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Core concepts

Why read, write & measure polymers?
     Natural & designed properties
      Chirality, reactivity, etc.

Codes:  
    Basepair code:  A=T, C=G etc.
    Ribosomal translation:  4 RNA🡪 20+AA
    Interactions: Protein 🡪 DNA

How to Read almost anything?
    De novo vs ID,  in vitro vs in situ imaging
    Size of side chains, Fluorescence
    Single molecules: Why?

How to Write almost anything?
    Sequential, Exponential, Editing
    Post-polymerization modifications



How to Grow/Read Almost Any Polymer …
Easy for cells              Uses
Polynucleotides DNA, RNA
Polypeptides Collagen, Hb, silk
Polyterpenes Rubber
Polyketides Antibiotics
Polyhydrocarbon        Wax, fats
Polyynes Pigment, antibiotic
Polysaccharides Cellulose
Poly amino acids Lignin
Polypyrroles Heme
Polyesters PHA

Hard (so far)               Uses
Peptide nucleic acid      Reverse translate
Graphenes(nanotubes)     Strong
Diamonoids(nanothreads)     Strong   50

Specific strength
(kN·m/kg)
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DNA🡪 mRNA 🡪AA
Genetic Code
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Xenomicrobiology: A 
roadmap for genetic code 
engineering 2016 
Microb. Biotech



Protein Posttranslational modification (PTM)

Macek et al. 2019 Nature Rev. Microbio 
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D Loop

TΨ Loop

Wobble
Pair I:
A,C,U

CCA3’

AARS Code 
AA🡪tRNA
Synthase



Watson-Crickoid
from 2 to 6 
basepairs 

…emphasis on 
H-bonds

Artificially Expanded Genetic 
Information Systems for New 
Aptamer Technologies
Biondi & Benner (2018) 
Biomedicines. 



Or no H-bonds!   

X    -   Y

Zhang …Romesberg 
2017 Nature. 

DNA🡪 mRNA 🡪AA



Ned Seeman Predictions 
PNAS 1976 based on non-WC bp

R

N or Q



TALE Code 2 AA 🡪 1 DNA bp



GTACCQQQCCATG
CATGGGGTGGATC

Kuwayama BBRC 2021

PCR seq  PNA 
(Sanger ABI)

Q  …  A
Q  …  G



DNA, RNA reading strategies

Single Molecule
PacBio
ONT  nanopore
Roche nanopore
Roswell transistor

Seq by Synthesis
Illumina+
MGI+
Element
UltimaGenomics
Singular
454-hv
Ion Torrent-H+

Sanger-ABI !

Fluorescent 3D
  Bruker Vutura
  10X Xenium

Protein reading
Single Molecule    
Aminopeptidase 
Fluor-labeled     🡪

Mass Spectrometry
LC-MS-MS  CAD
Edman Degradation+ 

+ = Reversible

! = Irreversible
Terminators 



Mass-spectrometry

L-Leu,   D-Leu,           Ile,      NorLeu,     AlloLeu 

Same Average mass            131.173 Da
Same Monoisotopic mass   131.095 Da

Fixes: Chiral chromatography
Collisionally activated dissociation (CAD)



‘Aptamers’: Improving low chemical diversity of 
DNA Ochsner …Janjic. 2014 Biotechniques. 



Non-standard Amino Acids

Ketone          9         Orthogonal chem

Azobenzyl    14        Photoisomers

Coumarinyl   13       Redox

Cytosinyl        8       Nucleopeptide

Dansyl            17      Fluorescent

Biotinyl-Lys   19      Binds Avidin

              Side Chain            Key AA
AA       #atoms(non-H)      Features



Motor (pol) + pore:
dNTP tags v. ssDNA

2016 PNAS
2020 ACS Nano

Mirko Palla 
    Ben Stranges

Genia
       2014
Roche
       2020
Stratos 

Oxford 
Nanopore

Motor (helicase)
ss-DNA through pore

1987-98: US5795782 Church, Deamer, 
Branton, Baldarelli, Kasianowicz  

Sukanya 
Punthambaker



Motor (pol) + pore
dNTP tags 

1 molecule, 1 AMU 

Stranges ... Church GM (2016) PNAS. 
Fuller … Ju J (2016) PNAS



Nanopore: Modified & Non-standard bases
Craig … Gundlach 2015 Direct detection of unnatural 
DNA nucleotides dNaM and d5SICS using the MspA 
nanopore. PlosOne

seconds
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Miniaturize:  Nanopores in space



Read DNA via Fluorescent Microscopy

Drmanac et al. 
CoolMPS: 
evaluation of 
antibody labeling 
based massively 
parallel 
non-coding RNA 
sequencing NAR 
2020



Spatial Omics Microscopy
DNA, RNA, protein

in situ 3D (hyb, lig, pol)
2 nm to 40 μm thick
0.2 - 400 nm precision 

10X Xenium 2022
10X Genomics (Church lab)
Bruker Vutara  (Wu lab)

Lee, Daugharthy ... 
Church 
Science 2014, 
Nature Protocols. 2015



Single-molecule super-resolution imaging of chromosomes & in situ 
haplotype visualization using Oligopaint FISH probes

Beliveau …Wu (2015) Nature Comm.



Oligonucleotide-labeled Protein-Protein Recognition

.

hybribody.com/contenu/synthetic-vhh-library-menu/take-advantage-of-vhh-antibody-properties

4x2 nm

ACGTACGTA

DNA Exchange Imaging (DEI): Super-resolution
In progress: Multiplex ML-Syn of nanobodies.
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Proteins: in situ DNA-Exchange multiplexing 20 
nm

Wang, Woehrstein, Donoghue, Dai, Avendaño, Schackmann, Zoeller, Wang, 
Tillberg, Park, Lapan, Boyden, Brugge, Kaeser, Church, Agasti, Jungmann, 
Yin (2017) Nano Lett.



Protein Sequencing, One Molecule at a Time
Floyd & Marcotte (2022) Ann. Reviews Biophys 



Reed ... Rothberg Science 
Oct-2022 (Quantum-Si Inc.)

N-term-Tyr – ClpS2



Sequencing by Pore Transit

Electrical recognition of the twenty proteinogenic amino acids using an 
aerolysin nanopore (2019) Ouldali et al.   
nature.com/articles/s41587-019-0345-2

41j.com/blog/2021/07/dreampore-nanopore-protein-sequencing



Development of 
BODIPY-based 

fluorescent probes 
for highly selective 

amino acid 
identification

Hendrik et al. [BU & Prisma Tx] 
biorxiv.org/content/10.1101/2024.04.02.587799v1.full.pdf

boron-dipyrro…



.
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DNA/RNA  Read & Write tech exponentials

Equitable access: 20 million-fold cost reduction

Multiplex NGSeq 2003 
Multiplex Chip-Syn 2004

1984 HGP haploid
1E-2 error rate

2009-12 diploid PGP
1E-7 error rate

$3 billion
3Gb 

$200/ 6Gb       

2020     2025
1994 GTC 
H.pylori $75M

2007 Knome                                  Q100 T2T
$350k diploid                              diploid PGP
                                                       1E-10 error rate

1975
1978 Biogen 
pBR322

*1E17 gene designs bioRxiv   10.1101/2024.09.13.612900v1

Jura 2005
1E17 
*200



CRISPR Wang & Doudna 2023 Science

90% of GeneTx are non-CRISPR

$2.2 M Casgevy;  $3.1M Lyfgenia (non-Cas) 

Genetic counseling  $300

Ag

Delivery

Ag   

Ag

Ag

🡪 DNA data storage
� Endangered species 
� Resistance to all viruses

🡪 Aging reversal
� Vaccines (non-Cas)
🡪 Caspid protein design (non-Cas)

🡪 Organ transplantation



Mapping the space of 
tissue tropism 
modifications

Kidney 

Blood Heart Liver

LungSpleen

Position570 605



Immediate primate testing 
intravenous delivery
ahq: 280x AAV9 pan-brain
50x liver detargeting

yp2: 94% of neurons in 
humanized TfR1 mice 

28/28 AA libraries

DNA 
Synthesis

DNA 
sequencingSelection

Y

Y

Y

Y

Y

Y

Capsid
packaging

Immune 
evasion

In vivo 
delivery

Tissue
specificity

Machine 
Learning

Eric Kelsic
Pierce Ogden

Science 2019

dynotx.com/gene-delivery



CRISPR as RNP scaffold

Genome editing with CRISPR–Cas nucleases, base
editors, transposases and prime editors Anzalone et al. 2020 Nature Biotech
An enhanced CRISPR repressor ... Yeo et al. 2018 Nature Meth.
Comparison of Cas9 activators ... Chavez et al. 2016 Nature Meth.



Yarnall et al. 2023 Nature Biotech

Drag-and-drop genome insertion of large sequences 
without double-strand DNA cleavage using 
CRISPR-directed integrases

“Programmable Addition via Site-specific Targeting Elements (PASTE), which uses a 
CRISPR–Cas9 nickase fused to both a reverse transcriptase and serine integrase for 
targeted … integration … as large as ~36 kilobases at multiple genomic loci …we 
discovered 25,614 serine integrases and cognate attachment sites”



 Technologies : Multiplex, Precise, Large Edits  
via Mega-synthesis, Recombinases & Integrases

Gabe Filsinger & 
Tim Wannier

Kale Kundert, Tina Lebar, Ben Weinberg.  

Ser,Tyr Integrases: ML-Syn

      Single-Strand Annealing Proteins (SSAP) &
Single-Strand Binding proteins (SSB) interactions

MAGE



2 +1 codons
(Fredens..Chin 

2019)

6 +1 codons

Genomically 
Recoded 

Organisms 
(GRO)

4 Mbp 
synthesized 
3kb 🡪 50 kb

Ostrov, 
Norville, 
Guell, .. 
Church 2016



1,2. Genetic & metabolic isolation

Multiplexed Genome Engineering (MAGE)
4 Million bp Recoding

 321   🡪 18,214  🡪 62,214  codons  1🡪3🡪7

4. Multi-Virus 
resistance

              COSB 2020 Ostrov, et al 
           Science 2016 Ostrov, et al
         Nature 2015 Mandell et al 
     Science 2013 Lajoie et al
   Science 2011 Isaacs et al
Nature 2009 Wang et al

DOE

Immune tolerance
Stability
Fluorogenic

3. Non-standard 
amino acids (NSAA) 



Environmental DNA
RNA 

Metabolism  
(Replication)

SynGenome Technologies:  
3 forms of “biocontainment” 

Cautions:  #1: Need extensive sampling of wild viruses 
              #2: Reduced code could work in wild
          #3  multivirus resistance advantage in the wild, should be contained. 

#1 see next slides
   S🡪L 2 codon swap

#2 BipA or swap in all proteins
(not just mobile element proteins)

#3 BipA or swap in a few 
essential proteins

Infection, Conjugation, Transformation



12 viruses replicate in Syn61Δ3  
but not  in 2 codon swap  
TCA TCG:  
Ser  🡪 Leu 

3a, 3b, 3c,3d
 

7a,b 
8a
9a

13a,b,c,d

Akos Nyerges, Svenja Vinke, Regan 
Flynn…Church, Jul-2022 Biorxiv. 
Swapped genetic code blocks viral 
infections & gene transfer.  

Also: Zürcher et al. Oct-2022 Science. Refactored 
genetic codes enable bidirectional genetic isolation
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    Mirror world : 
                  B-DNA & α-helical protein chirality
      Left (mirror)                                                Right (standard) 

0.34 nm



Non-ribosomal peptide synthesis (NRPS)  & D-AA

Adamala et al. (2024) Confronting risks 
of mirror life. Science 
Baker D, Church G (2024) Protein design 
meets biosecurity. Science

Nonribosomal Peptide Synthesis. 
Sussmuth & Mainz (2017). Huang et al. (2024)



Storing temporal (4D) data 
in DNA 
Narrative, image/video…lineage, physiology

Tickertape 

Molecular
Recording

in vitro: 
2002-10 Church & Shendure. USPTO
2012 Church, Gao, Kosuri. Science  (syn DNA, book jpg)

in vivo: 
2016 Kalhor, Mali, Church. Nature Meth.    (hgRNA)
2016 Perli, Cui, Lu              Science             (stgRNA)
2016 McKenna…Shendure  Science            (Cas9)
2016 Shipman…Church         Science          (Cas1/2)
2017 Frieda…Cai L           Nature                  (Cas9)
2018 Raj…Schier          Nature Biotech          (Cas9)
2019 Chan…Weissman      Nature                 (Cas9)
2018 Alemany…van Oudenaarden  Nature   (Cas9)
2018 Spanjaard…Junker. Nature Biotech      (Cas9)
2020 Smith…Church. Nucl. Acids Res.          (ABE)
2022 Bhattarai-Kline…Shipman    Nature     (retron)
2022 Choi…Shendure                Nature        (pegRNA)

biorxiv.org/content/10.1101/2024.01.22.576745v1.full
biorxiv.org/content/10.1101/2024.01.22.576756v1

Jay Shendure
UW Seattle

Seth Shipman
UCSF



Time-series data in DNA of 3 billion cells = 0.2TeraB 🡪1ExaB (1E18)
Loveless et al. Nature Chem. Bio. 2021  TdT in cell culture  14.6 bits per site
Kalhor, et al. Science 2018  in mice.      24k edits iPSCs Smith et al NAR 2019

Fore/hindbrain vs Left/right Base edit windows 1 to 12 bp
A🡪G, A🡪C+T, C🡪T, C🡪G

3e9 * 14 bits * 40/8 = 0.2 TeraByte
3e9 * 2e9bits /8       = 1 ExaByte 



Multiplex (epi) Genome Engineering

     
Xenotransplant
s

1               321      24k          62k    1E6 

AND:   Edits per genome
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CEN, SINE 
Repeats

MAGE'09
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