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ABSTRACT: The tubulysin class of natural products has attracted much attention from the medicinal chemistry community due to 
their potent cytotoxicity against a wide range of human cancer cell lines, including significant activity in multi-drug-resistant carci-
noma models. As a result of their potency, the tubulysins have become an important tool for use in targeted therapy, being widely 
pursued as payloads in the development of novel Small Molecule Drug Conjugates (SMDCs) and Antibody Drug Conjugates 
(ADCs). A structure-based and parallel medicinal chemistry approach was applied to the synthesis of novel tubulysin analogs. The-
se efforts led to the discovery of a number of novel and potent cytotoxic tubulysin analogs, providing a framework for our simulta-
neous report which highlights the discovery of tubulysin-based ADCs, including use of site-specific conjugation to address in- vivo 
stability of the C-11 acetate functionality.   

The tubulysins (Figure 1), originally isolated from the broth of 
myxobacteria strains by Höfle and co-workers,1,2 have drawn 
considerable attention from the synthetic and medicinal chem-
istry community3-5 due to their structural architecture and po-
tent cytotoxic activity against a wide variety of cancers. To 
date 14 different tubulysins have been reported and their 
common structural characteristics are comprised of N-methyl-
D-pipecolic acid (Mep), L-isoleucine (Ile), and tubuvaline 
(Tuv) units, which also contains a secondary alcohol or acetate 
at C-11. Additionally, all natural products contain an unusual 
N,O acetal and either a tubutyrosine (Tut) (tubulysin A) or 
tubuphenylalanine (Tup) functionality (tubulysins D, H, U, 
and V) at the C-termini.1 Further, it has been  reported6 that the 
N,O-acetal can be replaced by a simple alkyl group to provide 
N-14-desacetoxytubulysin H (1) without loss in potency (Fig-
ure 1). 

Figure 1. Natural and Unnatural Tubulysins 

 

The mechanism of action of tubulysins involves potent micro-
tubule inhibition (MTIs), causing rapid disintegration of the 
cytoskeleton and mitotic machinery of dividing cells, and 
leading to apoptosis.1,2,7,8 In addition to their excellent cytotox-
ic activity against a number of human cancer lines, the 
tubulysins are also shown to exhibit potent activity against 
multi-drug-resistant (MDR) carcinoma4,8 cell lines. In particu-
lar, this activity against MDR cells, as well as widespread 
activity against many cancer types,1,2,8 has made tubulysins as 
attractive payloads  for selective targeting of cancer cells via 
Small Molecule Drug Conjugates (SMDCs)9 and Antibody 
Drug Conjugates (ADCs).4,10-12 We applied a combination of 
structure-based design (guided by the tubulin-bound structures 
of other vinca and peptide-binding inhibitors13,14) and parallel 
medicinal chemistry approaches for the discovery of novel and 
structurally-simplified tubulysin analogs. We also designed a 
number of analogs which address in-vivo liability of the labile 
C-11 acetate, a common structural feature of all tubulysins. 
Herein, we describe the details of the design, synthesis, and 
structure activity relationship of these novel tubulysin analogs.   
  In order to explore N-terminal tubulysin SAR, a library was 
designed to probe whether a variety of amino acid monomers 
in our collection could replace the Mep residue. A shape-based 
molecular overlay method using ROCS (Rapid Overlay of 
Chemical Structures)15 was employed for the library design. A 
query molecule, ideally in the tubulin-bound conformation, is 
required for this method to work. Since coordinates from 
solved structures of tubulin-bound tubulysin analogs were 
unavailable to us, our first objective was to generate a model 
for the bound conformation of 1 and 2, the most potent 
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tubulysin analogs in our assays at that time (Table 1). We 
achieved this by overlaying 1, using ROCS, on to our previ-
ously-reported structure of tubulin-bound auristatin analog 3 
(PDB: 4X20).14 The stereochemical differences between the 
corresponding backbone Cαs (Figure 2A), especially the first 
and the third residue (C13 in tubulysin), does have an impact 
on the overlay and perhaps their interactions with tubulin. The 
conformational flexibility of the tubulysin peptide and the 
consequent challenges in reproducing the extended bioactive 
conformation resulted in only the truncated N-terminal 
tubulysin trimer yielding an optimal overlay (Figure 2B). 
Hence we used the overlayed N-terminal trimer (common to 
both 1 and 2) as a surrogate for the putative bound confor-
mation to design our N-terminal tubulysin library. A diverse 
list of both cyclic and acyclic monomers were selected for the 
library synthesis based on 3D shape similarity to the query and 
knowledge-based evaluation using our auristatin N-termini 
SAR.14 Simultaneously, we kept in mind the need for a linker 
handle, which would be necessary for synthesis of the final 
ADC. There were two consistent observations during the li-
brary design using shape-based molecular overlay. Firstly, the 
amide bond between Ile and Tuv residues in tubulysins ap-
peared to be trans as compared to the cis configuration14 be-
tween corresponding Val and Dil residues in the tubulin-bound 
auristatin (Figure 2B).  Secondly, the N-terminal backbone 
stereochemical differences between the compound classes 
(Figure 2A, 2B) seem to have a direct impact on the position 
of the terminal N atom, especially in compounds with cyclic 
monomers 17f (Figure 2C) and 17g (Figure 2D).  

Figure 2. Tubulin-bound structure of auristatin 3 (rendered in pink 
tubes in B) was used to generate a bound model of truncated N-
terminal trimer of 1 (rendered in green tubes in B-D). Computa-

tional shape-based molecular overlays of representative com-
pounds 17f and 17g (rendered in cyan tubes) are shown in C and 

D, respectively. 

 

 Our initial plans for SAR exploration of tubulysins focused on 
the N- and C-termini, which would be synthetically achievable 
via a one-step coupling of a corresponding acid or amine, re-
spectively, with advanced intermediates 5/6 or 4 (Figure 3).16 
It is also important to note that for synthetic simplicity we 
decided to proceed with the truncated N-14-Me analog in the 
Tuv unit. We selected ester 4 rather than the corresponding 
natural acid-containing Tup C-terminus for exploring N-
Termini SAR, primarily to minimize possible diminished ac-
tivity in a cell-based assay, known to be reliant on permeabil-

ity.14 The N-termini modified library (analogs 8a-g) was gen-
erated by coupling of the amine 4, prepared from known in-
termediate 7,17 with selected Boc- or Fmoc- protected amino 
acids and removal of the protecting group (Scheme 1). 

Figure 3. Key Intermediates for Synthesis of Modified Tubulysin 
Analogs 
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Scheme 1. Synthesis of N-Terminal Library 
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 N87 cells (liver metastasis from gastric carcinoma) and 
MDA-MB-361-DYT2 cells (breast carcinoma) were employed 
for cytotoxic evaluation of tubulysin analogs.18 The cytotoxici-
ty in parental KB (MDR –ve) human epidermoid carcinoma 
cell lines and the P-glycoprotein (MDR1/ABCB1) expressing 
drug-resistant KB 8.5 (MDR +ve) cell lines was used to meas-
ure cytotoxic activity in the presence of the MDR1 drug trans-
porter. 
  SAR for the modified N-termini analogs are shown in Table 
1. A majority of secondary amine-containing analogs (8a-c), 
designed with an objective of N-termini linker attachment, 
exhibited diminished potency compared to lead tubulysins 1 
and 2. One exception was the N-Me-Valine analog 8c, which 
displayed activity similar to that of 2 in all cell lines excluding 
the MDR1-expressing KB 8.5 cell line. At this point, with the 
goal of maintaining potency and the essential activity against 
MDR1-expressing cell lines, we considered a variety of ter-
tiary amines to identify optimal N-terminal substitution. Ter-
tiary amine-containing analogs 8d-g were generally much 
more potent, and in many instances led to analogs with poten-
cy equal or better than 2.  8f, containing a secondary alcohol 
as a potential handle for linker attachment,19 led to an analog 
with diminished activity. Another interesting observation was 
that replacement of Mep in 2 with pyrrolidine typically led to 
3-5X loss in potency, however the potency could be regained 
by use of an α-methyl pyrrolidine N-terminus (8e vs 8g). Re-
moving a chiral center from the N-terminus (8d) led to sub-
stantial loss of potency. This is quite intriguing and clearly 
demonstrates a divergence of SAR between auristatins and 
tubulysins, as such substituents have yielded very potent auri-
statins.14 Overall, tertiary amine 8g, containing an α-methyl 
tertiary amine designed based on our auristatin SAR,14

  pro-

A 

C D 

B 
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vided the best balance of potency against a variety of cell 
lines, including the MDR1 expressing KB 8.5 line. It should 
be noted that 8g was predicted to overlay better with com-
pound 2, especially the position of the terminal N atom, than 
compound 8f (Figure 2C vs 2D), thus giving support for our 
design approach. The Tup (acid) variant of 8g, 8h, displayed 
excellent potency, similar to the tubulysin analog 1, likely due 
to improved permeability of these compounds.  

Table 1: Cytotoxicity Evaluation of N-Terminal Tubulysin 
Library Compounds 

 

R ID N87
1
 

MDA-

MB-361-

DYT2
1
 

KB (MDR 

-ve)
1
 

KB 8.5 

(MDR +ve)
1
; 

(Ratio KB)
3
 

 

1
2
 0.46  0.13  0.33  1.10 (3) 

2 0.32 0.22 0.22  0.70 (3) 

 

8a 7.74 1.68  2.60 141 (54) 

 

8b 59 24  18.6  179 (9) 

 

8c 0.89 1.06 1.76 33.6 (19.1) 

 

8d 9.76 3.37  4.68  53.9 (11) 

 

8e 2.88  0.67 1.26  7.88 (6) 

 

8f 106 26.9 22.6 788 (35) 

 

8g 0.89  0.45  1.04  5.52 (5) 

8h
2
 0.13 0.07  0.11  1.02 (9) 

1. Reported IC
50

 (nM) is the mean of 2-13 independent determinations. 2. Carboxylic acid (Tup) 

C-terminus. 3. KB 8.5/KB  

  In order to achieve our ultimate goal, employment of our 
newly discovered tubulysin analog 8i as an ADC payload, we 
required a handle for attaching a linker.  As such, compound 
11 was designed, containing a C-terminal aniline handle for 
linker installation and further generation of a variety of conju-
gates.  Synthesis of analog 11 was completed by coupling of 
PFP (pentafluorophenyl) ester 5 with known Tup aniline 1020

 

(Scheme 2), enabling further generation of potent ADCs as 
detailed in the accompanying paper by Tumey et. al.21  In this 
case, analog 11 proved to be very potent, albeit showing some 

attenuation in potency compared to parent compound 8i, paral-
leling similar reports by Cheng20 and Gingipalli.22 Compound 
11 also demonstrated much better MDR profile than the clini-
cally-used auristatin payload MMAE14 (KB = 0.28 nM, KB 
8.5 = 17.7 nM; KB 8.5/KB = 63). However, a liability we ob-
served with ADCs derived from 11 was rapid hydrolysis of the 
C-11 acetate to the corresponding alcohol in-vivo.21 This phe-
nomenon, coupled with the substantially diminished potency 
of alcohol 12, led us to design analogs with improved stability 
in-vivo (Table 2). 

Scheme 2. Synthesis of Compound 11, Containing a C-
Termini Linker Handle 

 
   

Table 2: Potency of C-11 modified Tubulysins 

 

R ID N87
1
 

MDA-

MB-

361-

DYT2
1
 

KB (MDR -

ve)
1
 

KB 8.5 

(MDR 

+ve)
1

;
 

(Ratio KB)
2 

Ac 11 1.11  0.90  0.50 2.77 (5) 

H 12 >1000 >1000 769 >1000 

C(O)NHEt 15 1.92 1.94 0.77  4.53 (6) 

1. Reported IC
50

 (nM) is the mean of 2-13 independent determinations. 2. KB 8.5/KB 

Our design was aided by a high resolution (2.5Å) co-crystal 
structure of 11 with tubulin23 (Figure 424). In this co-crystal 
structure, the amide bond between Ile and Tuv in 11 is trans, 
thus confirming the observations we made during our library 
design. Furthermore it is conceivable that the acetate is in-
volved in a Van der Waals interaction with Thr 221 and Thr 
223 (from the β-subunit, loop between Helices H6 and H7) 
and Pro 325 (from the α subunit – Helix H10). Therefore, con-
sidering traditional acetate isosteres,25 we proposed a simple 
substitution of the C-11 O-Ac with a carbamate moiety,11 
which we expected would provide improved stability while 
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maintaining the putative interactions between the binding site 
residues and O-Ac. Towards this end, alcohol 13 was convert-
ed to the carbamate analog 15 (Scheme 3). Analogous to relat-
ed work,11 compound 15 maintained similar potency compared 
to the acetate  11 (Table 2) and ADCs derived from 15 not 
only demonstrated comparable in vitro cytotoxicity but also 
improved efficacy  in-vivo compared to ADCs derived from 
11 (see accompanying paper by Tumey et. al).21  

Figure 4. The co-crystal structure of 11 with the T2R-TTL tubulin 
construct, highlighting the interactions between 11 and the α,β 

subunits of tubulin. 

 

Scheme 3: Synthesis of Carbamate Analog 15 
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  Our C-Terminal SAR exploration utilized both the α-methyl 
pyrrolidine (R1 = A) and Mep (R1 = B) N-termini. We were 
especially interested in identifying compounds equipotent to 
11 while employing simplified C-terminal monomers with less 
synthetic investment than the traditional Tup. Using the tubu-
lin-bound conformation of 11 (Figure 4), we first evaluated 
monomers using shape-based molecular overlay26 and visual 
inspection, keeping in mind the need for a linker handle, 
which might be necessary for ADC synthesis. Synthesis of the 
C-terminal modified library was carried out by reaction of the 
PFP ester 5 or 627 with the corresponding amines (Scheme 4).  
  
  Scheme 4: Synthesis of C-Termini Modified Tubulysins  
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Table 3: Potency of C-Terminal modified Tubulysins 

R1

H
N

N

O O O

S

N

N
H

O

R2

N

O

N
O

R1 = BR1 = A  

 
1. Reported IC

50
 (nM) is the mean of 2-13 independent determinations. 2. Tested as a 1:1 mixture 

of diastereomers. 3. KB 8.5/KB 

 Activity of the C-terminal modified tubulysins is shown in 
Table 3. Replacement of the Tup substituent in 11 (α-methyl 
pyrrolidine (R1 = A) N-termini) with simple heterocyclic 
amines (compounds 16b-d) and the Doe amine (16a), inspired 
by our work with the auristatin class of compounds and known 
auristatin MMAD,14 led to a 10-50X drop in potency (vs 11). 
However, a majority of this potency could be restored by 
switching to the Mep N-terminus, present in the naturally oc-
curring tubulysins (Compounds 17a-d), providing a benzotria-
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zole analog within 5X potency of compounds 1 and 2. Keep-
ing the benzyl functional group of Tup constant, we explored 
other monomers putatively replacing only the terminal acid 
portion in Tup with polar functional groups such as alcohols 
(16d/16f/16g/16d), sulfonamides (16e/17e), and an amine 
(17f) or amide (17g). Once again, majority of the compounds 
with the α-methyl pyrrolidine N-terminus displayed weaker 
activity than the corresponding Mep N-terminus. The truncat-
ed alkyl ester 17d and methyl sulfonamide 17e, both contain-
ing potential linker handles, as well as morpholine analog 17f, 
were equipotent to 1 and 11. Shape-based molecular overlays25 
indicate that these replacements could interact with the side 
chain of residue Arg B278. While these analogs represent 
some of the most simplified variations of Tup reported to date, 
the work reported herein further suggests that tubulysin SAR 
is more tolerant at the C-terminus than the N-terminus. 
 In conclusion, our studies have helped identify and under-
stand novel N- and C-terminal modalities that, along with C-
11 acetate modifications, appear to play a key role in the po-
tency and in-vivo stability of tubulysin analogs. Our efforts led 
to identification of potent tubulysin analog 11, and ADCs de-
rived from 11 showed excellent potency in-vitro and good 
efficacy in-vivo.21 A high resolution co-crystal structure of 11 
with tubulin was obtained and utilized for designing analogs 
with improved stability, eliminating C-11 acetate hydrolysis 
in-vivo. The crystal structure also enabled design and synthesis 
of a number of potent and novel tubulysin analogs with simpli-
fied C-terminus substituents. Development of ADCs from 
these analogs are underway and will be reported in due course.    
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