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Fig. S1.  CD spectra and melts of native and cleaved α1AT variants.  A, CD spectra 
of  intact  control  (Wt,  blue),  P8‐P6  Asp  (red),  and  P10  Pro,  P9‐P6  Asp  (green) 
variants suggest identical, correctly folded native states. B, RCL cleavage for the 
α1AT  species  (at  P5  using  V8  protease  for  control  and  P1  cleavage  using 
thrombin  for  variants)  yielded  identical  CD  spectra  that were  similar  to  those 
obtained  for  intact  α1AT.  C,  CD  melting  profiles  of  intact  α1AT  control  and 
variants. Melting temperatures (Tm) were taken as the X‐intercept of the second 
derivative of  the smoothed profiles. D, Melting profiles  for RCL‐cleaved control 
and variants. No melting was observed for the cleaved control or the cleaved P8‐
P6 Asp variant up  to  the highest  temperature  (95°C),  indicating hyperstability. 
The P10‐P6 variant unfolded with a Tm of 81.0°C. 
 
Fig. S2.   SDS‐PAGE of the reactions between the α1AT control and variants with 
thrombin.    A,  The  control  (WT)  is  the  P1  Arg,  C232A  variant  of  α1AT,  and  it 
therefore has been converted to an  inhibitor of  thrombin. Flanking  lanes on all 
gels  contain  size  standards  (as  indicated).  The  first  two  lanes  following  the 
standards  are  thrombin  (IIa)  and  control  (WT)  alone.  Thrombin  and α1AT  are 
mixed in the ratios indicated above each lane. For the control, all of the thrombin 
forms the higher molecular weight complex between 1:1 and 1:2.   B, The P8‐P6 
Asp mutant  was  efficiently  cleaved  by  thrombin  (band  of  lower mobility  than 
control), and formed some complex (higher molecular weight species), but even 
at  1:300,  only  about  1/3rd  of  the  thrombin  has  been  inhibited.  Based  on  these 
numbers,  an  estimate  of  stoichiometry  of  inhibition  of  900  is  calculated, 
however,  we  cannot  rule  out  the  possibility  that  the  complex  has  been 
destabilized  by  the  Asp  mutations.  C,  No  complex  is  observed  for  the  P10‐P6 
variant, and all native variant is efficiently cleaved by thrombin. 
 
Fig. S3.  Crystal structures of P1‐P1' cleaved α1AT variants reveal a normal RCL‐
inserted  conformation.    A,  Cartoon  representation  of  the  structure  of  the 
thrombin‐cleaved P8‐P6 Asp variant, with β‐sheet A colored red and the RCL in 
yellow. The P17‐P1 region  is  shown as  rods with surrounding electron density 
(2Fo‐Fc, contoured at 1σ). A close‐up of the P9‐P4 region is shown on the right, 
to  illustrated  how  a  water  molecule  and  the  likely  protonation  of  P5  Glu 
contribute to stabilizing the RCL‐inserted state. B, A high‐resolution structure of 
the P10‐P6 variant, with a close up of the mutated region on the right. 
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Testing the Loop-Sheet Model 

•!We mutated P10 to P6 of the RCL of the Pittsburgh variant of the 
serpin !1-antitrypsin (A1AT) from GAMFL to PDDDD.  

•!The P10P6 mutant and a P8P6 (DDD) mutant were expressed in 

E.coli and purified. 

•!We hypothesized that the mutations would abolish RCL insertion and thus 
polymerization by model A. 

Understanding the Mechanism of Serpin Polymerization 

Harry Harris*, Masayuki Yamasaki & James A Huntington 
Huntington Laboratory,** Cambridge Institute for Medical Research, Wellcome Trust/MRC Building, Hills Rd, Cambridge, CB2 0XY 
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Introduction 

Two models have been proposed for serpin polymerization: 

•!Lomas et al (1992) have suggested the loop-sheet model, in which the RCL partially 
inserts (P8-P3) into the bottom of "-sheet A (green) of another molecule (Model A). 
•!Yamasaki et al (2008) have recently published a new model of polymerization, in 
which both the RCL (strand 4A) and the adjacent strand 5A participate in molecular 
linkage (Model B). 

Activity & Stability of P10P6 

The Crystal Structure of Cleaved P10P6 

Polymerization of P10P6 

Conclusions 

•!Although the crystal structure of cleaved P10P6 demonstrates that the mutant can 
insert its RCL, the mutation dramatically reduces the energetic favourability of loop 
insertion. This energetic unfavourability is indicated by the abrogation of its inhibitory 
activity and reduction of stability. 

•!The apparent inability of our mutant to form polymers by peptide induction suggests 
that it cannot polymerize by the loop sheet mechanism (model A), although it can form 
polymers similar to WT under GndHCl and heat induction. 

•!The predicted energy gained by RCL insertion into "-sheet A is larger in model B 
than model A. Thus by model B, the energetic unfavourability of the mutations should 
be easily overcome and polymerization should be able to occur.  

•!Our results are therefore consistent with the domain swap mechanism of 
polymerization (model B).  

To determine if the P10P6 variant is capable 
of full RCL incorporation, we obtained 
crystals of the cleaved form and solved its 
structure. 

An X-ray crystallography dataset was collected and 
the structure solved to 2.2Å (left). 

We found that the RCL (green) still inserted into "- 
sheet A (red) despite the mutations (blue). 

•!We assessed the ability of P10P6 to polymerize by incubating it under a range of 
conditions: with a peptide, with GndHCl and at 50°C. 

•!The apparent inability of our mutant to polymerize by peptide induction is 
consistent with the energetic instability of RCL insertion into "-sheet A.  

•!We determined that the mutant could polymerize when incubated with GndHCl 
and heat. The less rapid polymerization of P8P6 and P10P6 than WT may be due 
to their increased stability. 

•!The failure of peptide-induced polymerization, which mimics the loop-sheet 
model, indicates that our mutant is incapable of polymerization using the loop-
sheet mechanism. It does however form polymers by GndHCl- and heat-induced 
polymerization in a manner similar to WT 

On the right is a close-up image of the 
structure. It is clear that protonation of the 
Asp residues is essential for full insertion as 
shown by the pKa values. 

(pKa values: P9=7.39, P8=3.53, P7=10.69, P6=8.92)  

       * E-mail address: leh35@cam.ac.uk  ** Website: http://huntingtonlab.cimr.cam.ac.uk 

Lomas, D., et al. (1992), Nature 357: 605-07. 
Mast, A., et al. (1992), Biochemistry 31: 2720-28. 

    Yamasaki, M., et al. (2008), Nature 455: 1255-58. 
    Zhou, A., et al. (2004), J Mol Biol 342:931-41. 

To evaluate inhibitory activity, IIa was incubated 
with different molar ratios of serpin.10% NuPAGE 
Bis-Tris SDS-PAGE gel, 150V, 100 minutes.  

Crystal obtained in 23% PEG 400, 
0.1M pH6 MES/NaOH. 

8% native PAGE, 160V, 90 minutes. All polymers were induced in the presence of PBS buffer. 
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Position of mutation  

The relative stability of the cleaved and intact 
forms was measured using circular dichroism 
(CD). The temperature  was increased by 1°C/min 
and the molar ellipticity at each temperature 
measured at 220nm.  

   WT P8P6 P10P6 

       GndHCl   0  0.5  0.75 1.0 0 0.5 0.75 1.0 0 0.5 0.75 1.0 
       (M)    

 WT  P8P6 P10P6 

  Molar ratio    0    1    2  5   0   1    2    5    0   1   2    5 
  P14P9           
  peptide      
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Covalent complex 

Native 

The inhibition of proteases by serpins is accomplished by rapid insertion of the 
serpin’s reactive centre loop (RCL, yellow) into its !-sheet A (red), resulting in a 
dramatic increase in stability. Due to the high mobility of the molecule, serpins are 
susceptible to disease-causing point mutations. Pathogenic mutants form polymers 
in the ER and can cause diseases such as cirrhosis and dementia. 

Model A 

Model B 

    Polymerization 

Inhibitio
n 

Native Insertion at 
the top 

Linkage by partial insertion 

Peptide-induced 
insertion 

•!The P8P6 mutation reduces the inhibitory activity but is still able to form the covalent 
complex. It is still able to insert its RCL quickly and become hyperstable (Tm > 95°C). 

•!By contrast, the P10P6 mutation completely abolishes the inhibitory activity and its 
cleaved form is destabilised (Tm = 80°C). 

Future Work  7 

•!According to model A, 
serpins are able to insert 
their RCL into the top of 
!-sheet A, opening the 
bottom and allowing the 
RCL of another molecule 
to partially insert.  

References 

These experiments suggest that insertion of the reactive centre loop 
of P10P6 is energetically disfavoured relative to P8P6 or WT. 

 GndHCl-induced  Heat-induced 

•!To test the ability of our mutant to polymerize using limited proteolysis in the 
middle of the RCL to induce polymers as an alternative to the peptide-induction 
method. 
•!To express our mutant in cells and determine whether the P10-P6 mutations 
inhibit polymerization in vivo. 

O/N, 37°C 3hrs, 37°C       50°C 

P8 

•!Peptide-induced polymerization mimics polymerization according to 
model A. Exogenous peptides can bind to the top of "-sheet A and 
open the bottom . 
•!To investigate which of the two models is correct, we engineered 
mutations to make partial insertion of the RCL energetically 
unfavourable.  

P1’ 

P15 

P1 

RCL typically has 20 residues numbered according to their positions relative to the scissile P1–P1# bond that is cleaved by the protease (with non-primed 
numbers towards the N terminus, and primed numbers towards the C terminus of the serpin). P15-P1 is inserted on inhibition. 
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