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Materials 
 

Reagents and solvents were purchased from Sigma, Bachem, Fluka, Riedel de Haen, Keck Oligonucleotide Facility, CASLO 

Laboratory. TLC: Merck TLC Silica gel 60 T254; detection by UV. Liquid Chromatography: Dowex 50 W X 8, H
+
-form. 

NMR: Bruker AVANCE III 400 MHz; δ in ppm, J in Hz, assignments by 
1
H, 

31
P and COSY. MALDI-TOF-MS: Bruker 

AUTOFLEX 3, MALDI matrices: 3-hydroxy piccolinic acid (3-HPA) or 2,4,6-trihydroxy acetophenone (THAP). HPLC: 

Agilent 1200 Series semi-preparative system; columns: Dionex Acclaim 120 C18 (4.6 x 250 mm, reverse phase) and Dionex 

DNAPAC PA-100 (4 x 250 mm, anion-exchange). 

Reference oligomers: 3´-5´ pGpG and 3´-5´ pGpGpG from Keck Oligonucleotide Facility, CT, USA. 

 

Details of characterisation of compounds SH(-pG) 3  & SH(-pGpG) 9  
 

MALDI MS of reaction mixture with ImpG as a monomer resulted in the identification of 3 (pos. m/z): 588 ([M+H]
+
), and 9 

(pos. m/z): 933 ([M+H]
+
). 

Similar measurements of reactions with ImpU lead to the detection of uridine forms of 3 (pos. m/z): 548 ([M+H]
+
), and 9 (pos. 

m/z): 855 ([M+H]
+
).  

These measurements confirmed the similar nature of the intermediate for all the activated monomers tested. 

 

SH(-pG) 3 was isolated from reaction mixture with semi-preparative HPLC C18 column: buffer A: 5mM Et3N, 5 mM acetic 

acid pH 8.0 ; buffer B 25% acetonitrile, 75% buffer A. Flow speed 1.1 ml/min. Gradient shape: 0-5 min 100% A; 5-30 min 

gradient to 30% B, 30-36 min gradient to 100% B; 36-39 min kept at 100% B; 39-41 min gradient to 100% A; 41-43 min kept 

at 100% A. The absorption of eluants was monitored at 260 nm. The column thermostat was set at 20°C. 

Pooled fractions containing HPLC isolated compound 3 were frozen with liquid nitrogen and lyophilized overnight or longer 

depending on the volume of the collected fractions. Obtained material was analysed by MS and NMR. MALDI MS (pos. m/z): 

588 (80% [M+H]
+
), 610 (5% [M+Na]

+
), 626 (5% [M+K]

+
) - confirmed 3 being covalent conjugates of SerHis and GMP. 

1
H 

NMR (400 MHz, D2O) δ 8.44 (s, 1H), 8.00 (s, 1H), 7.77 (s, 1H), 7.15 (s, 1H), 7.05 (s, 1H), 6.93 (s, 1H), 5.82 (d, J = 6.1 Hz, 

1H), 5.74 (d, J = 5.2 Hz, 1H), 4.65 (dd, J = 10.9, 5.3 Hz, 2H), 4.45 – 4.26 (m, 4H), 4.23 (s, 1H), 4.16 (s, 1H), 4.11 – 3.92 (m, 

5H), 3.85 (dd, J = 14.8, 4.8 Hz, 3H), 3.69 (dd, J = 17.7, 5.4 Hz, 1H), 3.27 (d, J = 7.3 Hz, 1H), 2.91 (d, J = 9.2 Hz, 2H), 2.76 (d, 

J = 8.2 Hz, 1H). 

 

 

Table S1: Characterisation by 
31

P NMR; reference 0 ppm set with 85% H3PO4. 

Compound Chemical shift δ 

(ppm) 

SH(-pG) (3) -10.36 

ImpG 8 (1) -10.39 

O-phospho-L-serine 

(Chart. S1) 
-0.03 

pG (5) -0.24 

SH(-pGpG) (9) -10.62 
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Chart S1. Structure of O-phospho-L-serine. 

 

 

 

 

 

 

 

 

 

Chemical shift of the 
31

P signal for 3 is very clearly different from chemical shift of O-phospho-L-serine. If SerHis and GMP 

were linked through the hydroxyl of serine like in the case of serine proteases
18

, we would expect 
31

P NMR chemical shift to 

be similar to O-phospho-L-serine. Instead the chemical shift of 3 is almost identical to that of 1 (ImpG), thus indicating an N-P 

bond through the imidazole ring (Table S1, Scheme 1). Compound 9 was isolated in the same manner. MALDI MS signals 

(pos. m/z): 933 ([M+H]
+
), 955 ([M+Na]

+
) were detected. Only 

31
P NMR was performed. 

31
P signal of isolated compound 9 

shown similar chemical shift (-10.62 ppm) to compound 3, also pointing to the retention of peptide group on elongated RNA 

oligomer. 

 

 

 

Used ribonucleotide activation groups 
 

Formation of SH(-pG) 3 can be a result of replacement a variety of 5’-phosphate activating groups, containing secondary 

amines in transamination reactions as the following chart (Chart. S2) shows. The highest yields of oligomers formation was 

achieved with ImpG as a substrate, therefore this compound was used in all other experiments. 

 

Chart S2. Tested ribonucleotides containing activation groups that can be replaced by SerHis. 
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Details of characterisation of compound pG-SH 8  
 

The compound 8 was isolated from reaction mixture with semi-preparative HPLC C18 column: buffer A: 5mM Et3N, 5 mM 

acetic acid pH 8.0; buffer B 25% acetonitrile, 75% buffer A. Flow speed 1.1 ml/min. Gradient shape: 0-5 min 100% A; 5-30 

min gradient to 30% B, 30-36 min gradient to 100% B; 36-39 min kept at 100% B; 39-41 min gradient to 100% A; 41-43 min 

kept at 100% A. The absorption of eluants was monitored at 260 nm. The column thermostat was set to 20°C. 

Fractions of the HPLC purification containing compound 8 have been combined and frozen with liquid nitrogen and 

lyophilized overnight or longer depending on the volume of collected fractions. Obtained lyophilized powder was analysed by 

MS and NMR. MALDI MS (pos. m/z): 588 (60% [M+H]
+
), 610 (20% [M+Na]

+
), 626 (10% [M+K]

+
) - confirmed 8 being 

covalent conjugates of SerHis and GMP. 
1
H NMR (400 MHz, D2O) δ 7.82 (s, 1H), 7.39 (s, 1H), 6.60 (s, 1H), 5.68 (d, J = 6.5 

Hz, 1H), 4.18 (d, J = 16.0 Hz, 2H), 4.07 (s, 1H), 3.82 (d, J = 26.2 Hz, 3H), 3.60 – 3.39 (m, 4H), 2.78 (t, J = 24.1 Hz, 5H). 

 

 

 

Table S2: Characterisation by 
31

P NMR; 0 ppm set with 85% H3PO4. 

Compound name Chemical shift δ 

(ppm) 

pG-SH (8) 4.46 

ImpG (1) -10.39 

O-phospho-L-serine (Chart 

S1) 

-0.03 

pG (5) -0.24 

 

 

Chemical shift for 8 differs greatly from both 1 (ImpG) and O-phospho-L-serine. Indicating that bond between SerHis and 

GMP in 8 is mediated neither through imidazole ring nor serine hydroxyl. Primary amine from N-end of SerHis is the 

remaining nucleophile and candidate for covalent bond with GMP (Scheme 1, bottom). 

This notion is strengthened by the fact that compounds similar in retention time to 8 are formed when incubating 1 with serine 

amino acid and with C-blocked serine: H-Ser-OEt, but not when incubated with N- and C- blocked serine: Ac-Ser-OMe. 

Additional side product we might expect is a form in which one dipeptide molecule forms covalent bond with two independent 

mononucleotides: one through imidazole ring and one through the N-end. Such compound would have a mass equivalent to 

SerHis capped regular dimer (2’-5’ or 3’-5’), like compound 9, but would be unable to continue with oligomerization. 

However, even if such a side product occurs, the presence of linear dimers (2’-5’ and 3’-5’) as well as longer oligomers attest 

to the general outline proposed in this article. 
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Product distribution of SerHis catalysis reaction over time 
 

SH(-pG) 3 forms rapidly in the reaction mixture. Within first hour almost half of the substrate 1 is converted into 3. Later on 

both 1 and 3 are slowly converted producing stable products, among them RNA oligomers but mainly deactivated monomer 5 

(Fig. S1). Maximum yield of oligomers equalled 10% of the starting monomer concentration. In control experiments without 2 

(SerHis) around 80% of 1 is still present after one month and the main product is pG 5. 

 

Figure S1: Time dependent distribution of reactants in reaction mixture. a: short term; b: long term. For better readability, 

only the points for pG (red +) are explicitly shown. All other points have been determined with the same time intervals and 

consecutive points connected with a line-plot to guide the eye. 
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Formation of G trimer  
 

The formation of small amounts of 3´-5´-pGpGpG trimer was also observed after two weeks in standard reaction mixtures. 

Appearance of trimer was depended on the initial concentration of SerHis in reaction mixtures (Fig. S2). Higher oligomers 

were likely formed in traces (see peaks in Fig. 1 and S4) but below reliable detection limits.  

 

 

 

 

 

Figure S2: SerHis concentration dependent formation of 3´-5´ pGpGpG trimer in reaction mixtures. Overlaid chromatograms 

have been aligned and a chromatogram of a trimer standard has been scaled to fit on the figure.  
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Tested D-Ribomononucleotides 
 

Besides ImpG 1, U, C and A monomers were tested. Imidazole activated nucleotides of 5'-monophosphates of uridine, cytidine 

and adenosine (ImpU, ImpC and ImpA) also reacted with SerHis in here described conditions. In all four cases an analogue of 

compound 3 was formed. A comparison of rates of oligomerization of different nucleobases in the present system will be part 

of a follow-up study. 

 

Chart S3. Tested ribonucleotides. 

 

 

 

 

 

 

 

Regioselectivity 
 

One important aspect of non-enzymatic oligomerization of RNA is the regioselectivity of the phosphodiester bonds. Modern 

organisms contain almost exclusively 3´-5´ bonds. The regioselectivity in SerHis catalysed reaction seems to be rather 

complex. If the SerHis-pG (3) intermediate is purified (see Fig. 4, main text) and incubated alone, a major product (SerHis-

pGpG, 9) that elutes after both 2´-5´ and 3´-5´ pGpG dimer is observed. These two isomers remain minor products of the 

reaction. The regioselectivity of (9) still is uncertain due to the absence of enzymatic degradation.  

By contrast, if the reaction mixtures are incubated normally (no purification of the 3), a different product distribution is 

observed, where the major products are both 2´-5´ pGpG and 9 with traces of 3´-5´ pGpG, a result which would be in 

agreement with other non-enzymatic RNA oligomerization methods, in which mixtures of both regioisomers are formed
3
 

(Figure S3). But it might also reflect the outcome of side reactions. ImpG (1) with time will hydrolyse into pG (5). To form a 

dimer we need a condensation reaction of either two ImpGs or one ImpG and one pG. These two pathways can give rise to 

different regioselectivities and since the relative amounts of ImpG and pG are constantly changing a complex regioselectivity 

issue will emerge.  
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The fact, that certain preliminary studies indicate that under specific conditions only one isomer is formed is interesting and 

will be investigated in future studies. 

3´-5´ pGpG was identified by co-injection with a standard, as well as mass spectrometry and a successful digestion with 

RNAse One. 2´-5´ pGpG was identified by mass spectrometry and the absence of digestion with RNAse One. GppG was 

identified by mass spectrometry and it was also the only dimer appearing in control reaction (incubation of ImpG without 

presence of any catalyst). Compound 9 (SH(-pGpG)) was identified by mass spectrometry and 
31

P NMR. The enzyme RNAse 

One was blocked by the SerHis capping of the dimer.  

The comparison metal ion catalysed reactions were procured with slightly modified protocol from Monnard and Szostak
5
: 1.2 

mM Pb(NO3)2, 4.8 mM Mg(NO3)2, 5 mM MES buffer, pH 6.5. 

 

 

 
Figure S3: Dimeric region of HPLC anion-exchange chromatogram. Blue line represents a control experiment of ImpG 

oligomerization by metal ions catalysis after 10 days of incubation. Red represents ImpG oligomerization by SerHis after 10 

days of incubation..The peaks have been aligned due to small deviations in the retention times caused by aging of the column. 
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Additional experimental evidence for the Reaction Scheme 
 

A series of control experiments have been performed to elucidate the reaction pathway of the SerHis catalysis towards a 

detailed reaction mechanism. The results are summarized in the reaction scheme (Scheme 1). 

 

Overview of the Structures of peptides and amino acids used in the experiments and 

controls 
 

 

Chart S4. Structures of SerHis related amino acids (charges omitted). 
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Chart S5. Structures of SerHis related peptides (charges omitted). 

 

 

 

 

The specific role of Dipetides 
To primary exclude the activity of the components of the SerHis dipeptide, histidine and serine have been tested as amino acids 

separately and together, as well as their derivatives with the protected C and N ends: H-Ser-OEt and Ac-Ser-OMe. As an 

important result, none of them showed a condensation reaction of the nucleotides.  

 

In further reactions closely related dipeptides have been tested:  

 

GlyGly 

GlyGly was tested as the simplest with respect to residues of all dipetides with catalytic activity in dipeptide formation
6,10

. The 

hydrolysis rate of ImpG increased comparing to SerHis. A reaction product eluted at the retention time of pyrophosphate. 

Minute amounts of other dimers have been detected occasionally. 
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HisSer 

H-HisSer-OH is an isomer of H-SerHis-OH. It was used to test whether the spatial arrangement of functional groups is 

determining the catalytic activity. In contrast to SerHis, HisSer hydrolyzes ImpG much slower. It did form HisSer analogues of 

compounds 3 and 8. Also an analogue of dimeric product 9 was observed (confirmed by MALDI MS (pos. m/z): 933 ([M+H]
+
) 

and by 
31

P NMR: -10.29 ppm). However, this 9 analogue was surprisingly stable during the time course of the experiments 

(around 30 days) and did not yield longer oligomeric products, like trimers, even after 102-days incubation. Perhaps in HisSer 

case we form exclusively a side product in which one dipeptide molecule forms covalent bond with two independent 

mononucleotides: one trough imidazole ring and one trough the N-end. Such compound would have a mass of 932 g/mol and 

be therefore inactive in further oligomerization. These results indicate that the spatial arrangement of functional groups is an 

important factor.  

AlaHis 

H-AlaHis-OH is an analogue of H-SerHis-OH. It lacks the serinyl-hydroxyl group. Since the hydroxyl group of serine is 

assumed to interact with the histidine imidazole heterocyle, enhancing its nucleophilicity, AlaHis is expected to be less 

reactive. Hence, the reaction rate dropped as only traces of oligomers (the AlaHis analogue to 9) could be monitored within 

24h. In the presence of AlaHis, ImpG hydrolysis is however much slower. That is, the activation of the monomers is preserved 

for much longer time periods. Within 30 days, AlaHis yielded amounts of oligomers silimar to those produced by SerHis. 

Whereas all substrate (ImpG) was consumed after 30 days in the SerHis reactions, preliminary results of one 102-day 

experiment series indicate that the AlaHis catalysis proceeded further and yielded trimers and likely longer oligomers while 

some ImpG substrate is still available. These findings indicate that the serine's hydroxyl group is an important determinant of 

the catalytic rates both for the dimer formation and the hydrolysis of ImpG to pG.  

 

 
 

Figure S4: Condensation of ImpG in the presence of AlaHis after 102d (blue line). All compounds with a retention time > 20 

min had a guanine signature in their UV-spectrum. Products that elute after 35 min are likely longer than dimers. The 

candidates for AlaHis analogues of compounds 3 and 8 are labelled with the same numbers. Green line illustrates the same 

experiment after 4 hours of incubation. Rapid formation of analogue of compound 3 can be observed. 

 

 

 

 

To further elucidate, which functional group of SerHis plays an important role in the investigated condensation reaction, 

several “blocked” candidates have been tested: 
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N-Terminus block: Ac-SerHis-OH 

Small amounts of compounds with retention times analogue to products 3 and 8 could be observed with Ac-SerHis-OH. The 

product analogue to 8 was likely the result of deprotection of Ac-SerHis-OH. The hydrolysis rate of ImpG increased compared 

to SerHis. No oligomerization of ribonucleotide monomers could be detected. This indicates that the free amino group is 

involved in dimer formation (or the methyl group hinders the dimerisation (e.g. sterically).  

 

C-Terminus block: H-SerHis-NH2 

A possible active role of the free carboxylate group could be shown by its conversion into a C-terminal amide. Higher 

hydrolysis rates of ImpG could be monitored compared to SerHis. No transamination and logically no condensation products 

have been detected. Thus, the terminal carboxylate group is required for the transamination reaction.  

 

Block of Imidazole-residue/functional group of SerHis: H-Ser-His(1-Me)-OH 

The role of the nitrogens and possible interaction with the vicinal seryl-OH could be studied by modifying one of the two 

nitrogen atoms of the histidyl-imidazole with a methyl moiety. Thus, the H-bridge formation to the serinyl-hydroxyl group 

should likely be prevented. An increased hydrolysis rate of ImpG could be measured. A reaction component with a retention 

time analogue to compound 3 and oligomerization products were not detected. 

 

 

Eutectic phase in water/ice: a plausible prebiotic environment. 
 

When trying to define whether experimental conditions reflect plausible prebiotic environmental conditions, one is confronted 

with the lack of extensive direct records (mostly refractory zirconium-containing pellets formed between 4.0-4.5 Ga
S1

) and the 

fact that the theoretical models developed based on this sketchy information often lead to contradicting conclusions.  

The until recently prevalent view of the Hadean Earth was leaning towards a very hot Earth where the formation of ice deposits 

seemed to be quite impossible. However, recent theoretical studies of the events leading to the Hadean and Archean Earth have 

started shaping a different picture of the early history of Earth where the existence of substantial bodies of surface ice cannot 

be excluded
S2,S3,11

, either as permanent or seasonal deposits. Indeed, given the faint young Sun, the existence of ice deposits 

would predominantly depend on the rate of CO2 removal from the atmosphere by carbonate subduction
11,S4

, which if efficient 

would have led to a rapid decrease of greenhouse gas in the atmosphere thereby to a rapid cooling of the earth surface.  

Furthermore, subsequent planetary-wide “sterilization” during the Great Late Bombardment is now being reassessed
S5

. Thus, 

water-ice might have been formed on the surface of Earth relatively rapidly after the moon forming impact. 
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Abbreviations 
 

Ac-  Acetyl group 

COSY Correlation spectroscopy (an NMR method) 

DMF Dimethylformamide 

DMSO Dimethylsulfoxide 

Et3N Triethylamine 

Et2O Diethylether 

GMP Guanosine monophosphate 

ImpG Guanosyl imidazolate 

   2-MeImG 2-Methyl guanosyl imidazolate 

   2,4-diMeImG 2,4-Dimethyl guanosyl imidazolate 

   2-NH2BenzImG 2-Amino benz guanosyl imidazolate 

ImpA Adenyl imidazolate 

ImpC Cytidyl imidazolate 

ImpU Uridyl imidazolate 

MALDI-TOF-MS Matrix-assisted LASER desorption/ionization – time-of-flight mass spectroscopy 

-OEt Ethoxy group 

-OMe Methoxy group 

pG Guanosine monophosphate 

pG-SH Covalently linked guanosine monophosphate and SerHis trough the N-end of the dipeptide 

Ph3P Triphenylphosphine 

r.t. Room temperature (ca. 23°C) 

SH(-pG) Covalently linked guanosine monophosphate and SerHis trough the imidazol group of the dipeptide 

SH(-pGpG) Covalently linked guanosine RNA-dimer and SerHis trough the imidazol group of the dipeptide 

TFA  Trifluoroacetic acid 
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