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SUMMARY

The application of machine learning toward DNA encoded library (DEL) technol-
ogy is lacking despite obvious synergy between these two advancing technolo-
gies. Herein, a machine learning algorithm has been developed that predicts
the conversion rate for the DNA-compatible reaction of a building block with a
model DNA-conjugate. We exemplify the value of this technique with a chal-
lenging reaction, the Pictet-Spengler, where acidic conditions are normally
required to achieve the desired cyclization between tryptophan and aldehydes
to provide tryptolines. This is the first demonstration of using a machine learning
algorithm to cull potential building blocks prior to their purchase and testing for
DNA-encoded library synthesis. Importantly, this allows for a challenging reac-
tion, with an otherwise very low building block pass rate in the test reaction, to
still be used in DEL synthesis. Furthermore, because our protocol is solution
phase it is directly applicable to standard plate-based DEL synthesis.

INTRODUCTION

DNA-encoded libraries (DELs) are collections of small molecules covalently linked to unique, structure-

identifying DNA tags, which enable screens of a large pool of billions (even trillions) of library members

for binders of disease-related biologically interesting targets (Clark et al., 2009; Ralph et al., 2011; Favalli

et al., 2018; Neri and Lerner, 2018; Zhou et al., 2018; Faver et al., 2019; Reddavide et al., 2019; Dichson

and Kodadek, 2019; Yuen et al., 2019). Compared with traditional combinatorial encoded methods, a

distinctive and amplifiable DNA tag facilitates the decoding process and enables the screening of much

larger libraries (trillions versus millions) (Buller et al., 2010; Encinas et al., 2014; Franzini and Randolph,

2016; Ottl et al., 2019). After affinity selection, the hit molecule’s structural information is deciphered

from the attached DNA via next-generation sequencing (Eidam and Satz, 2016; Roman et al., 2018).

High-quality DELs are the basis for the success of subsequent screening experiments, and quality includes

high conversion rate for each building block (BB) used during library synthesis. Thousands of BBs are

routinely reacted with a model DNA-conjugate to determine their appropriateness for use, in a particular

reaction, prior to DNA-encoded library (DEL) synthesis. For all investigated reactions, a significant percent-

age of the acquired and tested BBs fail this validation step (generally a >50% conversion to desired product

is required for a BB to ‘‘pass’’ the validation), greatly increasing reagent costs and library development

time. Additionally, for particularly challenging reactions, the BB pass rate can be extremely low. Owing

to the limited resources, it is not practical to pick high-conversion-rate BBs by experimentally determining

the conversion rate of each commercially available BB, as a significant percentage of purchased BBs will fail

to pass this validation step. Tomaximize the likelihood that purchased BBs will pass chemical validation, we

envision the use of an informatics filter that could readily and inexpensively assess the likelihood of any

particular BB to provide a high yield of desired product. Machine learning (ML) is a technology to build

a mathematical model based on sample data, known as "training data," in order to make predictions or

decisions without being explicitly programmed how to make the decision (Bishop, 2006). Great successes

have been made with the method in the field of computer vision, natural language processing, and biolog-

ical medicine (LeCun et al., 2015). However, no research regarding DEL reaction conversion rate ML
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prediction has been reported. Studies in traditional organic synthesis have used ML for the estimation of

catalytic performance (Kite et al., 1994; Omata and Yamada, 2004) and reaction success (Skoraczynski et al.,

2017; Raccuglia et al., 2016). More recently, a study has applied descriptors obtained by quantum chemical

calculation to predict reaction yield (Ahneman et al., 2018). However, quantum chemical calculation is a

time-consuming process, which is not practical when applied to DEL reaction yield prediction because

tens of thousands of BBs are needed to be evaluated in a library constructing process.

Furthermore, applying ML for BB filtering is particularly valuable for challenging DNA-compatible reactions

owing to the expected low BB passing rate. Although DEL is successful for hit identification and widely

used throughout the academic and industrial small molecule drug discovery community, it still suffers from

a limited number of DNA-compatible reactions and thus limited access to desirable drug-like chemical space

(Satz et al., 2015; Malone and Paegel, 2016; Lu et al., 2017a, 2017b; Wang et al., 2018a, 2018b; Li et al., 2018;

Flood et al., 2019; Wang et al., 2019; Du et al., 2019; Lerner et al., 2019; Liu et al., 2019; Skopic et al., 2019; Xu

et al., 2019). More DNA-compatible organic transformations, especially the challenge but highly valuable

ones, are strongly desired to improve the chemical diversity of DNA-encoded libraries. We envisioned

develop a new challenge DNA-compatible reaction and applied ML for the BB filtering for DEL synthesis is

a rational strategy for DEL chemical space expansion especially for valuable privileged scaffolds based DELs.

We decided to focus on the DNA-compatible cyclization of highly functionalized and rigid rings. (Note that

our laboratory has previously discussed the design and synthesis of orthogonally protected heterocyclic

scaffolds for use in DEL synthesis [Gong et al., 2017]). Poly-substituted optically active tryptoline derivatives

classified as nonisoprenoids are common structural motifs in indole-based alkaloids. As depicted in Fig-

ure 1, functionalization of the C-1 position of tryptoline derivatives is generally observed in natural-prod-

uct-based indole alkaloids and commercial drugs such as tadalafil (Cialis) (Yamamura et al., 2017) and eto-

dolac (LaPlante et al., 2013; Maity et al., 2019). The World Drug Index contains over 200 listings of this

distinctive heterocycle, which is usually assembled by the (Pictet-Spengler) PS reaction (Maity et al.,

2019). Unfortunately, owing to the acidic conditions required for the PS reaction, there were no DEL PS re-

actions reported in the literature until recently. Importantly, both reports demonstrate proof of concept only

and would require non-trivial deviation from existing protocols to actually synthesize a DEL. One report de-

tails a high-throughput solid phase methodology to synthesize tryptoline-containing BBs (Zambaldo et al.,

2019). After release of the desired products from resin, the tryptoline products were then conjugated to

DNA oligomers in a 96-well plate-based format. The second method demonstrated that short DNA oligo-

mers attached to resins were protected from mildly acidic conditions, such that the PS reaction could be

Figure 1. Bioactive C-1-Functionalized Tryptoline Derivatives through the Pictet-Spengler Cyclization Strategy
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successfully accomplished in combination with electron-poor aldehydes (Figure 2) (Skopic et al., 2017). Be-

sides, the preparation of PNA monomers with a protecting group combination (Mtt/Boc), which is orthog-

onal to Fmoc-based synthesis and compatible with PS reaction, was also elegantly demonstrated (Chouikhi

et al., 2012). Despite the potential of the above methods, we believe there is still a clear need for a solution-

phase PS reaction that is compatible with existing and proven DEL synthesis protocols (Figure 2).

Herein, we discuss the optimization (and reagent design) of a DNA-compatible and solution-phase PS re-

action. The PS is a challenging reaction, as conditions that increase conversion rate often also increase

DNA damage. Thus, under our optimized reaction conditions (which avoids DNA damage), a majority of

Figure 2. In-Solution Plate Friendly DNA-Compatible Pictet-Spengler Reaction
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randomly chosen aldehyde BBs fail to give high conversation to desired cyclized products. To better filter

commercial BBs prior to their purchase, we trained a deep neural network (DNN) model (a type of ML

model) to predict the conversion rate of BBs in our challenging PS reaction. We then purchased a subset

of these BBs and compared our model’s predictions with experimental results.

RESULTS AND DISCUSSION

The Development of On-DNA PS Reaction

Developing a DNA-compatible solution-phase PS reaction using DNA-conjugated tryptamine substrates 1

and providing the desired products 2 (Figure 3A) (Zambaldo et al., 2019) is challenging since acidic

conditions are typically required. To optimize a DNA-compatible reaction, we carried out parallel

screening to test whether any acidic promoter could not only efficiently promote the PS reaction with sim-

ple aldehydes but also preserve the DNA without decomposition. Unfortunately, unlike reported literature

procedures in traditional organic solvents, neither Lewis acids (Srinivasan and Ganesan, 2003) Sc(OTf)3, In(-

OTf)3, YbCl3, YCl3, Sm(OTf)3 nor Brønsted acids H3PO4, HCOOH appeared to promote the PS reaction, and

only DNA damage was observed. Unsurprisingly, basic conditions such as adding NaOH or employing

pH12 buffer also did not promote the reaction, and using I2 (Dipak and Mukut, 2008) also gave disap-

pointing results.

Drawing upon existing literature reports and the known mechanism of the PS reaction, we hypothesized

that the combination of an electronic-rich tryptamine derivative and an electronic-deficient aldehyde

may have better reactivity compared with the previous substrates 1. Thus, we chose to investigate a me-

thoxy-substituted tryptamine-conjugated DNA substrate 3a. Employing a pH5.5 phosphate buffer to main-

tain a weakly acidic condition, we observed �29% conversion to the desired cyclized product 4a and no

obvious signs of DNA damage. Next, we screened a series of solvents as tabulated in Figure 3B. The solvent

i-PrOH led to an increase to 59% conversion, despite the test aldehyde 4-Nitrobenzaldehyde being poorly

A

B

C

Figure 3. On-DNA PS Reaction Condition Optimization

(A) On-DNA PS reaction condition optimization.

(B) Optimization of reaction solvents.

(C) Scope of aldehyde of the on-DNA Pictet-Spengler Reaction. aConversions determined by liquid chromatography-

mass spectrometry (LC-MS).
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soluble under these conditions (Entry 2, Figure 3B). Thus, we chose a mixture of NMP and i-PrOH to

improve solubility and observed a further increase in conversion to 78% (Entry 3, Figure 3B).

Next, we explored the scope of our optimized conditions and gratifyingly saw the PS reaction proceed

smoothly with a broad spectrum of aldehydes. We found that our optimized conditions tolerated different

functional groups including halides (Figure 3C, entries 1, 2, 3, 4, 5, 7, 11, 15), esters (entries 1, 8, 14), alkynes

(entry 13), t-butyloxy carbonyls (entry 9), and nitriles (entry 6). Most of the heterocyclic aryl aldehydes gave

moderate to excellent conversion (entries 4, 5, 15, 16, 17); however, an electron-rich (OCH3) aryl aldehyde

even does not work (entry 18). And several aldehydes gave two different cyclization products because of

stereo isomers (entries 1, 3, 5, 6, 7, 8, 10, 12, 16, 17) (for details see the Supplemental Information). To

confirm that we were correctly assigning our DNA-conjugated products, we synthesized the corresponding

off-DNA small molecule 4 as the free acid and then acylated this fully characterized cyclized molecule onto

a DNA-conjugate. HPLC comparison of the two batches of 4 confirmed them to be the same (see the Sup-

plemental Information).

DNN Model Construction and Validation

From the above exploration of aldehydes, 1,655 reaction records were collected (Table S1), based on which

a DNN model was established (k-NearestNeighbor algorithm, KNN, a traditional machine learning meth-

odwas also investigated as a baseline model, see Table S5). The extended connectivity fingerprints (ECPF4

[David and Mathew, 2010]) with a radius of two consecutive bonds and a length of 1,024 bits were used as

input features, and conversion rates were used as the output task for learning (MACCS keys fingerprints

were also tried; for details see Table S6).

To train the model, 20% of the data was randomly selected as an internal test dataset and the rest was

selected as training dataset. Five-fold cross-validation was performed within the training dataset during

the training process. In detail, training dataset was split into five folds and each fold is then used once

as a validation, whereas the four remaining folds form the training set. For each fold, early stopping (Mon-

tavon et al., 2012) was applied and the training process was stopped when the mean square error (MSE) did

not decrease for 50 epochs. The mean MSE of 5-fold cross-validation was chosen for searching the optimal

k of KNN, and parameters of DNN and Adam optimizer (Kingma and Ba, 2014) were chosen for DNN pa-

rameters optimization (Table S2). In order to reduce the risk of overfitting, dropout (Srivastava et al., 2014)

and weight decay (Kingma and Ba, 2014) were used for regularization. Bayesian optimization (BO) was also

applied with pyGPGO (Jiménez and Ginebra, 2017) for DNN; however, no better hyper parameters were

found. In the end, the DNNmodel with two hidden layers and the size 1,024 combined with ECFP4 showed

the lowest mean MSE in 5-fold cross-validation and was chosen for further use.

Generally, only BBs showing high conversion rate in a test PS reaction (i.e. the validation) will be selected for

DEL construction and those with low conversion rate will be discarded. Thus, a useful model must correctly

identify BBs that latter give high conversion rate in the test PS reaction. To better quantify the performance

of the model, BBs with conversion rates over 50% are labeled 1 and others are labeled 0. Following this

definition, a precision-recall curve can be plotted (Figure 4A). The results indicate a satisfactory perfor-

mance for selecting BBs with high conversion rates (the precision is 0.81), although some positive samples

might be missed (i.e., the recall is 0.37, but this is of less concern when picking a small subset of BBs from a

large list of commercial reagents and clustering could be further used tomake that the final selection of BBs

to be as diverse as possible).

We then carried out an external experimental validation of our ML model. All data containing aldehyde BB

(Table S3) from theWuXi LabNetwork platformwere collected, cleaned (remove ions), and evaluated by the

model. The final predicted value of BB is the mean value of five best model in 5-fold cross-validation. In

order to maximize the performance of the model, BBs were sorted in descending order according to pre-

dicted conversion rate and top 300 BBs were retained and those previously included in the train or internal

test dataset were discarded (Table S4). After further filtering for price and real-time availability, 34 BBs were

acquired for experimental evaluation (external test dataset, Table S4). The results show that the perfor-

mance of the model on the external dataset was similar to that on the internal test dataset, with a precision

for identifying BBs with conversion rate above 50% being 0.79 (0.81 for the internal test dataset). Compared

with 1,655 blindly picked BBs, the model has a better performance to find high-conversion-rate BBs (high-

conversion-rate BBs percentage: 18.4% versus 79.4%, Figure 4B). For parallel comparison of the
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performance of ‘‘random pick’’ and ‘‘model pick,’’ a random-pick test was carried out, where subsets with

the size of 34 BBs were randomly selected from the WuXi LabNetwork platform (BBs already in train and

external dataset were discarded), and their conversion rates distribution was depicted in Table S4 and Fig-

ure 4B. The results verified that the performance of ‘‘model pick’’ is better than that of ‘‘random pick.’’ In

addition, t-SNE result (Figure 4C) and structure clustering analysis (Table S7) showed that diverse of struc-

tures have been included in model-recommended BBs (top 300 and external test) compared with ‘‘blind

pick’’ (train and internal test). In practice, more rigorous clustering selection can be made to make picked

BBs as diverse as possible if enough BBs are available. We believe our above-described model serves as a

proof of concept in how BBs can be filtered for purchase, particularly in cases of challenging reactions with

otherwise low validation pass rates.

The Scope of Pictet-Spengler Reaction

After exploring the scope of aldehydes reacting with DNA-conjugated tryptamine 3a, we further investi-

gated differing DNA-conjugated tryptamines as shown in Figure 5A. We confirmed that the electronic ef-

fect of the substrate has an important influence on the reaction and unsurprisingly that the methoxy-

substituted substrate (3a) gives the best result, whereas a bromosubstituted substrate gives almost no

desired product. We then proceeded to investigate the reaction between a DNA-conjugated aryl aldehyde

and different tryptamine substrates. At 80�C the reaction proceeded smoothly with good to excellent con-

versions (Figure 5B). For the on-DNA PS product 6c, we have also carried out the amine capping with acetic

acid and benzaldehyde, and both reactions provided the desired amine-capped products with acceptable

conversions. This result indirectly demonstrates formation of the desired DNA-conjugated tryptamine PS

product and also illustrates an interesting potential library design. (Note that, in contrast, capping of DNA-

conjugate 4 with carboxylic acids or aldehydes is extremely difficult.)

In order to further explore the potential libraries employing this new on-DNA PS reaction condition, we de-

signed DNA-conjugated indole amine 7. The on-DNA PS reaction between 7 and 10 different aldehydes are

Figure 4. Performance of DNN and Comparison with Random Pick and Blind Pick

(A) Model performance on train dataset and internal test dataset.

(B) Left: conversion rate distribution of 34 randomly picked BBs. Middle: conversion rate distribution of 1,655 blindly

picked BBs. Right: conversion rate distribution of 34 model picked BBs.

(C) Structure distribution of train dataset, internal test dataset, top 300 and external test dataset shown as t-SNE plot.
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provided in Figure 5C. Again, the amine capping experiments were carried out employing both carboxylic acids

and aldehydes; again, successful capping confirms the presence of the desired DNA-conjugated PS cyclized

starting material and the ability to further diversity the scaffold during future library synthesis (Figure 5C).

DNA Damage Evaluation

A PS reaction was performed with a DNA-conjugated compound containing a double-stranded DNA cod-

ing region to mimic the library component, and the product was then ligated to an oligonucleotide to

generate a full-length DNA fragment for qPCR analysis and next-generation sequencing (NGS) to assess

the DNA integrity (Figure 6A). Ligation without any chemical reaction was used as a negative control sepa-

rately. The ligation product was first examined with capillary electrophoresis (Bioanalyzer 2100, Agilent) to

assess the size and quantity of the DNA strain. The result showed no shift of PS reaction product compared

with the reactant, indicating no change of DNA size by PS reaction (Figure 6B). Then, the amplification ef-

ficiency was analyzed by qPCR (QuantStudio 7, Thermo Fisher) and the result suggested no significant

change of DNA amplification efficiency when compared with the negative control groups. This result indi-

cates that the PS reaction did not introduce unknown variation to the nucleotide, otherwise the efficiency

will probably change between the two comparative groups (Figure 6C). In order to further assess the nucle-

otide-level integrity of the DNA, the ligation product was amplified and sequenced by the NGS. The NGS

results suggested no significant modification of nucleotide from the PS reaction compared with the nega-

tive control NC (Figure 6D). In summary, the comprehensive DNA integrity assessment study demonstrated

no damage to DNA by the PS reaction and, thus, could potentially be used for the DNA-encoded library

construction (for details see Supplemental Information 5).

Potential DEL Library Synthetic Route

Lastly, we demonstrate proof-of-concept synthesis for two different three-cycle libraries (Figure 7A). For

library 1, commercial aldehyde BBs would be purchased after filtering by our trained ML model. In library

2 (Figure 7B) we synthesize a different tryptoline scaffold, which is capable of being further diversified via

acylation or alkylation. After on-DNA acylation to install the DNA-conjugated nitroalkene 13, the addition

reaction followed by nitro reduction yields the DNA-conjugated indole substituted amine 7. The on-DNA

PS reaction between 7 and a corresponding aldehyde provided the product 8 with good conversion (see

the Supplemental Information). The amine capping of 8a then provides further diversification of the THBC

A

B

C

Figure 5. Pictet-Spengler Reaction

(A) Electronic effect with Pictet-Spengler reaction.

(B) Pictet-Spengler reaction between on-DNA aldehyde and tryptamine substrates.

(C) Pictet-Spengler Reaction between DNA-conjugated indole-substituted amine and aldehyde.
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scaffold (12 aldehydes were tested with 20%–95% conversions). These two diverse library designs demon-

strate the potential of this novel on-DNA PS reaction.

In summary, with the rational design of the on-DNA indole substrates, we have developed the first DNA-

compatible PS reaction for a variety of aldehydes under the optimized reaction conditions. Besides, suit-

able reaction conditions were identified for various combinations of PS reaction coupling partners. More-

over, a DNNmodel has been developed to make the prediction of the reaction conversion rate for the BBs,

which was the first example of applyingML for the BB selections of the corresponding on-DNA reactions for

DNA-encoded library synthesis. The detailed library production applying this new developed on-DNA PS

reaction and selection results of the interesting biological interesting targets will be reported in due time.

Limitations of the Study

This reaction has certain limitations on the indole substrates; for example, the presence of methoxy group

can make the PS reaction proceed smoothly. Besides, in order to have better prediction, a large set of re-

action records need to be available.

Resource Availability

Lead Contact

XiaojieLu.

Materials Availability

See details in supplemental information.

Data and Code Availability

All the data has been attached in Supplemental information.
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Figure 6. DNA Integrity was not Compromised by Pictet-Spengler Reaction

(A) Schematic illustration of the experiment design and workflow.

(B) Ligation and capillary electrophoresis, which suggest no DNA modification by Pictet-Spengler reaction.

(C) qPCR efficiency with CT as a function of dilution fold. No significant change of qPCR efficiency was observed on Pictet-

Spengler reaction compared with the negative control groups.

(D) NGS data, suggesting no significant modification of DNA at the nucleotide level by Pictet-Spengler reaction.
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METHODS

All methods can be found in the accompanying Transparent Methods supplemental file. Full details of syn-

thesis and LC-MS/MS analysis are provided in the Supplemental Information.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.101142.
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Figure 7. Potential DEL Library Synthetic Scheme

(A) Route for library 1.

(B) Route for library 2.
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Figures 

Figure S1 Capillary gel electrophoresis result of ligations, related to Figure 6. 

 

Size(bp) 

Pictet-Spengler NC 

Conc.  

[ng/μl] 

Molarity  

[nmol/l] 

Conc.  

[ng/μl] 

Molarity  

[nmol/l] 

15 4.2 424.2 4.2 424.2 

171 11.49 101 60.5 535.5 

1500 2.1 2.1 2.1 2.1 

Fig. S1 Capillary gel electrophoresis result of ligations 
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Figure S2 qPCR data summary of the concentration check group, related to Figure 6. 

 

Fig. S2 qPCR data summary of the concentration check group 

Figure S3 Statistics of next-generation sequencing results. The left Y-axis is the fraction of identical 

reads from perfect match, while the right Y-axis is the fraction of 1bp mismatch, related to Figure 

6. 

 

Condition sequenced reads perfect match 1bp mismatch 

Pictet-Spengler 141,183,054 120,623,714 9,151,620 

NC 121,974,103 106,321,624 6,097,462 

Fig. S3 Statistics of next-generation sequencing results. The left Y-axis is the fraction of identical reads 

from perfect match, while the right Y-axis is the fraction of 1bp mismatch. 

Figure S4, Trace and Mass of 3a, related to Figure 3. 

Following General Procedure 1 

Purity: >99.00% 

Exact mass: 5414.97 

Triply charged mass [M-3]/3, calculated: 1803.99; observed:1804.0 
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Fig. S4. LC trace and mass of 3a. 

 

Figure S5, Trace and Mass of 3b, related to Figure 3. 

Following General Procedure 1 

Purity: >99.00% 

Exact mass: 5384.95 

Triply charged mass [M-3]/3, calculated: 1793.98; observed:1794.0 
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Fig. S5. LC trace and mass of 3b. 

 

Figure S6, Trace and Mass of 3c, related to Figure 3. 

Following General Procedure 1 

Purity: >99.00% 

Exact mass: 5463.84 

Triply charged mass [M-3]/3, calculated: 1820.28; observed:1820.3 
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Fig. S6. LC trace and mass of 3c. 

 

Figure S7, Trace and Mass of 4a, related to Figure 3. 

Following General Procedure 2 

Percent conversion: 78.54% 

Exact mass: 5548.09 

Triply charged mass [M-3]/3, calculated: 1848.36; observed:1848.3 
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Fig. S7. LC trace and mass of 4a. 

 

Figure S8, Trace and Mass of 4aa and 4aa’, related to Figure 3. 

Following General Procedure 2 

Percent conversion: 56.77%& 38.02%, totally 94.79% 

Exact mass: 5596.84 

Triply charged mass [M-3]/3, calculated: 1864.61; observed:1863.2&1863.2 
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Fig. S8. LC trace and mass of 4aa and 4aa’. 

 

Figure S8, Trace and Mass of 4ab, related to Figure 3. 

Following General Procedure 2 

Percent conversion: 91.52% 

Exact mass: 5617.42 

Triply charged mass [M-3]/3, calculated: 1871.47; observed:1871.0 
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Fig. S9. LC trace and mass of 4ab 

 

Figure S10, Trace and Mass of 4ac and 4ac’, related to Figure 3. 

Following General Procedure 2 

Percent conversion: 25.47% & 69.54%, totally 95.01% 

Exact mass: 5635.69 

Triply charged mass [M-3]/3, calculated: 1877.56; observed:1877.3&1877.2 
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Fig. S10. LC trace and mass of 4ac and 4ac’ 

 

Figure S11, Trace and Mass of 4ad, related to Figure 3. 

Following General Procedure 2 

Percent conversion: 85.01% 

Exact mass: 5622.01 
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Triply charged mass [M-3]/3, calculated: 1873.0; observed:1873.0 

 

 

 

Fig. S11. LC trace and mass of 4ad 

 

Figure S12, Trace and Mass of 4ae and 4ae’, related to Figure 3. 

Following General Procedure 2 

Percent conversion: 50.58% & 39.12%, totally 89.70% 

Exact mass: 5622.02 

Triply charged mass [M-3]/3, calculated: 1873.01; observed:1872.9&1872.7 
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Fig. S12. LC trace and mass of 4ae and 4ae’ 

 

Figure S13, Trace and Mass of 4af and 4af’, related to Figure 3.  

Following General Procedure 2  

Percent conversion: 59.17% & 33.65%, totally 92.82% 

Exact mass: 5528.10 

Triply charged mass [M-3]/3, calculated: 1841.7; observed: 1841.1&1840.7 
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Fig. S13. LC trace and mass of 4af and 4af’ 

Figure S14, 4af and 4af’ were separated by HPLC, related to Figure 3.  

Retain time = 2.62 

 

Retain time = 2.71 

 

Fig. S14. LC trace of 4af and 4af’ 

 

Figure S15, Trace and Mass of 4ag and 4ag’, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 64.78% and 30.30%, totally 95.08% 

Exact mass: 5617.94 

Triply charged mass [M-3]/3, calculated: 1871.66; observed:1871.70 
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Fig. S15. LC trace and mass of 4ag and 4ag’ 

 

Figure S16, Trace and Mass of 4ah and 4ah’, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 25.95% & 54.87%, totally 80.82% 

Exact mass: 5562.12 

Triply charged mass [M-3]/3, calculated: 1853.04; observed:1852.8&1852.7 
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Fig. S16. LC trace and mass of 4ah and 4ah’ 
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Figure S17, Trace and Mass of 4ai, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 82.58% 

Exact mass: 5622.26 

Triply charged mass [M-3]/3, calculated: 1873.09; observed:1873.0 

 

 

 

Fig. S17. LC trace and mass of 4ai 

 

Figure S18, Trace and Mass of 4aj and 4aj’, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 63.28% & 17.23%, totally 80.51% 

Exact mass: 5554.12 
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Triply charged mass [M-3]/3, calculated: 1850.37; observed:1850.0&1849.3 

 

 

 

Fig. S18. LC trace and mass of 4aj and 4aj’ 
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Figure S19, Trace and Mass of 4ak, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 85.85% 

Exact mass: 5625.06 

Triply charged mass [M-3]/3, calculated: 1874.02; observed:1873.9 

 

 

 

Fig. S19. LC trace and mass of 4ak 

 

Figure S20, Trace and Mass of 4al and 4al’, related to Figure 3.   

Following General Procedure 2 

Yield: 19.15% & 22.35%, totally 41.50% 

Exact mass: 5548.09 

Triply charged mass [M-3]/3, calculated: 1848.36; observed:1847.8&1848.3 
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Fig. S20. LC trace and mass of 4al and 4al’ 

 

Figure S21, Trace and Mass of 4am, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 74.53% 

Exact mass: 5527.12 
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Triply charged mass [M-3]/3, calculated: 1841.37; observed:1840.9 

 

 

 

Fig. S21. LC trace and mass of 4am 

 

Figure S22, Trace and Mass of 4an, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 77.61% 

Exact mass: 5527.11 

Triply charged mass [M-3]/3, calculated: 1841.37; observed:1841.1 
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Fig. S22. LC trace and mass of 4an 

 

Figure S23, Trace and Mass of 4ao, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 65.33% 

Exact mass: 5506.81 

Triply charged mass [M-3]/3, calculated: 1834.60; observed:1834.3 
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Fig. S23. LC trace and mass of 4ao 

 

Figure S24, Trace and Mass of 4ap and 4ap’, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 53.85% & 27.93%, totally 81.78% 

Exact mass: 5570.14 

Triply charged mass [M-3]/3, calculated: 1855.71; observed:1855.8 



 28 

 

 

 

Fig. S24. LC trace and mass of 4ap and 4ap’ 

 

Figure S25, Trace and Mass of  4aq and 4aq’, related to Figure 3.   

Following General Procedure 2 

Percent conversion: 23.84% & 53.99%, totally 77.83% 

Exact mass: 5565.19 
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Triply charged mass [M-3]/3, calculated: 1854.06; observed:1854.1 
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Fig. S25. LC trace and mass of 4aq and 4aq’ 

Figure S26, Trace and Mass of 4b, related to Figure 5.   

Following General Procedure 2 

Percent conversion: 45.97% 

Exact mass: 5518.07 

Triply charged mass [M-3]/3, calculated: 1838.36; observed:1838.4 

 

 

 

Fig. S26. LC trace and mass of 4b. 

 

Figure S27, Trace and Mass of 4c, related to Figure 5.   

Following General Procedure 2 

Percent conversion: 5.16% 

Exact mass: 5596.96 
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Triply charged mass [M-3]/3, calculated: 1864.65; observed:1864.6 

 

 

Fig. S27. LC trace and mass of 4c. 

 

Figure S28, Trace and Mass of 5, related to Figure 5.   

Following General Procedure 1 

Purity: 90.83% 

Exact mass: 5316.61 

Triply charged mass [M-3]/3, calculated: 1771.2; observed:1771.4 
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Fig. S28. LC trace and mass of 5. 

 

Figure S29, Trace and Mass of 6a, related to Figure 5.   

Following General Procedure 3 

Percent conversion: 64.42% 

Exact mass: 5458.79 

Triply charged mass [M-3]/3, calculated: 1818.60; observed:1818.9 
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Fig. S29. LC trace and mass of 6a 

 

Figure S30, Trace and Mass of 6b, related to Figure 5.   

Following General Procedure 3 

Percent conversion: 66.67% 

Exact mass: 5488.89 

Triply charged mass [M-3]/3, calculated:1828.63; observed:1827.90 
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Fig. S30. LC trace and mass of 6b 

 

Figure S31, Trace and Mass of 6c, related to Figure 5.   

Following General Procedure 3 

Percent conversion: 89.64% 

Exact mass: 5488.86 

Triply charged mass [M-3]/3, calculated:1828.62; observed:1828.40 
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Fig. S31. LC trace and mass of 6c 

 

Figure S32, Trace and Mass of 6d, related to Figure 5.   

Following General Procedure 3 

Percent conversion: 71.85% 

Exact mass: 5472.86 

Triply charged mass [M-3]/3, calculated: 1823.86; observed:1823.4 
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Fig. S32. LC trace and mass of 6d 

 

Figure S33, Mass Spectrum of 6c, related to Figure 5.  

Following General Procedure 3 

Percent conversion: 83.33% 

Exact mass: 5241.59, observed mass:5241.95 
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Fig. S33. Deconvoluted mass of 6c 

 

Figure S34, Mass Spectrum of 6e, related to Figure 5.  

Following General Procedure 4 

Percent conversion: 61.02% 

Exact mass: 5283.62, observed mass:5284.02 

 
 

 
Fig. S34. Deconvoluted mass of 6e 

 

Figure S35, Mass Spectrum of 6f related to Figure 5.  

Following General Procedure 4 

Percent conversion: 84.06% 

Exact mass: 5331.74, observed mass:5332.14 



 38 

 

 
Fig. S35. Deconvoluted mass of 6f 

 

Figure S36, Mass Spectrum of 7a, related to Figure 5.  

Percent conversion: 78% 

Exact mass: 5229.57 

Observed: 5230.09 

 

Fig.S36. Deconvoluted mass of 7a 

 

Figure S37, Mass Spectrum of 7b, related to Figure 5.  

Percent conversion: 74.19% 

Exact mass: 5229.57 

Observed: 5230.13 
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Fig. S37. Deconvoluted mass of 7b 

 

Figure S38, Mass Spectrum of 7c, related to Figure 5.  

Percent conversion: 75.41% 

Exact mass: 5259.59 

Observed: 5260.14 

 

 

Fig. S38. Deconvoluted mass of 7c 

 

Figure S39, Mass Spectrum of 8a, related to Figure 5.  

Percent conversion: 50% 

Exact mass: 5362.67 

Observed: 5362.87  
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Fig. S39. Deconvoluted mass of 8a  

 

Figure S40, Mass Spectrum of 8b, related to Figure 5.  

Percent conversion: 80.52% 

Exact mass: 5476.46 

Observed: 5477.12 

 

Fig. S40. Deconvoluted mass of 8b 

 

Figure S41, Mass Spectrum of 8b’, related to Figure 5.  

Percent conversion: 72.53% 

Exact mass: 5580.57 

Observed: 5581.35 
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Fig. S41. Deconvoluted mass of 8b’ 

 

Figure S42, Mass Spectrum of 8c, related to Figure 5.  

Percent conversion: 80.52% 

Exact mass: 5385.73 

Observed: 5387.27 

 

 

Fig. S42. Deconvoluted mass of 8c 

 

Figure S43, Mass Spectrum of 8c’, related to Figure 5.  

Percent conversion: 74.70% 

Exact mass: 5489.84 

Observed: 5491.59 



 42 

 

Fig. S43. Deconvoluted mass of 8c’ 

 

Figure S44, Mass Spectrum of 8d, related to Figure 5.  

Percent conversion: 66.99% 

Exact mass: 5354.65 

Observed: 5355.15 

 

 

Fig. S44. Deconvoluted mass of 8d 

 

Figure S45, Mass Spectrum of 8d’, related to Figure 5.  

Percent conversion: 52.94% 

Exact mass: 5458.75 

Observed: 5459.34 
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Fig. S45. Deconvoluted mass of 8d’ 

 

Figure S46, Mass Spectrum of 8e, related to Figure 5.  

Percent conversion: 43.95% 

Exact mass: 5371.10 

Observed: 5371.62 

 

 

Fig. S46. Deconvoluted mass of 8e 

 

Figure S47, Mass Spectrum of 8f, related to Figure 5.  

Percent conversion: 66.99% 

Exact mass: 5414.81 

Observed: 5414.79 
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Fig. S47. Deconvoluted mass of 8f 

 

Figure S48, Mass Spectrum of 8f’, related to Figure 5.  

Percent conversion: 66.30% 

Exact mass: 5504.94 

Observed: 5505.49 

 

 

Fig. S48. Deconvoluted mass of 8f’ 

 

Figure S49, Mass Spectrum of 8g, related to Figure 5.  

Percent conversion: 75.96% 

Exact mass: 5371.10 

Observed: 5371.59 
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Fig. S49. Deconvoluted mass of 8g 

 

Figure S50, Mass Spectrum of 8g’, related to Figure 5.  

Percent conversion: 83.56% 

Exact mass: 5461.22 

Observed: 5461.86 

 

 

Fig. S50. Deconvoluted mass of 8g’ 

 

Figure S51, Mass Spectrum of 8h, related to Figure 5.  

Percent conversion: 73.58% 

Exact mass: 5358.69 

Observed: 5359.30 
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Fig. S51. Deconvoluted mass of 8h 

 

Figure S52, Mass Spectrum of 8h’, related to Figure 5.  

Percent conversion: 70.45% 

Exact mass: 5448.81 

Observed: 5449.44 

 

 

Fig. S52. Deconvoluted mass of 8h’ 

 

Figure S53, Mass Spectrum of 8i, related to Figure 5.  

Percent conversion: 54.66% 

Exact mass: 5380.67 

Observed: 5380.94 
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Fig. S53. Deconvoluted mass of 8i 

 

Figure S54, Mass Spectrum of 8i’, related to Figure 5.  

Percent conversion: 54.78% 

Exact mass: 5470.79 

Observed: 5471.55 

 

 

Fig. S54. Deconvoluted mass of 8i’ 

 

Figure S55, Mass Spectrum of j, related to Figure 5.  

Percent conversion: 69.07% 

Exact mass: 5346.72 

Observed: 5347.18 
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Fig. S55. Deconvoluted mass of 8j 

 

Figure S56, Mass Spectrum of 8k, related to Figure 5.  

Percent conversion: 75.81% 

Exact mass: 5362.67 

Observed: 5361.87  

 

Fig. S56. Deconvoluted mass of 8k 

 

Figure S57, Mass Spectrum of 8l, related to Figure 5.  

Percent conversion: 81.48% 

Exact mass: 5392.70 

Observed: 5391.74  
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Fig. S57. Deconvoluted mass of 8l 

 

Figure S58, Mass Spectrum of 3a, related to Figure 3.  

Exact mass: 5414.79 

Observed: 5415.15 

 

 

Fig. S58. Deconvoluted mass of on-DNA product 3a 

 

Figure S59, Mass Spectrum of 4ea, related to Figure 4.   
Percent conversion: 83.84% 

Exact mass: 5545.90 

Observed: 5546.20 
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Fig. S59. Deconvoluted mass of 4ea 

 

Figure S60, Mass Spectrum of 4eb, related to Figure 4.   
Percent conversion: 88.04% 

Exact mass:5620.45 

Observed: 5620.75 

 

 
Fig. S60. Deconvoluted mass of 4eb 

 

Figure S61, Mass Spectrum of 4ec, related to Figure 4.   
Percent conversion: 84.47% 

Exact mass: 5542.92 

Observed: 5542.90 
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Fig. S61. Deconvoluted mass 4ec 

 

Figure S62, Mass Spectrum of 4ed, related to Figure 4.   
Percent conversion: 91.51% 

Exact mass: 5661.68 

Observed: 5662.16 

 

Fig. S62. Deconvoluted mass of 4ed 

 

Figure S63, Mass Spectrum of 4ee, related to Figure 4.   
Percent conversion: 77.91% 

Exact mass: 5604.00 

Observed: 5604.31 
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Fig. S63. Deconvoluted mass of 4ee 

 

Figure S64, Mass Spectrum of 4ef, related to Figure 4.   
Percent conversion: 35.04% 

Exact mass: 5572.77 

Observed: 5573.14 

 
Fig. S64. Deconvoluted mass of 4ef 

 

Figure S65, Mass Spectrum of 4eg, related to Figure 4.   
Percent conversion: 87.51% 

Exact mass: 5592.03 

Observed: 5592.36 
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Fig. S65. Deconvoluted mass of 4eg 

 

Figure S66, Mass Spectrum of 4eh, related to Figure 4.   
Percent conversion: 98% 

Exact mass: 5577.91 

Observed: 5578.28 

 

Fig. S66. Deconvoluted mass of 4eh 

 

Figure S67, Mass Spectrum of 4ei, related to Figure 4.   
Percent conversion: 30.22% 

Exact mass: 5617.22 

Observed: 5617.60 
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Fig. S67. Deconvoluted mass of 4ei 

 

Figure S68, Mass Spectrum of 4ej, related to Figure 4.   
Percent conversion: 98% 

Exact mass: 5571.94 

Observed: 5572.25 

 

Fig. S68. Deconvoluted mass of 4ej 

 

Figure S69, Mass Spectrum of 4ek, related to Figure 4.   
Percent conversion:98% 

Exact mass: 5539.87 

Observed: 5540.21 
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Fig. S69. Deconvoluted mass of 4ek 

 

Figure S70, Mass Spectrum of 4el, related to Figure 4.   
Percent conversion: 82.34% 

Exact mass: 5556.95 

Observed: 5557.30 

 

Fig. S70. Deconvoluted mass of 4el 

 

Figure S71, Mass Spectrum of 4em, related to Figure 4.   
Percent conversion: 91.69% 

Exact mass: 5531.94 

Observed: 5532.25 
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Fig. S71. Deconvoluted mass of 4em 

 

Figure S72, Mass Spectrum of 4en, related to Figure 4.   
Percent conversion: 39.19% 

Exact mass: 5544.35 

Observed: 5544.35 

 

Fig. S72. Deconvoluted mass of 4en 

 

Figure S73, Mass Spectrum of 4eo, related to Figure 4.   
Percent conversion: 88.90% 

Exact mass: 5583.88 

Observed: 5582.50 
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Fig. S73. Deconvoluted mass of 4eo 

Figure S74, Mass Spectrum of 4ep, related to Figure 4.   
Percent conversion: 95.00% 

Exact mass: 5565.89 

Observed: 5566.22 

 

Fig. 74. Deconvoluted mass of 4ep 

 

Figure S75, Mass Spectrum of 4eq, related to Figure 4.   
Percent conversion: 83.67% 

Exact mass: 5542.92 

Observed: 5543.01 
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Fig. S75. Deconvoluted mass of 4eq 

 

Figure S76, Mass Spectrum of 4er, related to Figure 4.   
Percent conversion: 83.50% 

Exact mass: 5588.80 

Observed: 5588.73 

 

Fig. S76. Deconvoluted mass of 4er 

 

Figure S77, Mass Spectrum of 4es, related to Figure 4.   
Percent conversion: 27.74% 

Exact mass: 5616.03 

Observed: 5616.45 
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Fig. S77. Deconvoluted mass of 4es 

 

Figure S78, Mass Spectrum of 4et, related to Figure 4.   
Percent conversion: 76.96% 

Exact mass: 5592.89 

Observed: 5593.27 

 

Fig. S78. Deconvoluted mass of 4et 

 

Figure S79, Mass Spectrum of 4eu, related to Figure 4.   
Percent conversion: 98% 

Exact mass: 5543.91 

Observed: 5593.27 
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Fig. S79. Deconvoluted mass of 4eu 

 

Figure S80, Mass Spectrum of 4ev, related to Figure 4.   
Percent conversion: 98% 

Exact mass: 5556.32 

Observed: 5556.68 

 

Fig. S80. Deconvoluted mass of 4ev 

 

Figure S81, Mass Spectrum of 4ew, related to Figure 4.   
Percent conversion: 68.87% 

Exact mass: 5617.22 

Observed: 5617.64 
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Fig. S81. Deconvoluted mass of 4ew 

 

Figure S82, Mass Spectrum of 4ex, related to Figure 4.   
Percent conversion: 98% 

Exact mass: 5600.03 

Observed: 5600.33 

 

Fig. S82. Deconvoluted mass of 4ex 

 

Figure S83, Mass Spectrum of 4ey, related to Figure 4.   
Percent conversion: 72.60% 

Exact mass: 5565.39 

Observed: 5565.71 
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Fig. S83. Deconvoluted mass of 4ey 

 

Figure S84, Mass Spectrum of 4ez, related to Figure 4.   
Percent conversion: 98% 

Exact mass: 5556.32 

Observed: 5556.65 

 

Fig. S84. Deconvoluted mass of 4ez 

 

Figure S85, Mass Spectrum of 4fa, related to Figure 4.   
Percent conversion: 55.85% 

Exact mass: 5626.79 

Observed: 5626.67 
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Fig. S85. Deconvoluted mass of 4fa 

 

Figure S86, Mass Spectrum of 4fb, related to Figure 4.   
Percent conversion: 0 

Exact mass: 5739.04 

Observed: NO 

 

Fig. S86. Deconvoluted mass of 4fb 

 

Figure S87, Mass Spectrum of 4fc, related to Figure 4.   
Percent conversion: 66.67% 

Exact mass: 5562.35 

Observed: 5562.5587 
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Fig. S87. Deconvoluted mass of 4fc 

 

Figure S88, Mass Spectrum of 4fd, related to Figure 4.   
Percent conversion: 81.43% 

Exact mass: 5530.95 

Observed: 5531.2255 

 

Fig. S88. Deconvoluted mass of 4fd 

 

Figure S89, Mass Spectrum of 4fe, related to Figure 4.   
Percent conversion: 51.43% 

Exact mass: 5626.79 

Observed: 5627.0993  
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Fig. S89. Deconvoluted mass of 4fe 

 

Figure S90, Mass Spectrum of 4ff, related to Figure 4.   
Percent conversion: 45.74% 

Exact mass: 5547.89 

Observed: 5546.4868 

 

Fig. S90. Deconvoluted mass of 4ff 

 

Figure S91, Mass Spectrum of 4fg, related to Figure 4.   
Percent conversion: 58.70% 

Exact mass: 5615.89 

Observed: 5615.2219 
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Fig. S91. Deconvoluted mass of 4fg 

 

Figure S92, Mass Spectrum of 4fh, related to Figure 4.   
Percent conversion: 37.04% 

Exact mass: 5531.70 

Observed: 5530.1939 

 

Fig. S92. Deconvoluted mass of 4fh 

 

Figure S93, LC Trace and Mass of 9, related to Figure 7.   
Following General Procedure 5 

Percent conversion: 95.29% 

Exact mass: 5449.83 

Triply charged mass [M-3]/3, calculated: 1815.61; observed:1815.8 
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Fig. S93. LC trace and mass of 9 

 

Figure S94, LC Trace and Mass of 10, related to Figure 7.   
Following General Procedure 5 

Percent conversion: 92.45% 

Exact mass: 5349.83 

Triply charged mass [M-3]/3, calculated: 1782.28; observed:1782.0 
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Fig. S94. LC trace and mass of 10 

 

Figure S95, LC Trace and Mass of 11, related to Figure 7.   
Following General Procedure 1 

Percent conversion: 88.95% 

Exact mass: 5566.32 

Triply charged mass [M-3]/3, calculated: 1854.44; observed:1854.5 
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Fig. S95. LC trace and mass of 11 

 

Figure S96, LC Trace and Mass of 12, related to Figure 7.   
Following General Procedure 2 

Percent conversion: 55.32% 

Exact mass: 5699.44 

Triply charged mass [M-3]/3, calculated: 1898.81 observed:1898.6 
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Fig. S96. LC trace and mass of 12 

Figure S97, Mass Spectrum of 13, related to Figure 7.   
Percent conversion: 95% 

Exact mass: 5112.37 

Observed: 5112.8975 
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Fig. S97. Deconvoluted mass of 13 

Figure S98, Mass Spectrum of 8a, related to Figure 7.   
Percent conversion: 50% 

Exact mass: 5362.67 

Observed: 5362.87  

 

 

Fig. S98. Deconvoluted mass of 8a  

 

Figure S99, Mass Spectrum of 14a, related to Figure 7.   
Percent conversion: 95% 

Exact mass: 5376.70 

Observed: 5377.3636 
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Fig. S99. Deconvoluted mass of 14a 

 

Figure S100, Mass Spectrum of 14b, related to Figure 7.   
Percent conversion: 95% 

Exact mass: 5495.80 

Observed: 5496.4340 
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Fig. S100. Deconvoluted mass of 14b 

 

Figure S101, Mass Spectrum of 14c, related to Figure 7.   
Percent conversion: 68.97% 

Exact mass: 5570.35 

Observed: 5570.8703 

 

 

Fig. S101. Deconvoluted mass of 14c 

 

Figure S102, Mass Spectrum of 14d, related to Figure 7.   
Percent conversion: 60.98% 

Exact mass: 5611.58 

Observed: 5612.3937 
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Fig. S102. Deconvoluted mass of 14d 

 

Figure S103, Mass Spectrum of 14e, related to Figure 7.   
Percent conversion: 56.67% 

Exact mass: 5541.93 

Observed: 5542.3905 

 

 

Fig. S103. Deconvoluted mass of 14e 
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Figure S104, Mass Spectrum of 14f, related to Figure 7.   
Percent conversion: 58.33% 

Exact mass: 5527.81 

Observed: 5528.3546 

 

 

Fig. S104. Deconvoluted mass of 14f 

 

Figure S105, Mass Spectrum of 14g, related to Figure 7.   
Percent conversion: 54.55% 

Exact mass: 5521.84 

Observed: 5522.4649 

 



 76 

 

Fig. S105. Deconvoluted mass of 14g 

 

Figure S106, Mass Spectrum of 14h, related to Figure 7.   
Percent conversion: 59.32% 

Exact mass: 5489.77 

Observed: 5489.4860 
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Fig. S106. Deconvoluted mass of 14h 

 

Figure S107, Mass Spectrum of 14i, related to Figure 7.   
Percent conversion: 36.97% 

Exact mass: 5481.84 

Observed: 5482.4366 

 

 

Fig. S107. Deconvoluted mass of 14i 

 

Figure S108, Mass Spectrum of 14j, related to Figure 7.   
Percent conversion: 44.16% 

Exact mass: 5533.78 

Observed: 5534.1750 
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Fig. S108. Deconvoluted mass of 14j 

 

Figure S109, Mass Spectrum of 14k, related to Figure 7.   
Percent conversion: 20.17% 

Exact mass: 5515.79 

Observed: 5516.4274 

 

 

Fig. S109. Deconvoluted mass of 14k 
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Figure S110, Mass Spectrum of 14l, related to Figure 7.   
Percent conversion: 57.38% 

Exact mass: 5493.81 

Observed: 5492.5954 

 

 

Fig. S110. Deconvoluted mass of 14l 

 

Tables 

Table S5. DNN and KNN comparison, related to Figure 4. 

In order to compare the performance of DNN and conventional similarity-based ML methods, a 

KNN model was implemented based on the same training dataset, and its optimal parameter K=9 (search-

ing range 1-50) was determined by 5-fold cross validation as the same way as DNN. As summarized in 

the following table, both precision and recall of DNN are higher than the values of KNN on internal test 

dataset. (ECFP4 as fingerprint) 

model DNN KNN 

metrics precision recall precision recall 
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Internal test da-

taset 

0.81 0.37 0.6 0.2 

Table S6. ECFP4 and MACCS comparison, related to Figure 4. 

ECFP4 and MACCS keys were separately taken as input of DNN and trained with the same procedures. 

The performance of two fingerprints on internal test dataset is summarized as following, where both pre-

cision and recall of model trained with MACCS are lower than that with ECFP4 on internal test dataset. 

fingerprint ECFP4 MACCS 

metrics precision recall precision recall 

Internal test da-

taset 

0.81 0.37 0.78 0.23 

 

Table S7. The number of clusters: the number of structures with different threshold of the train 

dataset, internal test dataset, top300 candidates and external test dataset, related to Figure 4. 

Table S7. The number of clusters: the number of structures with different threshold 

Threshold 0.4 0.5 0.6 0.7 

Train 283:1325 

(1:4.68) 

520:1324 

(1:2.55) 

900:1324 

(1:1.47) 

1178:1324 

(1:1.12) 

Internal test 135:331 

(1:2.45) 

220:331 

(1:1.50) 

300:331 

(1:1.10) 

324:331 

(1:1.02) 

Top300 58:300 

(1:5.17) 

94:300 

(1:3.19) 

159:300 

(1:1.89) 

259:300 

(1:1.16) 

External test 13:34 

(1:2.62) 

18:34 

(1:1.89) 

25:34 

(1:1.36) 

33:34 

(1:1.03) 

Table S8 Quantitation Result of the concentration check group, related to Figure 6. 
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Transparent Methods 

SI-1 Machine learning model 

When training the model, molecules initially represented by ECFP4 fingerprints were fed into mul-

tiple hidden layers defined below: 

𝑋𝐿 = 𝜎(𝑊𝐿𝑋𝐿−1 + 𝑏𝐿) (𝐿 ≥ 1) 

where L represents the L-th layer of the model, XL represents the L-th representation of the molecule. 

When L=1, X0 is the input feature ECFP. WL and bL represent the weight matrix and bias for the L-th 

layer. σ is a function for nonlinear transformation. The cost function J(Θ) of the model is as following: 

J(Θ) = (𝑌𝑝𝑟𝑒𝑑 − 𝑌𝑡𝑟𝑢𝑒)
2
 

Cost function (here is the mean squared error, MSE) applied to a batch of all training data is minimized 

with respect to the model parameters Θ. Given predicted Ypred and the true Ytrue, Θ is updated according 

to the gradient of the prediction. 

 

 

 

SI-2 General Experimental 

Dimethylsulfoxide (DMSO), 1-methyl-2-pyrrolidinone (NMP), and 2-Propanol (i-PrOH) and N,N-dime-

thylacetamide (DMAc), EtOH were purchased from Sigma-Aldrich. HATU (CAS: 148893-10-1), N,N-

Diisopropylethylamine (DIPEA), NaCl, NaOAc were purchased from TCI. The MgCl2 was purchased 

from J&K. The ddH2O was obtained by passing the Milli-Q Direct. The buffer was purchased from 
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Vazyme. On-DNA reaction yields were determined by UV traces of LC/MSanalysis. The centrifugein-

struments including Allegra X-15R, eppendorf-5424R. 

SI-3 HP, S-HP and Me-S-HP Material 

 

 

SI-4 General Procedure 

SI-4-1 EtOH Precipitation for DNA substrate 

To a DNA reaction mixture was added 10% (V/V) 5 M NaCl solution and 2.5−3 folds the volume of 

absolute ethanol. The colloidal solution was then allowed to stand at −80 °C for 2 h. The solutions were 

centrifuged at 4°C for 30 min at 4000 g; the supernatants were discarded. And the DNA pellet was dried 

at 30°C for 1 h in vacuo. General, ethanol precipitation was performed after each chemical reaction. 

SI-4-2 General Procedure 1 for DNA-conjugated tryptamine 

 

1) Acylation of Me-S-HP 

To a 15 mL tube was added HATU (200 mM in DMSO, 500 μL, 100 eq.), DIPEA (200 mM in DMSO, 

500μL, 100 eq.) and amino acid (200 mM in DMAc, 300 μL, 60 eq.). This solution was eddied, then 

centrifuged and stood at 20 °C for 15 min to make the activated ester. 

Next, the freshly prepared active ester solution was transferred to the Me-S-HP solution (1 mM in pH 9.5 

sodium borate buffer, 1.00 mL, 1 eq.). After addition, the solution was eddied, centrifuged and stood at 
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20 °C for 2 h. Then the reaction mixture were treated with the second addition of the activated ester 

solution. The tube was centrifuged, eddied, re-centrifuged and stood at 20 °C for 16 h. After reaction, 

ethanol precipitation was done. 

2) De-Fmoc 

The solid of DNA substrate that from acylation was dissolved in 500 μL ddH2O to make the 1 mM solu-

tions in 15 mL tube. Then to the DNA solutionwas added 20% piperidine (500 μL). The tube was eddied, 

centrifuged and stood at 20 °C for 2 hr. After reaction, ethanol precipitation was done. 

SI-4-3 General Procedure 2 for DNA-compatible Pictet-Spengler reaction 

 

To the solution of DNA-conjugated tryptamine substrate 3(1 mM in pH 5.5 sodium phosphate buffer, 

9.00 μL, 1 eq.) was added aldehyde solution (400 mM in NMP, 4.0 μL, 180 eq.) in a 96-well plate. The 

plate was centrifuged, eddied and re-centrifuged. Then the pure i-PrOH (4.0 μL) was added to the mixed 

solution. The mixture was heated in PCR at 75 °C for 8 hr. After then, ethanol precipitation was done. 

SI-4-4 General Procedure 3 for DNA-compatible Pictet-Spengler reaction 

 

To the solution of DNA-conjugated aldehyde substrate 5(1 mM in pH 5.5 sodium phosphate buffer, 10.0 

μL, 1 eq.) was added tryptamines (400 mM in i-PrOH, 5.0 μL, 200 eq.) in a 96-well plate. The plate was 

centrifuged, eddied and re-centrifuged. Then the pure i-PrOH (5.0 μL) was added to the mixed solution. 

The mixture was heated in PCR at 80 °C for 16 hr. After then, ethanol precipitation was done. 



 84 

SI-4-5 General Procedure 4 for amine capping 

 

1) Acylation of substrate 6c 

To a 600 μL tube was added HATU (200 mM in DMA, 5 μL, 200 eq.), DIPEA (200 mM in DMA, 5 μL, 

200 eq.) and acetic acid (200 mM in DMA, 5 μL, 200 eq.). This solution was mixed by vortex, then 

centrifuged and stand at 20 °C for 10 min to make the activated ester. Next, the freshly prepared active 

ester solution was transferred to the HP solution (2.5uL, 2 mM in water, 1 eq.), which was added 2.5uL 

pH 9.4 buffer solution. After addition, the solution was vortex, centrifuged and stood at 20°C for 2 h. 

After reaction, ethanol precipitation was done. 

2) Reductive amination of 6c  

To the solution of DNA-conjugated amine substrate 6c (1 mM in pH 5.5 sodium phosphate buffer, 5.00 

μL, 1 eq.) was added aldehyde solution (200 mM in DMA, 5 μL, 200 eq.) and NaCNBH3 solution (400 

mM in water, 2.5 μL, 200 eq.) in a 250 uL tube. Then the mixture was heated in PCR at 60 °C for 2 hr. 

After then, ethanol precipitation was done. 

SI-4-6 General Procedure 5 for DNA-conjugated amino acids synthesis 

 

1) Acylation of S-HP 

To a 15 mL tube was added the solution of EDCI (200 mM in DMSO, 125 μL, 50 eq.), s-NHS (200 mM 

in DMSO/ddH2O=1/1, 75 μL, 30 eq.) and BocN-amino acid. This solution was eddied, then centrifuged 

and stood at 20 °C for 15 min to make the activated ester. 
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Next, the freshly prepared active ester solution was transferred to the S-HP solution (1 mM in pH 9.5 

sodium borate buffer, 500 μL, 1 eq.). After addition, the solution was eddied, centrifuged and stood at 

20 °C for 2 h. Then the reactions were treated with the second addition of the activated ester solutions. 

The tube was centrifuged, eddied, re-centrifuged and stood at 20 °C for 16 h. After then, ethanol precipi-

tation was done. 

2) De-Boc 

The solid of DNA substrate 9 was dissolved in 500 μL ddH2O to make the 1 mM solution in 15 mL tube. 

Then to the DNA solution was added 500 μL NaOAc aq. (75 mM in ddH2O, 75 eq.) and 250 μL MgCl2 

aq. (1 mM in ddH2O, 0.5 eq.). The solution was mixed and stood at 90 °C for 16 hr. After then, ethanol 

precipitation was done. 

SI-5 DNA Damage Evaluation 

Pictet-Spengler reaction was performed with a DNA conjugated compound with a double stranded 

DNA coding region to mimic the library component. The product was then ligated to an oligonucleotide 

to generate a full-length DNA fragment and examined by bioanalyzer (Figure 3). The concentration of 

DNA was affected by Pictet-Spengler reaction somehow, because there was some liquid phase change 

and an EtOH precipitation process in the Pictet-Spengler reaction, which could result some loss of the 

DNA during these steps. The length of the product has no change compared to the control group on the 

other hand, indicating that the Pictet-Spengler reaction did not affect the maneuverability of the DNA 

ligation. 

SI-5-1 QPCR Test 

The concentration and the amplification efficiency of the ligation products were assessed by qPCR after 

ethanol precipitation. Two parallel experimental groups were set up to determine 1) if the Pictet-Spengler 

reaction affects the ligation efficiency or the remaining DNA quantity 2) if the Pictet-Spengler reaction 

affects the amplification efficiency by PCR. qPCR was performed with the SYBR Green Master Mix kit 

(Thermo) on a Real-Time PCR System (QuantStudio 7 Flex). All samples were run in triplicates and 

subjected to PCR cycles as follows: 95 °C heat activation for 5 min followed by 40 cycles of 95 °C 

denaturation (10 seconds each), 55 °C annealing (15 seconds each), and 72 °C extension (30 seconds 

each). The result showed a slight difference in the starting concentration of the template, suggesting pos-

sible degradation or loss of DNA during the process of reaction, consistent with the observation by Bio-

analyzer (Fig. 4). To further assess the amplification efficiency, the quantity of the full length DNA tem-

plates was first normalized based on the Bioanalyzer result and qPCR with serial dilution was per-

formed.  Linear fitting was then calculated respectively based on the CT values. The slope, which dictates 
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the amplification efficacy, was compared between the experimental groups. No significant difference was 

observed between the Pictet-Spengler reaction group and the negative control group, indicated no obvious 

impact on PCR efficiency by the reaction. Moreover, melting curves of the qPCR products were examined 

and no peak shift or multiple peaks were observed, suggesting no significant alteration of DNA species 

after the reaction. Thus, in summary, the DNA remained in good integrity after the Pictet-Spengler reac-

tion. 

SI-5-2 Next-generation sequencing.  

2 μL of the 1.65e+5 folds dilution sample was used as a template for PCR amplification. To a PCR 

tube was added diluted sample (2 μL), 10x high fidelity PCR buffer (5 μL), 50 mM MgSO4 (2 μL), 10 

mM dNTP mix (1 μL), Platinum Taq DNA Polymerase (0.2 μL), 10 μM forward primer (2 μL), 10 μM 

reverse primer (2 μL), and nuclease-free water (35.8 μL). The PCR products were purified by the Agen-

court AMPure XP Beads method. The purified samples were sent for next-generation sequencing (Illu-

mina NovaSeq). Bowtie2 was used to map the sequenced reads by local alignment. The detailed mapping 

identity were extracted from CIGAR string and XM flag in the SAM format. The results of NGS showed 

that all samples retained the right sequence as expected (Figure 6), indicating that the chemical reactions 

did not affect the encodability of DNA tags. 

In conclusion, our data revealed that the Pictet-Spengler reactions used in this paper caused no damage 

to DNA, and thus could potentially be used for the encoded library construction. 

SI-6 Off-DNA Validation of PS Reaction 

  SI-6-1 Synthetic Scheme 

 

  SI-6-2 General procedure for preparation of intermediate 3 
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To a solution of Compound 1 (500 mg, 2.13 mmol, 1.00 eq) in AcOH (5.00 mL) was added Compound 

2 (307.88 mg, 2.35 mmol, 1.10 eq).  The mixture was stirred at 110 °C for 5 hrs.  LCMS (EW22081-2-

P1A1, RT1=0.700, RT2=0.735) showed Compound 1 was consumed completely and two main peaks 

with desired was detected. The mixture was concentrated under reduced pressure to give a residue.  Com-

pound 3 contained two parts (triturated product and prep-HPLC product).  The crude product was tritu-

rated with CH3CN at 25 °C for 30 min and obtained Compound 3 (300 mg, 100% purity) as a yellow 

solid, which was confirmed by LCMS (EW22081-2-P1A3), HPLC (EW22081-2-P1H1), H NMR 

(EW22081-2-P1R3), SFC (EW22081-2-P1S2_c2).  And the mother liquor was purified by prep-HPLC 

(column: Phenomenex luna C18 15*40mm*15um; mobile phase: (water (0.1%TFA)-CAN); B%: 10%-

40%, 10min) and got another Compound 3 (320 mg, 69.8% purity) as a yellow solid, which was con-

firmed by LCMS (EW22081-2-P1A7), SFC (EW22081-2-P1S4_d1), SFC (EW22081-2-P1S4_d2). 

1H NMR: EW22081-2-P1R3, (400 MHz, MeOD) 

δ 7.89 (t, J = 15.6 Hz, 2 H), 7.79 (d, J = 8.0 Hz, 1 H), 7.68 (t, J =15.6 Hz, 1H), 7.15 (d, J =8.8 Hz, 1H), 

7.06 (d, J = 2.0 Hz, 1H), 6.80 (dd, J1 = 8.8 Hz, J2 = 2.4 Hz, 1H), 5.86 (s, 1H), 4.15 (dd, J1 = 12 Hz, J2 = 

5.2 Hz, 1H), 3.83 (s, 3H), 3.50 (dd, J1 = 15.6 Hz, J2 = 4.4 Hz, 1H), 3.20 - 3.10 (m, 1H). 

  SI-6-3 General procedure for preparation of DP1-Peak1 and DP1-Peak2 

 

Compound 3 was purified by prep-SFC (column: DAICEL CHIRALCEL OJ (250mm*30mm, 10um); 

mobile phase: (0.1%NH3H2O ETOH); B%: 40%-40%, 3.6 min; 180 min) to go two product. DP1-Peak1 

(0.08 g, 24.5% yield, 98.0% purity) was obtained as a off-white solid, which was confirmed by H NMR 

(EW22081-3-P1R3), LCMS (EW22081-3-P1A1), HPLC (EW22081-3-P1H1), SFC (EW22081-3-

P1S1_c1), NOE (EW22081-3-P1N1), C NMR (EW22081-3-P1C3). DP1-Peak2 (0.10 g, 30.3% yield, 

97.0% purity) was obtained as a yellow solid, which was confirmed by H NMR (EW22081-3-P1R4), 

LCMS (EW22081-3-P1A2), HPLC (EW22081-3-P1H2), SFC (EW22081-3-P1S2_c1), NOE (EW22081-

3-P1N2), C NMR (EW22081-3-P1C4). 

1H NMR: EW22081-3-P1R3, (400 MHz, DMSO-d6) 
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δ 10.23 (s, 1H), 7.82 (d, J = 6.8 Hz, 2H), 7.72 (d, J = 8.0 Hz, 1H), 7.58 (t, J = 15.6 Hz, 1H), 7.08 (d, J = 

8.8 Hz, 1H), 6.97 (d, J = 2.2 Hz, 1H), 6.66 (dd, J1 = 8.8 Hz, J2 = 2.0 Hz, 1H), 5.35 (s, 1H), 3.75 (s, 3H), 

3.72 (s, 1H), 3.06 (d, J = 14.8 Hz, 1H), 2.81 (t, J = 26.0 Hz, 1H). 

1H NMR: EW22081-3-P1R4, (400 MHz, DMSO-d6) 

δ 10.24 (s, 1H), 7.82 (d, J = 6.4 Hz, 2H), 7.72 (d, J = 8.0 Hz, 1H), 7.58 (t, J = 16.0 Hz, 1H), 7.08 (d, J = 

8.8 Hz, 1H), 6.97 (d, J = 2.4 Hz, 1H), 6.66 (dd, J1 = 8.4 Hz, J2 = 2.0 Hz, 1H), 5.36 (s, 1H), 3.75 (s, 3H), 

3.72 (s, 1H), 3.07 (d, J = 15.2 Hz, 1H), 2.81 (t, J = 24.8 Hz, 1H). 

  SI-6-4 General procedure for preparation of DP2-Peak1 

 

Compound 3 was purified by prep-SFC (column: DAICEL CHIRALPAK IG (250mm*30mm, 10um); 

mobile phase: (0.1%NH3H2O ETOH); B%: 45%-45%, 4.6min; 50min) to go two product. DP2-Peak1 

(0.15 g, 394.68 umol, 45.70% yield, 91.4% purity) was obtained as a yellow solid, which was confirmed 

by H NMR (EW22081-4-P1R3), LCMS (EW22081-4-P1A1), HPLC (EW22081-4-P1H1), NOE 

(EW22081-4-P1E1), C NMR (EW22081-4-P1C1), SFC (EW22081-4-P1S2_d11). 

1H NMR: EW22081-4-P1R3, EW22081-4-P1R2, (400MHz, DMSO-d6) 

δ 10.57 (s, 1H), 7.76 (t, J = 20.8 Hz, 2H), 7.61 (d, J = 7.6 Hz, 1H), 7.55 (t, J = 15.2 Hz, 1H), 7.14 (d, J = 

8.8 Hz, 1H), 6.99 (d, J = 2.4 Hz, 1H), 6.70 (dd, J1 = 8.8 Hz, J2 = 2.4 Hz, 1H), 5.53 (s, 1H), 3.76 (s, 3H), 

3.73 (d, J = 6.4 Hz, 1H), 3.12 (dd, J1 = 15.2 Hz, J2 = 5.2 Hz, 1H), 2.94 (dd, J 1= 15.2 Hz, J2 = 7.6, 1H). 

  SI-6-5 LC Trace and Mass of DP 

 

Following General Procedure 1  

Yield: 4.14% 

Exact mass: 5528.10 

Triply charged mass [M-3]/3, calculated: 1841.7; observed: 1841.4 
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DP (off-DNA)+4af (retain time = 2.71)  

 

Fig.40. LC trace and mass of DP 

 

SI-7 Mass Spectrum of 34 Aldehyde Building Blocks 

 

Materials 

Product 3a: 1 mM in sodium phosphate buffer (250 mM, pH = 5.5) 

Aldehyde: 400 mM in NMP 

Sodium phosphate buffer, pH = 5.5, 250 mM 

Procedure 

To 3a solution (5 nmol, 5 L), was added to a solution of aldehyde (400 mM in NMP, 2.25 L, 180 eq). 

Then the i-PrOH (2.25 L) was added to the mixed solution. The mixture was vortexed. Heat the reaction 
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mixture in PCR at 75 oC for 10 h. After the reaction, add 40.5 L water, then add 5 M NaCl solution (10 % 

by volume) and cold ethanol (2.5 times by volume, ethanol stored at -20 oC). The mixture was stored at a 

-80 oC freezer for more than 30 minutes. Centrifuge the sample for around 30 minutes at 4 oC in a micro-

centrifuge at 10000 rpm. The above supernatant was removed and the pellet (precipitate) was cooled in 

liquid nitrogen and then placed on a lyophilizer. After lyophilization, the dry pellet was recovered. 

 

SI-8 General Procedure for DNA-conjugated nitroalkene 13 

 

To a 600 μL tube was added HATU (200 mM in DMA, 50 μL, 100 eq.), DIPEA (200 mM in DMA, 50 

μL, 100 eq.) and 4-(2-nitrovinyl) benzoic acid (200 mM in DMA, 100 μL, 200 eq.). This solution was 

mixed by vortex, then centrifuged and stand at 20 °C for 10 min to make the activated ester. Next, the 

freshly prepared active ester solution was transferred to the HP solution (50 L, 2 mM in water, 1 eq.), 

which was added 50 L pH 9.4 buffer solution. After addition, the solution was vortex, centrifuged and 

stood at 20 °C for 2 h. After reaction, ethanol precipitation was done. 

 

SI-9 General Procedure for DNA conjugated indole substituted amine 7 

 

1)  Addition of 6-methoxy-1H-indole 

To the solution of DNA-conjugated nitroalkene 13 (1 mM in water, 50.00 μL, 1 eq.) was added 6-meth-

oxy-1H-indole solution (200 mM in DMA, 50.0 μL, 200 eq.) in a 250 μL tube. The mixture was vortex. 

Then the mixture was heated in PCR at 60 °C for 2 hr. After then, ethanol precipitation was done. 

2) Nitro reduction 

To the solution of DNA-conjugated substrate (1 mM in water, 50.00 μL, 1 eq.) was added B2(OH)4 solu-

tion (100 mM in water, 50.0 μL, 100 eq.) in a 250 μL tube. The mixture was vortex. After addition, the 

solution was vortex, centrifuged and stood at 20 °C for 2 h. After reaction, ethanol precipitation was 

done. 
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SI-10 General Procedure for DNA-compatible Pictet-Spengler reaction 

 

 

To the solution of DNA-conjugated indole substituted amine 7 (1 mM in pH 5.5 sodium phosphate buffer, 

5.00 μL, 1 eq.) was added 4-nitrobenzaldehyde solution (400 mM in NMP, 2.25 μL, 180 eq.) in a 250 μL 

tube. Then the pure i-PrOH (4.0 μL) was added to the mixed solution. The mixture was heated in PCR at 

75 °C for 16 hr. After then, ethanol precipitation was done. 

SI-10-1 General Procedure for amine capping 

 

1) Acylation of substrate 8 

To a 600 μL tube was added HATU (200 mM in DMA, 5 μL, 200 eq.), DIPEA (200 mM in DMA, 5 μL, 

200 eq.) and benzoic acid (200 mM in DMA, 5 μL, 200 eq.). This solution was mixed by vortex, then 

centrifuged and stand at 20 °C for 10 min to make the activated ester. Next, the freshly prepared active 

ester solution was transferred to the HP solution (2.5uL, 2 mM in water, 1 eq.), which was added 2.5uL 

pH 9.4 buffer solution. After addition, the solution was vortex, centrifuged and stood at 20°C for 2 h. 

After reaction, ethanol precipitation was done. 

2) Reductive amination of 8  

To the solution of DNA-conjugated amine substrate 8 (1 mM in pH 5.5 sodium phosphate buffer, 5.00 

μL, 1 eq.) was added aldehyde solution (200 mM in DMA, 5 μL, 200 eq.) and NaCNBH3 solution (400 
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mM in water, 2.5 μL, 200 eq.) in a 250 uL tube. Then the mixture was heated in PCR at 60 °C for 2 hr. 

After then, ethanol precipitation was done. 

 

SI-11 General Procedure for amine capping 

 

To the solution of DNA-conjugated amine substrate 8a (1 mM in pH 5.5 sodium phosphate buffer, 5.00 

μL, 1 eq.) was added aldehyde solution (400 mM in NMP, 2.5 μL, 200 eq.) and NaCNBH3 solution (400 

mM in water, 2.5 μL, 200 eq.) in a 250 uL tube. Then the mixture was heated in PCR at 60 °C for 2 hr. 

After then, ethanol precipitation was done. 
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