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Abstract 

1-antitrypsin deficiency is characterised by the misfolding and intracellular polymerisation of 

mutant 1-antitrypsin protein within the endoplasmic reticulum (ER) of hepatocytes.  Small 

molecules that bind and stabilise Z α1-antitrypsin were identified via a DNA-encoded library 

screen.   A subsequent structure based optimisation led to a series of highly potent, selective 

and cellular active 1-antitrypsin correctors.   

 

 

 

1-Antitrypsin deficiency is characterised by the misfolding and intracellular polymerisation of 

mutant 1-antitrypsin protein within the endoplasmic reticulum (ER) of hepatocytes.1,2 The 

retention of polymeric mutant protein causes hepatic damage and cirrhosis whilst the lack of 

an important circulating protease inhibitor predisposes the individuals with severe 1-

antitrypsin deficiency to early onset emphysema. 1-antitrypsin deficiency is one of the most 

common genetic disorders with the severe Z deficiency allele (Glu342Lys) being present in 

1:25 of the North European Caucasian population of whom 1:2000 are homozygotes.1  1-

Antitrypsin is a 394 residue, 52kDa member of the serpin superfamily.  It is a major circulating 

protease inhibitor and its key function is regulation of the proteolytic effects of neutrophil 

elastase within the lung.  There is no specific treatment for the liver disease associated with 

1-antitrypsin deficiency, which accounts for 3.5% and 1.1% of paediatric and adult liver 

transplants in the UK respectively.   

 

The aim of the project was to develop small molecule correctors of Z 1-antitrypsin folding that 

block the formation of polymers within the endoplasmic reticulum of hepatocytes and would 

be amenable to oral dosing as a potential treatment for 1-antitrypsin deficiency. To that end, 

a DNA encoded library technology (ELT)3 screen was performed with a nominal diversity of 

2×1012 unique components to identify small molecules that bind to monomeric Z 1-antitrypsin.  

The most attractive hit, a diastereomeric mixture of indoles 1, demonstrated functional activity 

in an antibody-based time-resolved fluorescence resonance energy transfer (TR-FRET) assay 

monitoring the polymerisation of 5nM Z 1-antitrypsin.  1 inhibited Z 1-antitrypsin 

polymerisation with a half maximum concentration (IC50) of approximately 300nM.   



To establish the preferred stereochemistry of 1, the individual homochiral analogues were 

prepared, revealing the most potent isomer 1a to have the 1S,2R configuration (Table 1).  The 

stereochemistry of the pendent propyl group at the 2-position had a major impact on potency 

with R-stereochemistry required for good inhibition.   Analogues with 2S confirmation, 1c and 

1d, were either inactive or weakly active in in the TR-FRET polymerisation assay.  Thus 1a 

represents a highly ligand efficient (LE: 0.38) hit molecule found directly from the DNA 

encoded library. 

 

Table 1: In vitro potency of 1 and corresponding homochiral diastereoisomers. 

 

Compound Stereochemistry TR-FRET 

pIC50 (n)  

1 Diastereoisomeric 

mixture 

6.5 (2) 

1a 1S,2R 6.5 (7) 

1b 1R,2R 5.5 (3) 

1c 1S,2S 4.1 (3) 

1d 1R,2S <4.0 (7)* 

  * inactive in 6 out of 7 test occasions.  pIC50 is the negative log of the IC50 in molar concentration 

 

The cellular activity of 1a to block Z 1-antitrypsin polymerisation in the ER during folding was 

assessed in CHO-TET-ON-Z-1AT CHO cells with simultaneous induction of Z 1-antitrypsin 

expression using doxycycline.4  Encouragingly, 1a showed robust inhibition of polymerisation 

in CHO cells, albeit with modest activity (pIC50 4.5, Table 2). 

To establish the structure activity relationships (SAR) around the ligand-efficient ELT hit 1a, 

with the aim of lowering lipophilicity and increasing cellular activity, initial exploration involved 

indole replacements and limited substitution on the phenyl ring.  Replacement of the indole 

ring by a benzoxazolone, 2, led to comparable inhibition in the TR-FRET assay but importantly 

was accompanied by a ten-fold drop in lipophilicity.  2 showed no significant cellular activity, 

likely due to a drop in permeability driven by the lower lipophilicity.  Substitution in the 2, 3 and 

4-position of the phenyl ring with small lipophilic groups led to a marginal increase in activity, 



as exemplified by the 2-methyl compound 3, (TR-FRET pIC50 6.9) and a regain in measurable 

cellular activity (pIC50 4.5). 

 

Table 2: SAR of compound 1a.  

 

Cmpd R1 R2 TR-FRET 

pIC50 (n) 

Cellular 

pIC50 (n) 

LE5 Chrom6 

LogD 

HT Sol7 

(µM) 

 

1a 

 
 

 

H 

 

6.5 (7) 

 

4.5 (8) 

 

0.38 

 

4.3 

 

≥439 

2 

 

 

 

H 

 

6.3 (3) 

 

<4.0 (4) 

 

0.35 

 

3.2 

 

299 

 

3 

 

 

 

 

 

2-CH3 

 

 

7.1 (3) 

 

 

4.3 (6) 

 

 

0.37 

 

 

3.9 

 

 

≥420 

        

Cellular inhibition: inhibition of Z 1-antitrypsin polymerisation in CHO cells.  LE: Ligand Efficiency.  HT Sol:  high throughput 

kinetic solubility measurement.  pIC50 is the negative log of the IC50 in molar concentration. 

 

A high resolution co-crystal structure of 3 bound to apo 1-antitrypsin was solved and revealed 

that interaction with the inhibitors induces the formation of a cryptic binding site that is not 

evident in apo structures, at the top of β-sheet-A behind strand 5 (Figure 1; supplementary 

data).8  The phenyl ring and the propyl chain occupy two highly hydrophobic pockets. The 

central portion of the 3 forms a precise network of H-bonds to the protein.  The hydroxyl group 

H-bonds to Leu291 backbone, the amide carbonyl forms a H-bond to Tyr244 OH and the 

amide NH H-bonds to the Pro289 carbonyl. The benzoxazolone bicycle stacks with the indole 

ring of Trp194 and the NH makes a water-bridged interaction with the backbone NH of Trp194.  

The crystal structure suggested that increased affinity may be achievable by substituting the 

2 and 3-positions of the phenyl ring with small lipophilic groups.  Modulation of the 

physicochemical properties by introduction of polarity appeared suited to the benzoxazolone 

portion of the molecule.  Initial SAR confirmed that the hydroxyl, propyl group and amide 

central portion of the molecule was optimal and hence chemistry focused on optimising the 

phenyl ring and the bicycle interactions with Trp194.  This led to the key breakthrough 



identification of the corresponding 2-oxoindole derivative 4 (Table 3), a highly ligand efficient 

(LE: 0.44) corrector of Z 1-antitrypsin misfolding. Compared to its benzoxazolone analogue 

3, 4 was approximately 300-times more potent in the TR-FRET assay and this increased 

activity translated into superior cell activity.  4 showed good inhibition of Z 1-antitrypsin 

polymerisation in CHO cells (pIC50 5.6), was marginally less lipophilic and maintained good 

aqueous solubility.  4 had good in vitro metabolic stability and when incubated with human 

hepatocytes (0.3 ml/min/g tissue).   

Figure 1: crystal structure of 3 (yellow) bound to apo 1-antitrypsin 

 

 

Table 3: in vitro profile for substitution of the phenyl ring 

 

Cmpd R TR-FRET 

pIC50 

Cellular 

pIC50 

Chrom5 

LogD 

HT sol7 

(µM) 

Hu in vitro 

Cl 

(ml/min/g) 

4  2-CH3 8.3 5.6 3.4 ≥456 0.3 

5  2-CH2CH3 8.3 6.0 4.1 ≥316 1.6 

6  2-Cl 8.1 5.7 3.6 ≥356 0.4 

7  2-CF3 7.3 4.9 3.7 ≥420 0.2 



8  2-OCH3 7.8 5.1 3.4 ≥299 <0.8 

9  3-CH3 8.1 5.7 3.6 19 ND 

10  3-Cl 8.4 6.0 3.7 52 ND 

11  2-CH3,3-Cl 8.6 6.7 4.3 ≥450 0.4 

12  2-CH3,5-Cl 8.6 5.3 4.3 ≥408 ND 

13 2-CH3,3-F 8.3 6.3 3.8 ≥528 0.3 

14 2-Cl,3-F 8.2 6.2 3.7 ≥504 <0.4 

Cellular inhibition: inhibition of Z 1-antitrypsin polymerisation in CHO cells.   Hu in vitro: in vitro clearance in human liver 

hepatocytes.  ND : not determined.  pIC50 is the negative log of the IC50 in molar concentration. 

 

The greater lipophilicity of the corresponding 2-ethyl compound 5 led to improved cellular 

permeability and good cell activity (pIC50 6.1) but also introduced high intrinsic clearance in 

human hepatocytes.  A range of alternative 2-substituents were evaluated but none offered a 

superior profile to the methyl analogue 4.  The chloro derivative 6 had a comparable profile.  

3 and 4-substitution were similarly tolerated and delivered compounds with good cellular 

activity but surprisingly caused a significant drop in aqueous solubility, suggesting that the 2-

position substituent was disrupting a stable lattice conformation favouring good aqueous 

solubility.  Combining the optimal 2 and 3-substituents in adjacent positions on the phenyl ring 

produced an additive effect and an improvement over mono-substitution in cellular activity.  

The 2-methyl-3-chloro analogue 11 was one of the most cellular active compounds (pIC50 6.7) 

prepared in this series.  However, the combination of two lipophilic groups raised the 

lipophilicity (ChromlogD 4.4) beyond good physicochemical space and consequently 

introduced a range of undesirable off-target activity (data not shown).  The corresponding 

analogue with the substituents on opposite sides of the phenyl ring, 2-methyl-5-chloro 12, had 

much weaker cellular activity.  The 3-fluoro analogues 13 and 14 were less lipophilic and, 

although weaker in the cell assay, both maintained good activity and had a superior selectivity 

profile compared to 11.   

A crystal structure of 1-antitrypsin complexed with compound 11 (Figure 2), showed the 2-

oxoindole ring stacking with the side chain of Trp194 whilst the carbonyl group forming a 

hydrogen bond with Trp194.9 The chlorine and the methyl groups are occupying the 

hydrophobic space above Met374. These improved interactions explain the observed 

increased potency compared to 3.  N-methylation of the 2-oxindole had negligible impact on 

activity (data not shown) but had a significant increase in lipophilicity taking the series beyond 

typical good physicochemical space. 



 

 

Figure 2: crystal structure of 11 (yellow) bound to apo 1-antitrypsin 

 

 

To retain the good cell activity of 11 and remove the undesirable off-target activities, we sought 

to identify positions on the molecule to introduce polarity and hence reduce lipophilicity.  A 

series of 2-methyl pyridinyl analogues 15-17 (table 4) were prepared.  All analogues showed 

a significant decrease in activity in the TR-FRET polymerisation assay and no or weak cell 

activity, confirming that polar interactions in this region are poorly tolerated due to the high 

hydrophobicity in this area of the Z 1-antitrypsin binding site.  

 

 

 

Table 4: in vitro profile of selected pyridinyl analogues 

 

Cmpd R TR-FRET 

pIC50 

Cellular 

pIC50 

Chrom5 

LogD 

HT Sol7 

(µM) 

4 

 

8.3 5.6 3.5 ≥395 



 

15 

 

 

 

6.6 

 

4.4 

 

3.2 

 

≥392 

 

16 

 

 

 

5.9 

 

<4 

 

1.9 

 

≥346 

 

17 

 

 

 

6.5 

 

<4 

 

1.6 

 

300 

Cellular inhibition: inhibition of Z 1-antitrypsin polymerisation in CHO cells.   

pIC50 is the negative log of the IC50 in molar concentration 

 

Similarly, we investigated alternative bicyclic heterocycles to the 2-oxindole which were able 

to retain the hydrogen bond interaction with Trp 194 of 11 with a view to reducing logD whilst 

maintaining good cellular activity and good aqueous solubility (table 5).  The alternative 2-

oxindole isomer 18 was less active in the cell assay but was significantly more lipophilic than 

11 presumably because the isomer 18 can form an intramolecular hydrogen bond between 

the NH of the oxindole and the amide carbonyl.  The increased lipophilicity was mirrored with 

an increase in human in vitro clearance in hepatocytes. 

 

 

 

Table 5: In vitro profile for selected oxindole replacements 

       

Cmpd R TR-FRET 

pIC50 

Cellular 

pIC50 

Chrom5 

LogD 

HT Sol7 

(µM) 

Hu Clint 

(ml/min/g) 

 

11 

 

 

 

8.6 

 

6.7 

 

4.4 

 

≥450 

 

0.4 

       



18 

 

8.6 6.3 5.2 128 3.7 

 

19 

 

 

 

8.5 

 

6.5 

 

4.4 

 

307 

 

1.8 

 

20 

 

 

 

8.1 

 

5.9 

 

3.9 

 

≥314 

 

0.9 

       

 

21 

 

 

8.0 

 

5.5 

 

3.9 

 

200 

 

ND 

 

22 

 

 

7.4 

 

4.2 

 

3.4 

 

≥227 

 

ND 

 

23 

 

 

8.0 

 

5.4 

 

5.1 

 

326 

 

ND 

 

24 

 

 

 

8.2 

 

5.1 

 

5.2 

 

233 

 

ND 

 

25 

 

7.7 4.8 3.7 309 ND 

Cellular inhibition: inhibition of Z 1-antitrypsin polymerisation in CHO cells.   

pIC50 is the negative log of the IC50 in molar concentration 

 

 

The 2-oxoimidazole derivative 19 had a similar profile to 11 with comparable in vitro potency 

but marginally higher human in vitro clearance.  Efforts to reduce the lipophilicity by 

introduction of a nitrogen atom into the benzo-fused ring had a detrimental effect on the in 



vitro potency in all cases 20-22.  Revisiting the benzoxazolone isomers 23-24 saw a significant 

drop in cell activity.  A range of 6,6-fused heterocycles were also evaluated as exemplified by 

2-quinolinone 25 but all were inferior to the 2-oxindole 11. 

Compound 13 offered the optimal combination of cellular activity, physicochemical properties 

and human metabolic clearance and was therefore profiled further both in vitro and in vivo.10   

13 binds to Z 1-antitrypsin with a high-affinity (mean pKD 8.5) and demonstrates a 50-fold 

lower affinity for plasma purified wild-type M 1-antitrypsin.10  Importantly 13 was able to 

increase secretion of Z 1-antitrypsin approximately 3-fold compared to vehicle control in CHO 

cells (pEC50 of 6.2) with comparable potency to inhibition of polymerisation supporting the 

hypothesis that these effects are caused by the same pharmacological mode of action.   

Furthermore 13 showed an excellent selectivity profile with negligible activity against a panel 

of over 50 unrelated proteins (date not shown). Amorphous 13 had good solubility in fasted 

simulated intestinal fluids (969g/ml).  13 had low binding to human serum albumin (84%) but 

very high binding in human plasma and blood (>98%) reflecting the specific binding to 1-

antitrypsin.   13 was found to be 81% bound in the presence of rat plasma.  13 exhibited low 

metabolic clearance in human hepatocytes (0.31 ml/min/g tissue) but clearance was high in 

rat hepatocytes (7.4 mL/min/g tissue) and consistent with that observed in vivo.  Following 

intravenous infusion to male Wistar Han rats at 1mg/kg, the mean in vivo blood clearance was 

high (69mL/min/kg, n=2) and volume of distribution was moderate (2.3L/kg), resulting in a 

short elimination half-life (0.5h). Oral bioavailability following a single dose of 13 (suspension 

in 1% aqueous methylcellulose) at 3mg/kg was moderate (48%).    

 

 

All compounds were prepared via the homochiral ketone 29.  29 was prepared via 3 similar 

synthetic routes, dependent on the phenyl substituents.  The Weinreb amide 27, derived from 

N-(tert-butoxycarbonyl)norvaline 26, was treated with either the appropriate aryl lithium 

species or Grignard reagent. Alternatively, the thioester 28, also derived from 26, was treated 

with the appropriately substituted phenyl boronic acid using Liebeskind-Sgroll coupling 

conditions.  Stereoselective reduction of the ketone 29, using Meerwein-Ponndorf-Verley 

conditions followed by deprotection led to the homochiral alcohol 30 which was subsequently 

acylated with the corresponding carboxylic acid to provide the desired products 31. 

 

Scheme 1: Synthetic route  



a

b

c

d

e, f

g

 26

 27

 28

 29

 30

 31  

Reagents and conditions: (a) Me-NH-OMe, HOBT, EDCI, NEt3, DMF, rt; (b) 4-Methyl-thiophenol, DCC, EtOAc, 

0°C to rt; (c) R2-PhMgBr, THF, 0°C to rt or BuLi, R2-PhBr, THF, -78°C  (d) R2-Ph-B(OH)2 , P(OEt)3, Copper (I) 2-

thiophenecarboxylate, Pd2(dba)3, dioxane, rt or 50°C; (e) Al(OiPr)3, 2-propanol, toluene, 50°C; (f) HCl/dioxane; 

(g) R1-COOH, HATU, NEt3, DMF, rt. 

 

In summary, we report the optimisation of small molecule drug-like correctors of Z 1-

antitrypsin folding. An initial DNA encoded library technology screen identified a highly ligand-

efficient hit molecule which was able to inhibit Z 1-antitrypsin polymerisation.  A disciplined 

medicinal chemistry strategy, exploiting structural knowledge from crystal structures of lead 

molecules in complex with 1-antitrypsin, led to a series of highly potent, cellular active and 

selective 1-antitrypsin correctors.  Compound 13 represents a high quality tool molecule, 

with an excellent in vitro profile, moderate bioavailability in rat and importantly is predicted to 

have high oral bioavailability in human. 
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