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1. Supporting Materials and Methods

Activation of RNA trimer UUG

Chemicals: 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazaigh-b]pyridinium-3-oxid hexafluoro-phosphate
(HATU), O-(Benzotriazol-1-yl)-N,N,NN'’-tetramethyluronium hexafluorophosphate (HBTU), dazole (Im),
N,N-Diisopropylethylamine (DIEA) and dimethylformage (DMF) purchased from Sigma (all ACS reagent
grade). The trimer "ohosphate-rUrUrG (pUUG) was purchased from W.MclK@iotechnology Resource
Laboratory (Yale University, New Haven, USA)

Procedure; pUUG purified by RP-HPLC shortly prior to use ¢Dex Acclaim 120 C18; Eluents,: 0.1 M
Triethylamine acetate in Millipore 40, pH 7;B: 50% Acetonitrile in A, flow: 0.75 ml/min; gradief%-48%B
over 20 min.). For the synthesis of tHepGosphoramidate each 1.1 mg of HATU and HBTU waissolved in
10 ul DMF each and both aliquots added to neat2midazole. The resulting solution was combinetth
nmol trimer 3-pUUG in 10 pul DMF. 10ul DIEA was added to initigtee reaction (final volume 40 pl, 25 uM
oligomer). After 30 min reaction time the produaotpUUG, was isolated from the reaction mixture B3-RPLC
(same gradient as above, later retention time). ddlkected fraction was lyophilized and stored 2t “C.
Dissolved immediately before use in the trimertiigra control reaction (7.5 uM ImpUUG, 2.5 uP, 5 uMt,,
5.2 mM Mg(NQ),, 1.2 mM Pb(NQ@), 5 mM MES, pH 6.5 in 100 pl Millipore . Analyzed by anion-
exchange HPLC using the same conditions as faprileer extension assays (see main text).

2. Dependence on the presence of metal ions

The non-competetive primer extensions for sdtmpG#t,; and ImpUt,, see main text Table 2) were tested in
the absence of Mgand PB' ions, where about 1% of primer was elongated withc@ss the CC-motif and no
elongation by U was detected at all across the Asifrtemplate. Figure S1 below shows the primenesgsions
after incubation at -18.4 °C with or without metahs after 2 and 5 days (all other parameters \kepd
constant)

Figure S1: Control reactions without metal ions. FRelongated with: red — ImpG in presence;pblue — ImpU in presence tf
Control reactions performed in absence of Mggd@nd Pb(NQ),
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3. Monomer compositions for competitive elongation irsetup 1

From earlier results of elongation reactions in ¢ggectic phase in iceit has been established that in case of
ImpU in presence of the AA templatg)(the best yield is achieved if the monomer is ted at 1.75 mM in the
reaction mixture. In case of ImpG that optimal camtcation is 0.6mM in presence of a CC templéde I the
competitive setud using the AA-template these concentrations coitliee be interpreted as intrinsic to the
particular primer/template system or the monomewiped. The following conditions are reported heyehe
total concentration of monomers is 1.75 mM, theirmgat concentration observed using only ImpU on its
respective templatet,f; ii) monomers are supplied at concentrations esgond to their individual optimal
concentration, i.e. ImpU at 1.75 mM and ImpG atiMd; iii) a control experiment, where both monomerese
provided at a significantly higher concentratioraii:1 ratio (2.5 mM ImpU, 2.5 mM ImpG). The reswdhown

in Figure S2, compare the three cases with thecoampetitive reactions. In the first case (Figur&)32early the
elution pattern of the U reaction is reproduced and lower yield. In the second case (Figure $2eks from
both individual cases can be observed, includingpeaific elongations in thEP+1 and +2 region. In the third
case (Figure S2d)), the higher concentration lelitehs of G completely dominates the reaction pis,
probably due to the stronger stacking interactifithe purine base. Most notably the total yieldha reaction is
highest in case ii. (Total primer conversions: 3y, ii) 35%, iii) 17%).



Figure S2: Monomer composition in competitive reactionsAll analyses where performed after 5 day incudrain the presence
of FP andt,, unless indicated otherwise. a) Overlay of thedhconditions tested; b) 1:1 ImpU/ImpG; [ImpN] 8mM, in
overlay with non-competetive reactions;1cJj5mM ImpU / 0.6mM ImpG and controls; d) 1:1 ImprdpG, [ImpN] = 5mM.

8
a ——0.875 mM ImpU/
- 0.875 mM ImpG
6 -
? ——1.75 mM ImpU/
: - 0.6 mM ImpG
N 4 .
é ——2.5mM ImpU/
: 1 2.5 mM ImpG
c 24
0+ T ' ! I I T I |
o 28 .30 % i
min
8
b --------- 1.75 mM ImpU
) N ——0.875 mM ImpU/
i 0.875 mM ImpG
F 5 - — 0.6 mM ImpG
: - (on t1)
o
c 2
0 L) N |
34
8
] T — 1.75 mM ImpU
L ——1.75 mM ImpU/
=: - 0.6 mM ImpG
3 ] = = 0.6 mM ImpG
: - (on t1)
o
c 24
: e
34
8
d 87V 1.75 mM ImpU
; N ——2.5mM ImpU/
s - 2.5 mM ImpG
'
a ] = = 0.6 mMImpG
2 (on t1)
c J
L)
£ 27
0 T T |
34




4. Mass Spectrometry of selected elongation produc
Products collected from aniaxchang HPLC by fluorescence detectiolhe chromeograms were obtained
using a fresh DNAPac PA 200 colur(Method: flow: 1.5 ml/min; solvents: A 2 mM Trizma, pH 8; E- 250
mM NaClQ,, 0-2 min, 0% B; 242 min, convex gradient to 65% B,-45 min 80% B\ex= 494 nm e = 520
nm). The peaks selected S analysis are indicated on the HPLC chromatos (see below). Each sample
was desalted using pipette tipsepare with two layers of 3M Empore Cl®ateria by a standard protocol,
followed by evaporation to upencentrate the samples (> 5 pmol/ul).quots (3ul) of the samples were ad
to 1.5ul matrix dropletsMatrix: 300 mM trihydroxyacetophenone (THAP) in atlol, containing 30% v/v 0.1l
diammonium citrate in waterppectra obtained in line positive mode.

Figures S3, S5 and Show thefractions isolated from HPLC, and Figur84, S6 and S8 the MS spectra
matching the indicated fraction coun- Tables S2, S3 and $i4ts the calculated and obtained ma for setups
2, 3 and4, respectively.

4.1 Setup 2 mass spectrometrgata

Figure S3: Fractionation of setup 2 products Analytical HPLC Chromatogram obtained showing treetions that were lati
collected for MALDI MS spectrometry (indicated blabk bars). The numbers of the fractions corresgortie numbering of M
spectra in Figure S4, whetds the primelFP and2-8 are the subsequent elongation products or mixifrefongation product:
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Table S1:Overview of isolated product specie for setup 2.For each HPLC fraction of the reaction mixture diserved specie
are listed. Mte that for each molecule at least two r-isomers exist, that elute differently from HPLC.gRehemistry indicate
if known, otherwise labels (1) and (2) were app

Fraction  Species Molecular mass (g/mol) Obtained (m/z)
1 6-FAM dGdGdA dTdGG FP) 2425.75 2423.45
2 FP-2°U 2731.92 2729.88
3 FP->°U 2731.92 2731.13

FP-2°dG 2754.96 2754.10
4 FP->°dG 2754.96 2754.7
FP-UU (1) 3038.09 3037.32
5 FP-UU (2) 3038.09 3036.47
FP-UdG (1) 3061.13 3059.35
6 FP-UdG (2) 3061.13 3063.37
FP-UUU (1) 3344.26 3346.67
7 FP-UUU (2, trace 3344.26 3343.46
FP-UUG (1) 3367.26 3365.86
8 FP-UUdG (2) 3367.26 3367.63
FP-UUU U (trace 3650.43 3651.53




Figure S4: MALDI-TOF spectra of the HPLC purified fractions fo r setup 2. The numbers correspond to the indicated fractions
in Figure S5. The detection range of each MS spectiverlaps with the m/z range of the product # {except for the primer,
FP). For each peak a concomitant degradation peabe@tt 151 m/z units below the main peak correspanth the loss of a
guanine base (this peak was annotated in specttwnh @mitted in later spectra).
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4.2 Setup 3 mass spectrometrgata

Figure S5: Fractionation of setup 3 products Analytical HPLC Chromatogram obtain&dm setug3, showing the fractions that
were later collected for MALDI MS spectrometry (iogted by black bars). The numbers of the fractioogespond to th
numbering of MS spectra in Figure ,Sgherel is the prime=P and2-11 are the subsequentongation products or mixtures of
elongation products.
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Table S2:Overview of isolated product species of setu3. For each HPLC fraction of the reaction mixture tibserved specie
are listed. Note that for each molecule at least t@gic-isomers exist, that eluddn different HPLC fractior. Major products are
labeled (main) while trace products are labeledcf) Whenever different sequences are possible the alimmgis given ir
bracketswith subscripts indicating the abundance of thdeutide,e.g.,FP-[U;A ] instead ofFP-UA / FF-AU.

Fraction  Species Molecular mass (g/mol) Obtained mass (m/z
1 6-FAM dGdGdA dTdGG FP) 2425.75 2422.54
2 FP-2°U 2731.92 2729.96
3 FP-2°A 2754.99 2753.85
4 FP-***U (main) 2731.92 2731.97

FP2°dG 2754.96 2754.92
5 FP-A (main) 2754.99 2753.67
FP-UU 3038.09 3036.92
FP-[U,A,] or FP-UdG 3061.16 3060.12
6 FP-*dG (main) 2754.96 2753.70
FP-(**U), 3038.09 3037.14
FP-[U,A;] or FP-UdG (trace) 3061.16 3060.14
7 FP-dG (trace) 2754.96 2754.32
FP-UU 3038.09 3036.62
FP-[U1A1] or FP-UdG (main) 3061.16 3059.81
8 FP-[U1A1] or FP-UdG (main) 3061.16 3061.23
FP-AA or FP-AdG (trace 3084.23 3083.16
9 FP-[U;A,] or FP-UdG (main) 3061.16 3060.02
FP-UUU 3344.26 3043.96
FP-UUdG 3367.26 3366.58
FP-[U,A;] (trace) 3390.33 3388.44
10 FP-UUU (trace) 3344.26 3344.37
FP-UUdG 3367.26 3368.32
FP-UAdG (main) 3390.33 3390.77
11 FP-UUdG 3367.26 3368.37
FP-UAdG (main) 3390.33 3390.56




Figure S6: MALDI spectrum of the HPLC purified fractions 1-11 of setup 3.The numbers correspond to the indicated fractions
in Figure S5. For each peak a concomitant degaaatak at about 151 m/z units below the main pealesponding to the loss
of a guanine base (this peak was annotat@dint omitted in later spectra).
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4.3 Setup 4 mass spectrometry da

Figure S7:Fractionation of setup 4 products Analytical HPLC Chromatogram obtained from se4, showing the fractions that
were later collected for MALDI MS spectrometry (iodted by black barsThe numbers of the fractions correspond to
numbering of MS spectra in Figure ,S8herel is the primerP and2-8 are the subsequent elongation products or mixtoi
elongatiorreaction mixture the observed speciesshown.
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Table S3:Overview of isolated product species of setup. For each HPLC fraction of the reaction mixture dheserve products
and found massere listed. Note that for each molecule at least tegic-isomers exist, that elute differently from HPLC. jble
products are ladded (main) while trace products are labeled () When different sequenceare possible, the containing
nucleotides are written in square brackets withiabdesi andj as counters EP-[X;Y}], wherei,j = [0.n], i+j =n, andn is the
number ofinserted monomers. The combinations pertainir e.g.,FP-[U,C], n =2 areg~P-UU, FP-UC , FP-CU orFP-CC. In
these cases, the molecular masses are given asdiage #Am/zy.c) = 0.98.

Fraction  Species Molecular mass (g/mol) Obtained mass (m/z
1 6-FAM dGdGdA dTdGG FP) 2425.75 2422.60
2 FP-2°C 2730.83 2731.26

FP-2%U 2731.92 2731.26
3 FP2°C 2730.83 2730.49
FP-3%y 2731.92 2730.49
FP-**dG 2754.96 2752.67
4 FP-**U or FP-**C (trace) 2731.92/2730.83 2730.10
FP-*%dG 2754.96 2753.43
FP-[U,C], n=2 3037.00 + 0.98 3036.30
]
5 FP-dG (trace) 2754.96 2751.96
FP-[U,C], n=2 3037.00 + 0.98 3036.66
)
6 Insufficient MALDI sample N/A N/A
7 FP-{U,C]dG, n=2 3366.17 + 0.98 3365.36
8 FP{U,C]dG, n=2 3366.17 + 0.98 3367.43
]
FP-[U,C], n=4 3648.25 + 2 x 0.98 3650.51
)

1C



Figure S8: MALDI spectrum of the HPLC purified fractiors5, 7 and8 of setup4. The numbers correspond to the indicated
fractions in Figure S7. For each peak a concomdagtadation peak at about 151 m/z units belowrthim peak corresponding to

the loss of a guanine base (this peak was anndtagout omitted in later spectra).
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5. Control reactions for setup 3 and 4

As described in the main manuscript, various cémractions (Table S4) were needed to help idantifghe
FP+3 products fromed during primer extensions in gefi(Figure S9) and (Figure S10). For each setup an
overlay is shown to illustrate which products canfbormed if not all nucleotides are present. Thiews the
identification of FP+1 incorporations of the various nucleotides and@dmpare the unfaithfully formedP+2
andFP+3 products to the ones that are observed wheffutheet of required monomers is supplied. Thus, by
removing *pU from the reaction pool, a template mmsch is inevitable iFP+1 is formed , i.e.FP-A or FP-C

for setup3 or 4, respectively. If *pA (setuf) or *pC (setupd) is removed from the reaction mixture the second
insertion will create a mismatch with the templag, on forming=P+UU across AU or AG, respectively. In all
these controls, the amount of formed, bears infionaabout the fidelity of the reaction in the falystem, i.e.
with all required monomers present. A further cohtieaction was carried out usifgP-*U (commercially
synthesized oligomer) as a primer, to gauge theigfity of the reaction after a first correct elatign step. The
template motif for the first two insertion in thesentrols no longer qualifies as “blocking sequénaed

accordingly it could be shown that, if the firssémtion (U across A) is efficient and correct, tmnpletion to
FP+3 is also efficient.

Table S4: List of control reactions.All reacted for 14 days, using 2-MelmpN monomera.=anot available

Setup Template Activated monomer coir\i/r;res:on Figure key

(residues to copy %)

3 t3 (AUC) U 35 S9, a
U A 31

A, dG n/a S9, b

U, dG n/a S9, ¢

3 (FP-*U) t3 (UC) A, dG n/a S9, d

4 t4 (AGC) U 31 S10, a
uU,C 34

C, dG n/a S10,b

U, dG n/a S10, ¢

5 (FP-2U) t3 (GC) C, dG n/a S10,d

12



Figure S9: Setup 3 control experimentsa) Overlay of the full setup 3 reaction with cafgra) with *pU or *pU/*pA only, b)
control without *pU, c) control without *pA. d) oviay with the elongation dfP-*U by A and dG.
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Figure S10: Setup 4 control experimentsOverlay of the full setup 4 reaction with contra)s*pU and *pU/*pC only b) control

without *pU. c) control without *pC. d) overlay witthe elongation ofP-U by C and dG.
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6. Enzymatic digestions

The regioselectivity of the producformed in the non-competetive studiessietupsl (see Table 1 in the
manuscript) was analyzed by enzymatic cleavagetbadefor I-5-phosphodiester linkages. Figurel shows a
schematic of this process and illustrates how thaved and remaining products were quantified. diheunt of
3-5' linkages formed in the first elongation was measurechtggral of the digestion product (phosphate or
primer,FP-p). Aliquots of the reaction mixtures were inculdater 30 min at 37° C with RNAse ONE™ (10u/|
! Figures S12 and SEhow HPLC chromatogres for ImpGt, and ImpUL,, respectivelyafter incubation with
the enzyme (dig.) or without (ref. )\t least three repetitions of each experimentewdmome. The ratio of the-5'
vs. 3-5' regioisomers for the first nucleotide incorporation weslculaed from the difference of tt
chromatogram integrals after incubation a’C of digested vs. control (horizontally shadedaareFigure S11).
The incubated control was also compared to themaligample to determine degradation due to tentyer:

The digestion allowed assessing the maximal leo§ibroducts formed (to our limits of sensitivitygs the
enzyme does not cleave products with /-5’ connectivity. Consequently, it was observed that élongatior
with U (longest observable produFP-(U)o) was less influenced by the presence of a templetadsthan witt
G (FP-(G)s). Indeed, the yield dropped abruptly after the firet-cognate incorporation iFP-(G), in case of
setup2, whereas the yields &P-(U), (setupl) decayed in an exponentiite fashion fromFP-(U)sto FP-(U)s.

Figure S11: Schematic illustration of the RNAse digestio. and. The exampl#lustrates the analytical procedure to calcu
regioselectivity ratio from the chromatographiccta before (blue, “ref.”) and after (red, “dig.featment with RNAseMaterial
consumed is shown by the dagkey shaded areas. The digestion prodFP-p, light-grey shaded area) was quantified to ok
the 3-5' to 2-5' ratio of the first elongation. If this area copends to the total of digested produdark-grey shaded area);2
products exclusively are elongated with the sargmohemistry

45
1 FP —— FPp Setup 1, ImpU on t2, ref.
4.0 4 // Setup 1, ImpU on t2, dig.
0
3.5 . H’Ao <,N 7N o
0=P-0 N N//I\NHz H‘"o (’NfL/NLH
3.0 + o) o 0=p-0 NT NP N,
-y . o o
3 25 o OH +
3 ] 0=P-0 o N o, /0 HO o N
. 1 ¢] P
E 2.0 OH OH o e S
g - FPSN RNAse digestion FP-p+ N
1.5 1
1.0 1
0.5 J
0.0 r T . I 1 T T T T r
21 22 23 24 25 26 27 28 29

! RNAse ONE™ is an endonucleatieat cleaves between any two ribonucleot leading to a 23'-cyclic nucleotide monophosphate Th
intermediates further hydrolyze t6ISMP’s.
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Figure S12:Enzymatic digestion of elongation products with ImpJ in setup 1 FP =fluorescent primer,-FAM-dGdGdA
dTdGG.FP-p denotes the digestion product, see Figuil. Digestions performed with 20 pl aliquots of 14 dample
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Figure S13 Enzymatic digestion of elongation products with ImpG insetup Zz FP =fluorescent primer, -FAM-dGdGdA
dTdGG.FP-p denotes the digestion product, see Figtl1. Digestions performed with 20 pl aliquots of 14 dample
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6.1 Enzymatic digestions aftecompetitive elongation
A typical HPLC analysis for setu@s 3 and4 after 14 days incubation time dt8.4 °C is shown in Figure S14,
the overlay of crude product and degraded with RNABIE (as described aboy

Figure S14:Enzymatic digestion of crude reaction mixturesof competetive primer extension: Digestions performed with 20
pl aliquots of 14 day samples from ajuge2; b) setup3; and c) setud; ref. = untreated, dig. = digest
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6.2 Digestions of triply elongated primers

By isolatingFP+3 prodcts and subjecting them to RNAse treatniebecame possible to analyse the digestion
products of the triply elongated primers. Thesedpots would otherwise co-elute with, efP+1 andFP+2
strands. For the reported data, please note thenfo degradation schemes £ 2-5-, ¥ = 3-5"-linkage, * =
both regioisomers are possible educts):

FP*N*N*N — FP-p

FP-*N*N*N — FP°N-p
FP-*N*N®N— FP-*N®N -p
FP-*N? N°N remains uncleaved.

Table S5 corresponds to Table 4 in the main maipisaith addition of breaking down tHeP-*N*N*N group
of regiomers into specific regiomers.

Table S5: Detailed abundances of regioisomers iniply elongated primers.

Setup Fraction Relative abundances (to total FP+3rpduct) of
FP-N*N*N (%) | FP-“N*N*N (%) Subdivided in
(template, FPZN3N'N | FPN*N®N | FP-*N?N®N

monomers) (%) (%) (%)
| 8 60 4 4 52

2 (t,, U/AG) I 23 8 1 1 6
total 32 68 5 5 58
| 22 28 7 n/a 21

3 (t;, U/A/DG) I 35 15 4 3 8
total 57 43 11 3 29
| 19 46 6 n/a 40

4 (t,, U/CIG) [ 28 7 1 <0.5 6

total 47 53 7 <0.5 46

n/a: not available due to co-elution of the digesproducts oFP-*N?N*N andFP-2N?N?N.
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Figure S150verlay of digestion products of the indicated fiats (i.e. | and Il) with untreated controls; refuntreated, dig. = digested.
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TheFP-?N-p products were of special interest insofar as it shoewveal misincorporations in the first extens
step among$tP+3 products. @ verify thatFP-2'-C-p eluted befor&P-2'-U-p (as doeFP-C vs.FP-U),

digestion products frora control experime (*pC and *pdG acrost), were usedo give a reference f(FP-2"-
C-p (data not shown).

Figure S16: RNAse digestions of isolated FP+3 fractioniDigestions performed with isolatdeP+3 materialsetup3 and4 reactions
after 14 days. (A Overlay of digestion productthe fractions I; (B),analogous overlay for the fractions FP-*N-p products are
annotated; later eluting material consists of smaibunts ofFP-*N?N-p partially superimposing witFP->N*N?N extension products
(resistant to digestion).
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