' boundaries for
the functional regions (‘ori K4 construct'). For aptamers with multiple isolates (Class I-V), the specific
origina sequence chosen to derive the optimized versionsis displayed. The 'min K4 construct' isthe
minimized functional sequence determined by deletion end mapping. 'min’ is the minimized sequence
flanked by constant primer regions and was employed as the template for selecting active sequence
variants. The last sequence, 'opt’, is the optimized version of each aptamer. Kgs are shown in
parentheses. The constant primer-binding sites included for RT-PCR are shown in blue, where
applicable. Sequence changes, relative to the original isolate, are shown in red. Occasionally unpaired
G'swere appended to the 5' ends of the 'min Ky construct’ and 'opt' constructs to increase transcription
yields; these are colored green.

The optimized sequences will be deposited in GenBank. All sequences, (including selection

alignments) are available in FASTA format on our website:

http://genetics.mgh.harvard.edu/szostakweb/publi cations/extralinformati onal compl exitypaper2003.html
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9-4

ori (25 nM)

5' - GGAGGCGCCAACT GAATGAAGT TGCCAGCT GCGAGCACGT GAATAGACTGCTTCGGCAGT GTCTCG
ACGTGT GTAGGGGAAAGTATCCTCCGTAACTAGT CGCGT CAC- 3

min (Kd construct 25 nM)

5' - GGAGGCGCCAACTGAAT GAAGT TGCCAGCT GCGAGCACGTGAATAGACTGCTTCGGCAGI GTCTCG
ACGT GTGTAGGGGAAAGTATCCTCCGTAACTAGTCGCGT CAC- 3'

min

5' - GGAGCACGAACT CGGT AT CCGGAGGCGCCAACT GAATGAAGT TGCCAGCTGCGAGCACGT GAATAG
ACTGCTTCGGCAGT GT CTCGACGT GT GTAGGGGAAAGT AT CCTCCGTAACT AGT CGCGTCACGCGAACC
ATTCGGAACATCG 3'

opt (9 nM)
5'-GCGACGAGCACGT GAATCGACT GCTTCGGECAGT GT CTCGACGT GTGTAGEGGAAAGTATCCCCCGT CC
C 3

Class V

ori (4000 nM)

5' - GGAGGCGCCAACT GAATGAAATTTGGGCATTTTGGTAGGT CGGT CGCT GCT TCGECAGT AAGEEGET
AGGCATTGCTGECCTAGEGT CCGTAACTAGT CGCGT CAC- 3

min (K4 construct 15000 nM)

5 - GGGCATTTTGGTAGGTCGGT CGCTGCT TCGGCAGT AAGGGGT AGGCCATTGCTGECCTAGGGETC
CGTAAC- 3
min

5' - GGTATACGT GCCAGAGACGCGT TGGCCATTTTGGT AGGT CGGT CGCTGCT TCGGCAGTAAGGGGTAG
GCATTGCTGGCCTAGGEGT CCGTAACGCATGATAGCT GATCGCAGE- 3

opt (17 nM)

5' - GGCGGECATTTTGGTAGGT CGGT CGCTGCT TCGGCAGT GAGGGGTAGGCAT TGCTGECCTAGGGT CC
cc- 3

10-10

ori (30 nM)

5'-GGAGGCGCCAACT GAATGAAT TGCTCAACAGT AGCCAACACGAGT ACTGCTTCGGCAGT GGAACCAAC
GTAGTATGI TTAGCATTCCGTAACTAGI CGCGTCAC-3

min (K4 construct 30 nM)

5'-GGTTGCTCAACAGTAGCCAACACGAGTACT GCTTCGGECAGT GGAACCAACGTAGTATGT TTAGCAT-

3

min

5'-GGAGCACGAACT CGGTATCCTTGCTCAACAGT AGCCAACACGAGTACTGCTTCGGCAGT GGAACCAAC
GTAGTATGT TTAGCATGCGAACCATTCGGAACATCG 3

opt (30 nM)

5'-GCGCTCAACAGTAGCCAACACGAGT ACTGCTTCGGCAGT GGAACCAACGTAGTATGT TGAGE- 3
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Class|

ori

5'-GGAGGCGCCAACT GAAT GAAUUGCUUCGAGT CTTGAAGT GGT TGGGCTGCTTCGGECAGT GTGAAAATG
AGGCTTTTAAGGGT CCGTAACTAGT CGCGTCAC-3

ori ( K4 construct 160 nM)

5-GCGAGTCTTGAAGT GGT TGEGCTGCT TCEECAGT GTGAAAATGAGECTTTT- 3!

min (K4 construct 76 nM)

5'-GCGACGAAGT GGT TEEECGCT TCGECGT GTGAAAACGTCTC- 3

min

5'-GGAGCACGAACT CGGTATCCGEGACCAAGT GGT TGEECECT TCGECGT GTGAAAACGT CTCGCGAACC
ATTCGGAACATCG 3

opt (76 nM)

5'-GCGACGAAGT GGT TEEECGCT TCEECGT GTGAAAACGTCTC- 3

10-59

ori (285 nM)

5'-GGAGGCGCCAACT GAATGAACAGGAT GGTAAGT TCCCAAGGECGGGT TGGAAGAGATATCATAGGAGCT
TGTCGITCTGGTCATCCTCCGTAACTAGTCGCGTCAC-3

min ( Kq construct 285 nM)

5-CCATGGTAAGT TCCCAAGGCGEGT TGGAAGAGATATCATAGGACGCT TGT CGT -3

min

5'-GGAGCACGAACT CGGTATCCATGGTAAGT TCCCAAGGCGEGT TGGAAGAGATATCATAGGAGCTTGTIC
GTGCGAACCATTCGGAACATCG 3

opt (250 nM)

5'-GCGATGGTAAGT TCCCAAGGCGEEGT TGGAAGAGATATCATAGGAGCT TGTCGT CCC-3

10-24

ori (500 nM)

5'-GGAGGCGCCAACT GAATGAATGATCCT TTGGAGGGGCATCTATATACT GCT TCGGCAGGGAACTCTAC
TAAGCACCGATGT CACTCCGTAACTAGT CGCGTCAC-3

min (K4 construct 300 nM)

5'-GCGGGECATCTATATACT GCTTCGGCAGGGAACCT CTACTAAGCACCGATGT CCGC-3

min

5'-GEGCATGTCCTTTTTCCTAAT GCGGGCATCTATATACT GCTTCGGCAGGGAACCTCTACTAAGCACCG
ATGTCCGCGTAATAGCAGCATACT CCGA-3

opt (300 nM)

5'- GCGGGCATCTATATACT GCTTCGGCAGGGAACCTCTAATAAGCACCGATGT CCGC-3
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9-12

ori (300 nM)

5'-GGAGGCGCCAACT GAATGAACAAAGT TGT TAACACCCACT CTAGCAGT TCAGGTAACCACGTAAGATA
CGGTGCTAGAAT GGGATCCGTAACTAGT CGCGTCAC-3

min (K4 construct 300 nM)

5'-GECACTCTAGCAGT TCAGGTAACCACGT AAGATACGGT GCTAGAAT-3'

min

5'-GGAGCACGAACT CGGTATCCACT CTAGCAGT TCAGGTAACCACGT AAGATACGGT GCTAGAATGCGAA
CCATTCGGAACATCG 3

opt (300 nM)

5'- ACTCTAGCAGT TCAGGTAACCACGTAAGATACGGTGCTAGAGT -3

10-6

ori (500 nM)

5'-GGAGGCGCCAACT GAATGAAGATAGT CGGGACCACT TCCCTGAGT TCTGCTTCGGCAGATAACT CCAA
GGAGAAAGGT CGTCATTCCGTAACTAGT CGCGTCAC-3

min (K4 construct 500 nM)

5'-CCGAATGAAGATAGT CGGGACCACTTCCCTGAGT TCTGCT TCGGCAGATAACT CCAAGGAGAAAGGTC
GITCATTCGC3

min

5'-GGAGCACGAACT CGGTATCCGCGAAT GAAGATAGT CGGGACCACTTCCCTGAGT TCTGCTTCGGCAGA
TAACT CCAAGGAGAAAGGT CGTCATTCGCGCGAACCATTCGGAACATCG3

opt (300 nM)

5'-CCGAATGAAGATAGT CGGGACCACT TCGECT TCGECGAGAAAGGT CGTCATTCGC-3

Classl|

ori

5'-GGAGGCGCCAACT GAATGAAGCT GCTAGCGCGGTAGAAAACCGAGCCGGAAGAGCACGTATACGCAGG
GCTCAACTACATTCCGTAACTAGTCGCGTCAC-3

ori (K4 construct 4600 nM)

5'- GCTGCTAGCGCGGTAGAAAACCGAGCCGGAAGAGCACGTATACGCAGGGECTCAACTACA-3
min (K4 construct 2500 nM)

5- CTGAACGAGCCGGAAGAGCACGTATACGCAGGECTCAACTAG 3

min

5'-GGAGCCGACTAATGATTAATCT GAACGAGCCGGAAGAGCACGT ATACGCAGGGCTCAACTAGCGAGAG
TCCGCTAACATCGC-3

opt (400 nM)

5'-GCGAGCCAGAAGAGCACGTATACGCAAGCGCTC-3
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Class 1V

ori (2400 nM)

5'-GGAGGCGCCAACT GAATGAAATTGACT GT TTGAGCATAAAAAGCGAGGAAGT GGTAAGACATCATGTAT
GITCACGTAACGGTTGTCCGTAACTAGI CGCGTCAC-3

min (K4 construct 2400 nM)

5'-CCGTTGGAGCACAAAAAGGAGGAAGT GGTAAGACATCATGT GTGCTCCCGT -3

min

5'-GGACGAGAACT CGCATAAGCGT TGGAGCACAAAAAGGAGGAAGT GGTAAGACATCATGT GTGCTCCCG
TGCATGATAGCTGATCGCAGC-3

opt (900 nM)

5- GGGAGCACAAAAAGGAGGAAGT GGTAAGACATCATATGTGCTCC-3

ClassllII

ori

5'- GGAGGCGCCAACT GAAT GAACACACNCCTAAAAGGATACCCATGAACTGCTTCNGCAGT TTGCTAAA
AACCACTCGTGGGTACNTTCCGTAACTAAGT CGCGTCAC-3

ori (K4 construct 112000 nM)

5'-GECACACACCCTAAAAGGATACCCATGAACTGCTTCGCAGT TTGCTAAAAACCACT CGTGGGTACCT
T-3

min (K4 construct 112000 nM)

5'-GECACACACCCTAAAAGGATACCCATGAACTGCTTCGCAGT TTGCTAAAAACCACT CGTGGGTACCT
T-3

min

5'-GGAGCCGACTAATGATTAATACACACCCTAAAAGGATACCCATGAACTGCTTCGCAGT TTGCTAAAAA
CCACTCGTGGEGTACCTTCCGTCCTACATCGGECCATTC-3

opt (8000 nM)

5'- GGGATGATCGT CTTCGGACGT TGCTAAAAACCAGTCATCCC-3'
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