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 ADCs – Exciting prospects but . . .  
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Heterogeneity translates to poor PK, stability and efficacy 



Production of Superior ADCs  
Using Non-Natural AA Incorporation 

The Non-Natural Amino Acid Advantage 
1.  Controlled stability:  nnAA chemical space provides 

alternatives to cysteine or lysine for creating stable 
MAb~drug junction  

2.  Homogeneity: site-specific conjugation using orthogonal 
chemistries regulates number and location of drugs 
attached to Mab 

 



Anatomy of a Disruptive Protein Design and 
Manufacturing Solution….. 

•  Rapid Make-Test  
–  Fast protein production (from DNA to g’s/L in hours)  
–  a 1-week cycle time for purification, characterization and testing 
–  Micro-titre plate evaluation of 100’s of variants in parallel  
–  Parallel evaluation of optimal production conditions 

•  Chemical Diversity   
–  Incorporation of non-natural amino acids  

•  Rapid Scale-up 
–  Linearly scalable and predictable expression allows for seamless 

and rapid progression to specificity testing, efficacy models and 
GLP tox studies 

•  Same system for cGMP manufacture 
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How versatile is cell free (CF) synthesis? 

BiTE

(ScFv-Fc)2

ScFv

ScFv-Fc

Fab’2
IgG1

•  Examples of Ab Fragments 
Produced by CF synthesis •  Other examples: 

!  Growth factors 
!  Immunotoxins 
!  Proteases 
!  Knottins 
!  Cellulases 
!  Hydrogenases 

 

Fab’2Fab 

Typical Expression Levels: 
•  0.25 -1 Gram / Liter (Pre-Optimized) 
•  6-8 Hour Reaction 
•  30% Extract 



Translation of nnAA-Containing Proteins 
Enables Site-Specific Conjugation 
input  
(DNA) 

 

nnAA 

Ribosome  
(Catalyst) 

cell.free"extract""""(E.#coli)"
!

NNN 

mRNA 
NNN UAA 

Stop 

tRNA 



Data!driven!design:!!!
produc2on!of!many!variants!in!hours!!

o  Mutate"Sites"in"IgG:""Choose!nnAA!
sites!using!ra2onal!design,!or!just!
make!all!of!them!!

o  Produce"nnAA"IgG:"Incorporate!
nnAA!at!100’s!of!chosen!sites!

o  Conjugate:!!Conjugate!nnAA!with!
appropriate!chemistry!

o  Purify:!!Separate!conjugated!IgG!
away!from!unincorporated!linkerE
warhead!

o  Test:"Assay!conjugated!IgG’s!for!
binding!and!cell!killing!

Surface!Scan!



TAG Screen   

!

Light!Chain:!!!!111!Sites!
Heavy!Chain:!!133!Sites!
!
!

SP!Number!
Posi2on! TAG!site!



Sutro!nnAA!IgG!with!AB3627!Linker+Warhead!

Azido nnAA 
Cu!Free!Click!
Conjuga2on!Chemistry!

DBCO!LinkerEWarhead!
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Rapid Selection of Optimal Sites for  
Expression, Conjugation, Binding and Killing 

SKBR3 Binding Assay 
Conjugated Variants Compared to Herceptin 
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nnAA Incorporation and Expression 
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Site-Specific Incorporation of MMAF Yields 
Potent Cytotoxic ADC  

Published Data – Genentech patent 

ADC -  3.8 drugs/Ab 
ADC -  4.1 drugs/Ab 
ADC – 4.8 drugs/Ab 

ug/ml 

•  Comparable IC50 to published ADC at equivalent IgG concentration 
•  More potent at equivalent drug concentration 
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Cell Viability Assay SK-BR-3 cells  at  120 hours  
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a5!mg/kg,!BalbEc!mice,!Sutro!!b2mg/kg,!SpragueEDawley!rats!(US7994135B2,!SeaGen!patent!2011)`!

CFETrastuzumab!Drug!conjugate!pharmacokine2cs!are!in!good!agreement!with!!
TrastuzumabE!MMAF!conjugate!literature!

!
!
!
!
!
!
!!
!

  Sutro!Dataa! SeaGen!Datab!
CFETrastuzumab!Drug!

Conjugate!
Trastuzumab!MMAF!

Conjugates!!!
AUCinf![day/µg/mL]! 248! 299!

Clearance![mL/d/kg]! 8.1! 9!

HalfElife![d]!! 8! 10!

Pharmacokinetics of Cell Free Produced ADCs are 
Comparable to Cell-Based derived ADCs 

CFETrastuzumab!Drug!!
Conjugate!

Trastuzumab!MMAF!!
Conjugates!

TrastuzumabEvcEPABEMMAFETEG!Total!Ab!
TrastuzumabEvcEPABEMMAFETEG!Conjugate!Ab!
TrastuzumabEvcEPABEMMAF!Total!Ab!
TrastuzumabEvcEPABEMMAF!Conjugated!Ab!

Mean!E/+!SD!ploded!
3!mice!per!2me!point!
2mg/kg,!Dosed!i.v.!!
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Efficacy Study: 
CF-Trastuzumab DC Dose Response 

30 mg/kg       15 mg/kg 



Efficacy Study: 
Agly Trastuzumab DC Dose Response 
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Site Dependent Impact on Cell Killing 
Observed!
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Efficient Integration of nnAAs and Conjugation 
Chemistry are key for manufacturing ADCs  

•  nnAA Incorporation Efficiency 

–  Site Dependence 
–  RF1 Attenuation 
–  Multiple nnAA Incorporation 

•  Conjugation Efficiency 

–  Site Dependence 
–  Improving Conjugation Kinetics 

 



nnAA Incorporation Efficiency;  
Site Dependence in HC 

A121 



nnAA Incorporation Efficiency;  
Site Dependence in LC 
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nnAA!Incorpora2on!Efficiency:""

•  "!nnAA!Incorpora2on!Efficiency!
•  "!Expression/yield!
!

!!

RF1!Adenua2on!!

aa 
nnAA-
tRNA      

RF1 

Full!length!nnAA!
containing!protein!

Truncated!
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Protease!Sensi2ve!RF1!is!inac2vated!during!
extract!produc2on!!

Abbrev." Sample"

M! Marker!

P! Pellet!

L! Lysate!

C! Clarified!

1! 1!hour!2me!point!

2! 2!hour!2me!point!

3! 3!hour!2me!point!

De.compartmentalized"Extract"Cleaves"RF1"



New!Strains!Have!Similar!Growth!Rates!To!
Control!Strain!
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RF1- Strain Engineered Extract  
Boosts nnAA-Protein Production 
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Suppression of amber codon in HC 
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Incorporation of p-Acetyl Phe into IgG 
at three selected sites 
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•  Incorpora2on!of!mul2ple!nnAAs!in!each!
! !!IgG!LC!and!HC!

•  Enables!Mul2ple!(4,6,8,10+)!site.specific"
combinaaons"of"warheads/IgG"

•  Intractable!using!cellEbased!systems!or!wildE
type!extract!due!to!significant!accrued!losses!
in!yield!

•  Combina2ons!of!sites!screened!for:!
•  nnAA!Incorpora2on!efficiency/expression!
•  Conjuga2on!Efficiency!
•  Stability!
•  PK/Potency!in!vivo!

!

warheads 

RF1!Deple2on!through!Strain!Engineering:!
Extract!Can!Produce!IgG!w/!Mul2ple!nnAA’s!



4 nnAA IgG Yields Using  
Combinations of 2 LC and 2 HC Sites 

#  nnAA: nn-AA1 
#  Synthetase 3 

#  nnAA: pN3nnAA 
#  Synthetase 1 
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Conjuga2on!Efficiency!

Azido nnAA 
Cu!Free!Click!
Conjuga2on!Chemistry!

DBCO!LinkerEWarhead!
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Position affects Kinetics of Conjugation 
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Conjugation Efficiency 

Conjugation. Oxime ligation between pAcPhe on the antibody and alkoxy- 
amine-functionalized auristatin was carried out in 100 mM acetate buffer pH 
4.5 with 100 µM (5 mg/mL) Fab and 3 mM AF (30-fold excess) for 1–2 d at 
37 °C. IgG was conjugated at 66.7 µM (10 mg/mL) and 1.3 mM AF 
(20-fold excess) for 4 d at 37 °C. 

Synthesis of site-specific antibody-drug conjugates
using unnatural amino acids
Jun Y. Axupa,b, Krishna M. Bajjuric, Melissa Ritlandd, Benjamin M. Hutchinsa,b, Chan Hyuk Kima,b,
Stephanie A. Kazanea,b, Rajkumar Haldera,b, Jane S. Forsythd, Antonio F. Santidriand, Karin Stafind, Yingchun Lue,
Hon Trane, Aaron J. Sellere, Sandra L. Biroce, Aga Szydlike, Jason K. Pinkstaffe, Feng Tiane, Subhash C. Sinhac,
Brunhilde Felding-Habermannd, Vaughn V. Smiderc,1, and Peter G. Schultza,b,1

aDepartment of Chemistry, cDepartment of Molecular Biology, dDepartment of Molecular and Experimental Medicine, and bThe Skaggs Institute for
Chemical Biology, The Scripps Research Institute, La Jolla, CA 92037; and eAmbrx, Inc., La Jolla, CA 92037

Contributed by Peter G. Schultz, July 20, 2012 (sent for review January 27, 2012)

Antibody-drug conjugates (ADCs) allow selective targeting of
cytotoxic drugs to cancer cells presenting tumor-associated surface
markers, thereby minimizing systemic toxicity. Traditionally, the
drug is conjugated nonselectively to cysteine or lysine residues in
the antibody. However, these strategies often lead to heteroge-
neous products, whichmake optimization of the biological, physical,
and pharmacological properties of an ADC challenging. Here we
demonstrate the use of genetically encoded unnatural amino acids
with orthogonal chemical reactivity to synthesize homogeneous
ADCs with precise control of conjugation site and stoichiometry.
p-Acetylphenylalanine was site-specifically incorporated into an
anti-Her2 antibody Fab fragment and full-length IgG in Escherichia
coli and mammalian cells, respectively. The mutant protein was
selectively and efficiently conjugated to an auristatin derivative
through a stable oxime linkage. The resulting conjugates demon-
strated excellent pharmacokinetics, potent in vitro cytotoxic activ-
ity against Her2+ cancer cells, and complete tumor regression in
rodent xenograft treatment models. The synthesis and character-
ization of homogeneous ADCs with medicinal chemistry-like control
over macromolecular structure should facilitate the optimization of
ADCs for a host of therapeutic uses.

breast cancer | protein conjugation

Amajor challenge in the development of new drugs is the
ability to selectively modulate a specific target in the tissue

of interest while minimizing undesirable systemic side effects.
In the past decade, antibody-drug conjugates (ADC) have shown
considerable promise as anticancer agents by preferentially target-
ing cytotoxic drugs to cells presenting tumor-associated antigens
(1–4). It is hypothesized that the ADCs are endocytosed after
binding cell-surface antigens and the antibody molecule is de-
graded in the lysosome, releasing the cytotoxic drug into the
cytosol (5, 6). Antibody-drug conjugates have had significant
achievements as well as notable failures in the clinic. The first
Food and Drug Administration-approved ADC, gemtuzumab
ozogamicin (Mylotarg; Wyeth/Pfizer), was a conjugate of the
DNA cleaving agent calicheamicin to an anti-CD33 antibody for
the treatment of acute myelogenous leukemia (7). Despite early
encouraging clinical activity and fast-track approval, Mylotarg was
removed from the market because of toxicity and lack of efficacy
in larger trials (8). More recently, however, brentuximab vedotin
(Adcetris/SGN-35; Seattle Genetics), an anti-CD30 auristatin
conjugate, became the first drug approved for Hodgkin’s
lymphoma since 1977 (9, 10), and there are many more ADCs
in development (11–15). Although the approval of Adcetris
shows the potential of ADCs to impact major unmet needs in
oncology, the withdrawal of Mylotarg shows that further work is
necessary to optimize this new class of drugs.
In contrast to small molecules, in which chemically defined

structures are synthesized in an attempt to improve drug proper-
ties, the most widely used technologies for constructing antibody-
drug conjugates rely on nonspecific electrophilic modification of

cysteine or lysine residues. There is limited stoichiometric control
because of the large number of disulfide bonds and lysine residues
in antibody molecules, which leads to a typical distribution of zero
to eight toxins per antibody (16, 17). In addition, coupling occurs
at many different sites leading to a heterogeneous mixture of
ADCs, the components of which likely have distinct affinities,
stabilities, pharmacokinetics, efficacies, and safety profiles.
Genentech reported a site-specific ADC (Thiomab) that was
synthesized by introducing an additional cysteine into anti-
bodies (18, 19). Thiomab showed similar efficacy to randomly
labeled ADCs despite having fewer (only two) drugs per an-
tibody, but had an improved therapeutic index and better
pharmacokinetics in rodents. These results support the notion
that precise chemical control over the site and stoichiometry
of conjugates can lead to improved therapeutics. However,
this methodology has not been generally adopted, likely in part
because of challenges in scalability, which involves disulfide
bond reduction and reoxidization steps, and the instability of
maleimide-thiol conjugates (20).
Here we report the synthesis of chemically defined ADCs

in which the site and stoichiometry of conjugation are con-
trolled using genetically encoded unnatural amino acids with
orthogonal chemical reactivity relative to the canonical 20 amino
acids. This approach produces homogeneous molecular entities,
rather than mixtures, and allows for medicinal chemistry-
like optimization of physical properties, efficacy, pharmaco-
kinetics, and safety profiles. An orthogonal amber suppressor
tRNA/aminoacyl-tRNA synthetase (aaRS) pair is used to site-
specifically incorporate p-acetylphenylalanine (pAcPhe) in response
to an amber nonsense codon into antibodies recombinantly
expressed in either bacterial or mammalian cells (21–24). The
keto group of pAcPhe can be selectively coupled to an alkoxy-
amine derivatized drug of interest to form a stable oxime bond
in excellent yield (25–27). To illustrate this concept, a C-terminal
alkoxy-amine auristatin derivative was conjugated to trastu-
zumab (Herceptin, anti-Her2) mutants containing pAcPhe at
one of several positions in the antibody constant regions. The
resulting ADCs showed excellent efficacy and pharmacokinetics
in an in vivo rodent xenograft model against mammary fat pad
tumors induced by Her2-transduced MDA-MB-435 human
breast cancer cells.

Author contributions: J.Y.A., B.M.H., V.V.S., and P.G.S. designed research; J.Y.A., K.M.B.,
M.R., B.M.H., J.S.F., A.F.S., S.L.B., and A.S. performed research; J.Y.A., K.M.B., B.M.H.,
C.H.K., S.A.K., R.H., J.S.F., K.S., Y.L., H.T., A.J.S., and F.T. contributed new reagents/analytic
tools; J.Y.A., K.M.B., M.R., B.M.H., C.H.K., S.A.K., R.H., A.F.S., S.L.B., A.S., J.K.P., F.T., S.C.S.,
B.F.-H., V.V.S., and P.G.S. analyzed data; and J.Y.A., V.V.S., and P.G.S. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1211023109/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1211023109 PNAS Early Edition | 1 of 6

BI
O
CH

EM
IS
TR

Y

Materials"and"Methods"Secaon"
Oxime!Liga2on!



Novel!nnAAs!with!Boosted!Conjuga2on!
Kine2cs!

DBCO! z!

[Azido], mM
0 0.5 1 1.5 2 2.5 3

k o
bs

, s
ec

-1

0

0.002

0.004

0.006

pAzF

pMeAzF

AB 3562

7x 

z!
AzE!nnAA!#1!
AzEnnAA!#2!
AzEnnAA!#3!

AzidoEnnAA!

DBCO!

New!Chemistry!offers!Improved!Kine2cs,!Flexibility!

 
 
 

 
 
 R 

R 



Top Sites: Nearly Complete Conjugation  
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Some sites are completely conjugated in  
under 4 hours! 
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Rapid Production of Biotherapeutics 

Synthetic 
DNA 

DAYS 
2 4 6 

50 µg  
protein 

HTS plate 
format 

5 g  
protein 

5-L reactor 

100 g 
 protein 

100-L 
reactor 

•  Direct linear scale-up from HTS to production scale 
•  Uses standard  bioreactors & downstream equipment 
•  Minimal, rapid process development  
•  Gene sequence to drug substance in days 
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Sutro Technology 



Sutro’s technology enables  
Best-in-Class ADCs…. 

•  Data-driven assessment of many potential ADC variants ensures 
optimized positioning for suppression, expression, conjugation 
efficiency, payload, cell killing, stability and pharmacokinetic 
properties 

•  Flexible and rapid scaling means pharmacodynamic and 
exploratory toxicology assessment studies can be front-loaded into 
the discovery phase 

•  Material for GLP Tox studies and clinical studies can be delivered 
in days/weeks from selection of Clinical Development Candidate 

•  365 days?  


