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Introduction
Alpha1-antitrypsin (or α1-proteinase inhibitor) is the
most abundant circulating proteinase inhibitor and acts
to protect the tissues against indiscriminate proteolytic
attack (1, 2). The clinical significance of this inhibitor is
underscored by the association of severe genetic defi-
ciency with early onset emphysema (3), bronchiectasis
(4), asthma (5), and vasculitis (6, 7). Alpha1-antitrypsin
is the archetypal member of the serine proteinase
inhibitor or serpin superfamily, and like all members of
this family it has a dominant A β-sheet that acts as a
molecular scaffold to support a mobile reactive center
loop (8, 9). This loop presents the key P1-P′1 methion-
ine–serine bond as a pseudosubstrate for the cognate
proteinase, neutrophil elastase (10). After docking, the
reactive loop is cleaved and the proteinase is inactivated
by the formation of a 1:1 enzyme/inhibitor complex .

Most individuals are homozygotes for the normal M
α1-antitrypsin, but 4% of northern European cau-
casians carry the Z deficiency allele (342Glu→Lys). This
mutation results in a block in α1-antitrypsin process-
ing in the endoplasmic reticulum of the liver (11) and
the formation of hepatic inclusions that, in the
homozygote, are associated with neonatal hepatitis,
juvenile cirrhosis, and hepatocellular carcinoma (12,

13). We have shown that Z α1-antitrypsin accumulates
in the hepatocytes of affected individuals by loop-sheet
polymerization in which the reactive center loop of one
molecule is inserted into the A β-pleated sheet of a sec-
ond (14, 15). The significance of this linkage was
underscored by the finding that two other variants of
α1-antitrypsin that are similarly associated with hepat-
ic inclusions and plasma deficiency, Siiyama
(53Ser→Phe; ref. 16) and Mmalton (52Phe deleted; ref.
17), similarly form loop-sheet polymers in vivo (18, 19).
Polymerization also accounts for the mild deficiency of
the common S variant (264Glu→Val) of α1-antitrypsin
(20) and has been described in mutants of other mem-
bers of the serpin family in association with angioede-
ma (21, 22) and thrombosis (23, 24). Mutants that
favor polymerization cluster in mobile structural
domains of the serpins, particularly in the shutter
domain that underlies the A β-pleated sheet (25). Shut-
ter domain variants affect parting of strands 3 and 5 of
the A β-sheet to make it more receptive to exogenous
reactive loop peptides, thereby favoring polymer for-
mation and disease.

There is a clear relationship between cirrhosis and
homozygosity for the Z allele (13), but less is known
about liver disease in mixed heterozygotes for the Z and
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other mutants of α1-antitrypsin (26, 27). We report here
the molecular, biochemical, and structural basis of the I
α1-antitrypsin allele identified in an IZ heterozygote who
manifested cirrhosis secondary to α1-antitrypsin defi-
ciency. In particular, we examine the interaction between
the I and S shutter domain mutants and Z α1-antit-
rypsin, which are all conformationally labile, to deter-
mine whether heteropolymer formation may be a con-
tributory factor to the development of cirrhosis.

Methods
Alpha1-antitrypsin phenotyping. Isoelectric focusing was per-
formed between pH 2.5 and 6.5, with the α1-antitrypsin bands
being detected by immunoprecipitation and staining with
Coomassie brilliant blue R250. Serum samples were diluted in
water to give approximately 0.3 mg/ml α1-antitrypsin. Then, 5
µl of diluted serum or 5 µg of purified α1-antitrypsin was
loaded in each lane.

Alpha1-antitrypsin genotyping. Genomic DNA was prepared
from the lymphocytes of the propositus by phenol/chloroform
extraction and ethanol precipitation. Amplification of α1-antit-
rypsin DNA (∼ 1 µg) was performed by PCR in a 50-µl reaction
volume with Taq polymerase (Promega Corp., Madison, Wis-
consin, USA), 10× PCR buffer, 1.5 mM Mg2+, 200 µM dNTP,
and 25 pmol primers: 5′-AGTCATCATGTGCCTTGACTC-3′
and 5′-ATTGCCAAGGAGAGTTCAAGA-3′ for exon II; 
5′-CACTCTTCCAAACCTTCACT-3′ and 5′-TTATACAGAG-
TAGCAGTGACC-3′ for exon III; 5′-ACAAGAGGAATGCTGT-
GCCATG-3′ and 5′-CATCTTCAGGAGCTCAGCCA-3′ for
exon IV; 5′-GATCAGCCTTACAACGTGTC-3′ and 5′-TACA-
GATCACATGCAGGCAG-3′ for exon V. The reactions were
performed with an initial denaturing cycle of 5 min at 100°C
followed by 40 cycles of 94°C for 20 s, 50°C for 20 s, and 74°C
for 40 s. The PCR product was confirmed on a 1% wt/vol
agarose gel; the primers and excess dNTP were digested with

exonuclease I and shrimp alkaline phosphatase. The products
were sequenced by cycle sequencing with Thermosequenase
using the PCR primers and 33P-labeled terminators (Amersham
Life Sciences Inc., Arlington Heights, Illinois, USA).

Purification of plasma M, I, and Z α1-antitrypsin. M and Z α1-antit-
rypsin were purified from plasma from M and Z homozygotes,
and the mixed IZ α1-antitrypsin was purified from the propositus
by 50% and 75% ammonium sulphate fractionation followed by
glutathione and Q–Sepharose chromatography as detailed previ-
ously (15). The proteins migrated as a single band on SDS-PAGE,
and the M and Z α1-antitrtpsin controls had normal unfolding
transitions on transverse urea gradient gel electrophoresis.

Characterization of the α1-antitrypsin variants. SDS, nondenatur-
ing and transverse urea gradient polyacrylamide gel elec-
trophoresis, electron microscopy, the assessment of the rate of
insertion of a synthetic 12-mer reactive center loop peptide (Ac-
Ser-Glu-Ala-Ala-Ala-Ser-Thr-Ala-Val-Val-Ile-Ala) into the A β-
sheet of α1-antitrypsin, and limited proteolysis of the reactive
center loop of M and I α1-antitrypsin with papain were per-
formed as detailed previously (28, 29). Staphylococcus aureus V8
proteinase digests were carried out in 50 mM ammonium
acetate (pH 4.0), with the enzyme dissolved in an equal volume
of 50 mM ammonium bicarbonate (pH 8.0). The proteolytic
products were assessed by 7.5–15% wt/vol SDS-PAGE, and the
NH2-terminal sequence of fragments was determined after sep-
aration on a PLRP-s column (30). The active-site values of M, Z,
and I α1-antitrypsin, and kinetic parameters for the interaction
of I α1-antitrypsin with bovine α-chymotrypsin and human neu-
trophil elastase, were assessed as described previously (15). The
results for the kinetic parameters are the weighted mean of at
least three independent experiments

Fluorescence measurement of polymer formation. Fluorescence
measurements were made using a Perkin-Elmer LS 50B spec-
trofluorometer (Norwalk, Connecticut, USA). Intrinsic tryp-
tophan fluorescence of α1-antitrypsin was measured at 0.1
mg/ml and 45°C in 20 mM sodium phosphate, 100 mM
NaCl, 0.1 mM EDTA, and 0.1% wt/vol polyethylene glycol
(PEG) 8000 (pH 7.4) using an excitation wavelength of 295
nm and detecting photons emitted at 90° to the excitation
beam. The slits controlling the intensity of the excitation light
source were kept at the minimum machine-permissible limit
of 2.5 nm, but emission slit widths were varied between 2.5
nm and 15 nm, depending on the experimental conditions, in
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Figure 1
IZ α1-antitrypsin accumulation in hepatocytes resulting in liver damage
and cirrhosis. The liver biopsy from the propositus showed cirrhosis when
stained with hematoxylin and eosin (a) and evidence of α1-antitrypsin
retention when immunostained with polyclonal antibodies to human α1-
antitrypsin (b).

Figure 2
Elution of α1-antitrypsin from the anion exchange column allowed the
separation of early eluting Z from late eluting I α1-antitrypsin. Nondena-
turing PAGE (7.5–15% wt/vol). All lanes contain 4 µg protein. Lane 1, M
α1-antitrypsin control; lane 2, 1:1 mixture of control M and Z α1-antit-
rypsin; lane 3, Z α1-antitrypsin control, lane 4, Z α1-antitrypsin from the
plasma of the propositus; lane 5, a mixture of I and Z α1-antitrypsin iso-
lated from the central fractions of the α1-antitrypsin peak from the anion
exchange column; lane 6, I α1-antitrypsin from the plasma of the proposi-
tus; lane 7, M α1-antitrypsin control cleaved at the reactive center loop
with Staphylococcus aureus V8 proteinase. The difference in migration
between Z α1-antitrypsin from the propositus (lane 4) and the control
(lane 3) is due to NH2-terminal cleavage.



order to give an optimal emission signal. The samples were
incubated in a 0.5-ml cuvette with a path length of 1 cm on
the excitation axis and 0.2 cm on the emission axis; through-
out all experiments, the sample temperature was maintained
at 45°C by a heated water jacket within the cuvette holder.
The kinetic data were fitted to a single exponential function
using Grafit (version 3.00; Erithracus Software Ltd.), and the
rate of polymer formation (kapp) was determined from the
equation F = A01(1–e–k

app
t) where F is signal fluorescence, A01

is the amplitude of the phase of rate kapp, and t is time.
Heteropolymer formation was assessed by resonance energy

transfer (RET) after labeling of the free cysteines of M, Z, S, and
I α1-antitrypsin with 5-iodoacetamidofluorescein (5-IAF) or
tetramethylrhodamine-5-iodoacetamide (5-TMRIA) according
to the instructions of the manufacturer (Molecular Probes Inc.,
Eugene, Oregon, USA).

Assessment of α1-antitrypsin secretion from the Xenopus oocyte. The
cDNA for M α1-antitrypsin was cloned into the sp64T expres-
sion vector (Promega Corp.) to prepare RNA for injection into
Xenopus oocytes. I and Z α1-antitrypsin were prepared by site-
directed mutagenesis with the QuikChange Site-Directed Muta-
genesis Kit (Stratagene, La Jolla, California, USA) and were con-
firmed by 33P thermal cycling using the primers detailed above.
In vitro transcription and the assessment of secretion from Xeno-
pus oocytes were performed as described by Sidhar et al. (31).

Results
Clinical features. The propositus was a 34-year-old man
who had a 12-month history of lethargy and intermittent
jaundice with pale stools and dark urine. There was no
history of drug ingestion or excess alcohol consumption,

and physical examination revealed hepatomegaly but no
stigmata of chronic liver disease. Liver function tests
showed a hepatitic pattern with an alanine transaminase
of 729 U/l (normal range: 7–40), alkaline phosphatase of
180 U/l (normal range: 30–135), and bilirubin of 54
µmol/l (normal range: 2–17). Titers for hepatitis A, B, and
C virus and autoantibodies were negative, and serum cop-
per and ceruloplasmin levels were normal. Plasma α1-
antitrypsin levels ranged from 0.5 to 0.8 mg/ml, and phe-
notyping by isoelectric focusing showed the Z deficiency
variant and an unusual anodal band. Liver biopsy showed
the features of a fully developed micronodular cirrhosis
(Figure 1a) with florid bile duct proliferation and associ-
ated neutrophil infiltrates in the fibrous septa. There was
no evidence of cholestasis, no increase in stainable iron,
and the orcein stain for HepBsAg was negative.
Immunostaining showed diffuse hepatocyte staining for
α1-antitrypsin without globule formation (Figure 1b).
There were no periodic acid-Schiff–positive inclusions.
Alpha1-antitrypsin is not detectable in normal hepato-
cytes; thus, appearances support an etiological role for α1-
antitrypsin retention in the propositus, as in cirrhosis, on
the basis of the PiZZ phenotype. The propositus’ son was
noted to have raised transaminase levels at the age of five,
and phenotyping confirmed him to be a PiZ homozygote.

Characterization of I α1-antitrypsin. The Z allele of the
propositus was confirmed as 342Glu→Lys by direct
sequencing of PCR-amplified lymphocyte genomic DNA.
The unusual α1-antitrypsin band seen on isoelectric focus-
ing was identified as the 39Arg (CGC)→Cys (TGC), or I,
mutation after complete sequencing of the α1-antitrypsin
gene followed by sequencing of two PCR products con-
taining the mutation on three separate occasions. IZ α1-
antitrypsin was purified from plasma from the proposi-
tus by glutathione and anion exchange chromatography.
Z and I α1-antitrypsin eluted from the anion exchange col-
umn at 0.09 and 0.15 M NaCl, respectively, and complete
separation was confirmed by nondenaturing PAGE (Fig-
ure 2) and isoelectric focusing (data not shown). The dif-
ference in migration between Z α1-antitrypsin from the
propositus (lane 4) and the control (lane 3) is due to NH2-
terminal cleavage and the loss of five NH2-terminal amino
acids (15). This gives a more cathodal migration profile on
nondenaturing PAGE and characteristic bands that were
clearly seen on isoelectric focusing.

I and Z α1-antitrypsin were intact as assessed by SDS-
PAGE and were 55% and 61% active as inhibitors of
bovine α-chymotrypsin, respectively. M α1-antitrypsin
purified under identical conditions was typically 80%
active. I α1-antitrypsin had a normal unfolding transition
on a 0–8 M transverse urea gradient gel and became
resistant to unfolding in 8 M urea after reactive loop
cleavage with papain. The I mutation had little effect on
the inhibitory kinetics with bovine α-chymotrypsin (3.0
± 0.01 × 106 M-1s-1; Ki < 5 pM) with values similar to those
reported previously for M and Z α1-antitrypsin (15). The
association rate constant with the cognate proteinase
human neutrophil elastase was 1.7 ± 0.04 × 107 M-1s-1 at
37°C, which is slower than M α1-antitrypsin (5.3 ± 0.06 ×
107 M-1s-1; ref. 15), but comparable with the values
obtained for Z α1-antitrypsin (1.2 ± 0.02 × 107 M-1s-1; ref.
15). I α1-antitrypsin formed stable complexes with both
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Figure 3
Nondenaturing PAGE (7.5–15% wt/vol) showing that I α1-antitrypsin
polymerized more readily than M α1-antitrypsin after incubation at 37°C
at 2 mg/ml in 50 mM Tris, 50 mM KCl (pH 7.4). All lanes contain 10 µg
protein. (a) M α1-antitrypsin 0 days, 2 days, 3 days, 6 days, and 12 days
at 37°C. (c) I α1-antitrypsin 0 days, 2 days, 3 days, 6 days, and 12 days
at 37°C. The electron micrograph of M (b) and I (d) α1-antitrypsin incu-
bated at 2 mg/ml and 37°C for 12 days confirmed that I α1-antitrypsin
formed chains of polymers, but M α1-antitrypsin remained monomeric
when incubated under identical conditions. The electron micrographs
were stained with 1% wt/vol uranyl acetate. Scale bar: 100 nm.



bovine α-chymotrypsin and human neutrophil elastase
when assessed under physiological conditions (Ki < 5 pM)
and with bovine α-chymotrypsin when assessed by SDS-
PAGE (data not shown).

I α1-antitrypsin accepted a synthetic reactive loop pep-
tide into the A β-sheet at a similar rate as control M α1-
antitrypsin after incubation at 37°C for 24 hours, indi-
cating that the mutation has little effect on the gross
structure of the A β-sheet. Probing of the reactive loop
with limited proteolysis by papain (which cleaves at P1-P′1
and P5-P6) gave similar results as M α1-antitrypsin. Lim-
ited proteolysis of M and I α1-antitrypsin with S. aureus V8
proteinase (which cleaves at P4-P5) showed similar rates
of reactive loop cleavage, but I α1-antitrypsin produced a
second minor cleavage product of approximately 46 kDa.
Repeated high-performance liquid chromatography sep-
aration of cleavage products and NH2-terminal sequenc-
ing could not detect a novel NH2-terminal sequence to fur-
ther characterize this minor band.

Assessment of rates of polymerization. The I mutation lies
in the shutter domain (32, 33) and rendered α1-antit-
rypsin more susceptible to heat-induced polymerization
compared with M α1-antitrypsin after incubation at
37°C (Figure 3) and 41°C. The polymers that formed
under physiological conditions showed characteristic
high molecular mass bands on transverse urea gradient
gels that were resistant to unfolding in 8 M urea (data
not shown) and could be readily identified by electron
microscopy (Figure 3). I α1-antitrypsin did not lose
monomeric protein or form polymers as rapidly as a 1:1
mixture of IZ α1-antitrypsin purified from the plasma of
the propositus (Figure 4a). Assessment of polymeriza-
tion by change in intrinsic tryptophan fluorescence with
respect to time showed that 45°C and 0.1 mg/ml were
the optimum conditions to measure the rate of M α1-
antitrypsin polymer formation. This assay confirmed
that I α1-antitrypsin polymerized faster than M α1-antit-
rypsin but 14 and 2 times slower than Z and S α1-antit-
rypsin, respectively (Figure 4b and Table 1). The rate of
polymerization of MZ α1-antitrypsin was compared with
IZ α1-antitrypsin by mixing the variants in a 1:1 ratio at
a final concentration of 0.1 mg/ml. The intrinsic fluo-
rescence curves for IZ and MZ α1-antitrypsin could not
be described with a single curve, and hence a single rate,
but the rate of polymerization for individual compo-
nents could be dissected out from the curves (Table 2).
These show that I α1-antitrypsin polymerizes more rap-
idly in IZ α1-antitrypsin than does M α1-antitrypsin in a
mixture of MZ α1-antitrypsin; the rate for Z α1-antit-
rypsin polymerization was similar in each mix. Taken
together, the data show that a mix of IZ α1-antitrypsin
polymerizes more rapidly than MZ α1-antitrypsin. The
effect of the I mutation on α1-antitrypsin secretion in
vivo was assessed by injecting RNA coding for the α1-
antitrypsin variants into a Xenopus oocyte expression sys-
tem. Both 39Arg→Cys (I) and 342Glu→Lys (Z) α1-antit-
rypsin resulted in reduced secretion of α1-antitrypsin,
with more Z α1-antitrypsin being retained than I α1-
antitrypsin (Figure 5).

Assessment of heteropolymer formation in vitro. If two species
of α1-antitrypsin form heteropolymers, then the close
proximity of fluorescent probes bound to 232cysteine
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Figure 4
(a) Nondenaturing PAGE (7.5-15% wt/vol) showing that a mixture of IZ α1-
antitrypsin loses protein from the monomeric band and forms high molec-
ular mass polymers more readily than I α1-antitrypsin alone. The proteins
were incubated at 2 mg/ml and 41°C in 50 mM Tris, 50 mM KCl (pH 7.4).
All lanes contain 10 µg protein. Top: I α1-antitrypsin; bottom: IZ α1-antit-
rypsin. Lane 1, time 0; lane 2, 1 day; lane 3, 2 days; lane 4, 3 days; lane 5,
6 days; lane 6, 12 days. (b) Rate of polymerization of M, I, S, and Z α1-antit-
rypsin mutants at 0.1 mg/ml and 45°C determined from the measurement
of intrinsic tryptophan fluorescence. The values for the rate of polymeriza-
tion (Table 1) were obtained from fitting the data to Equation 1 and are
the weighted mean and standard error of three (I, S, and Z α1-antitrypsin)
or four (M α1-antitrypsin) experiments. The rate of polymer formation of
mixtures of IZ and MZ α1-antitrypsin were calculated using a 1:1 mixture
of the variants at 45°C. The concentration of each variant in the mixture
was half that shown in b in order to keep the final protein concentration at
0.1 mg/ml. The curves for each component of the reaction were dissected
from the final profile, and the rate of each component in the mixture was
obtained by fitting the data to Equation 1. The results shown in Table 2 are
the weighted mean and SE of two kinetic experiments.



should allow energy transfer from one to the other. This
was tested by labeling aliquots of fully active plasma M α1-
antitrypsin with the fluorophores 5-IAF and 5-TMRIA.
The 5-IAF probe absorbed at 492 nm and emitted at 515
nm, while the 5-TMRIA probe absorbed at 543 nm and
emitted at 567 nm. In both cases, the labeled protein was
intact by SDS-PAGE, had 35% of its original activity as an
inhibitor of bovine α-chymotrypsin, and formed a minor
dimer band seen in lanes 2–4 in Figure 6a. The 5-IAF and
5-TMRIA M α1-antitrypsin were heated individually and
mixed together in equal amounts at 41°C and 2 mg/ml
for 14 days, and in all cases resulted in the formation of
polymers as assessed by nondenaturing PAGE (Figure 6a).
Excitation of the resulting mixed incubation at 492 nm
resulted in a marked fluorescence peak at the emission
wavelength of the 5-IAF probe (515 nm; data not shown)
and a peak at 570 nm, which is within the emission wave-
length of the 5-TMRIA α1-antitrypsin probe (Figure 6b).
This was not seen in the preheated mixture or with M α1-
antitrypsin labeled with either probe alone after polymer
formation under identical conditions.

This technique was then applied to the naturally
occurring I and Z variants of α1-antitrypsin to assess if
they could also form heteropolymers in vitro. The I α1-
antitrypsin mutation created a second cysteine residue
at position 39, and labeling this protein with 5-TMRIA
completely abolished polymerization when incubated at
41°C for 12 days (Figure 6c). The experiment was there-
fore performed with S α1-antitrypsin, which mediates its
effect via the adjacent residue 38Tyr (20), has only one
cysteine, has also been associated with cirrhosis in asso-
ciation with the Z allele (34, 35), and favors spontaneous
polymer formation at a rate similar to I α1-antitrypsin.
Incubation of Z and S α1-antitrypsin labeled with 5-IAF
and 5-TMRIA, respectively, at 0.4 mg/ml and 41°C
resulted in the formation of a similar quantity of loop-
sheet polymers as unlabeled Z and S α1-antitrypsin con-
trols when assessed by nondenaturing PAGE. Thus, the

label did not interfere with the polymerization of these
variants. Z and S α1-antitrypsin were then incubated
together in a 1:1 ratio at 0.4 mg/ml and 41°C for 14 days,
and the formation of polymers was confirmed by non-
denaturing PAGE. Excitation of the mixture at 492 nm
resulted in a peak at 570 nm, in keeping with RET and
indicative of heteropolymer formation (Figure 6b).

Discussion
Alpha1-antitrypsin deficiency is characterized by the
formation of intracellular inclusions that may be asso-
ciated with neonatal hepatitis, cirrhosis, and hepato-
cellular carcinoma (12, 13). This is well recognized in Z
α1-antitrypsin homozygotes, and there is now convinc-
ing evidence that a key factor in the accumulation of
protein and hepatocellular damage are the entangled
polymers of mutant Z α1-antitrypsin (14). The Z α1-
antitrypsin allele is found in 4% of the northern Euro-
pean Caucasian  population, but even more common is
S α1-antitrypsin, with as many as 28% of southern
Europeans carrying the S allele (36). The S variant is
known to have an increased susceptibility to polymer-
ization (20), although this increase is marginal com-
pared with the more conformationally unstable Z vari-
ant (Figure 4). There has been speculation that the two
may interact to produce cirrhosis in SZ heterozygotes
(34, 35), but this has never been demonstrated experi-
mentally. The formation of heteropolymers was inves-
tigated following our finding a 34-year-old man with
cirrhosis related to α1−antitrypsin deficiency, who was
a mixed heterozygote for Z α1-antitrypsin and another
conformationally unstable variant, 39Arg→Cys. This,
like S α1−antitrypsin (20), is in the shutter domain that
underlies the A β-sheet (Figure 7a). The 39Arg→Cys
mutation has been reported previously as the I pheno-
type (37) in association with mild plasma deficiency
and minor impairment of lung function (38). It has not
been reported with hepatitis or cirrhosis, but the find-
ing of the allele in a patient with α1-antitrypsin defi-
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Table 2
Rates of polymerization of M, Z, and I α1-antitrypsin in a 1:1 mix of MZ
and IZ variants

Mix Component Rate of polymerization
(x 10-5/5)

MZ M 2.38 ± 0.03
Z 36.02 ± 1.2

IZ I 3.69 ± 0.04
Z 38.41 ± 1.6

Figure 5
Secretion of M, Z, and I α1-antitrypsin by the Xenopus oocyte. The results
are the average values (and SE) obtained by injection into batches of 20
oocytes on at least four separate occasions.

Table 1
Rates of polymerization of the M, I, S, and Z plasma variants of 
α1-antitrypsin

Protein Rate of polymerization

(x 10-5/s)

M 3.9 ± 0.027
I 4.52 ± 0.062
S 11.05 ± 0.240
Z 72.0 ± 0.677



ciency–related liver disease suggests that the I allele
may contribute to the hepatic damage.

The significance of I α1-antitrypsin in the IZ α1-antit-
rypsin propositus was investigated after its purification
from the Z variant. The I mutation favored the formation
of long-chain polymers when incubated under physio-
logical conditions in vitro. These polymers formed more
readily than those of M α1-antitrypsin (Figure 3). The rate
of polymerization of I α1-antitrypsin was greatly acceler-
ated by incubation at 41°C, which supports our previous
suggestion that inclusion formation and liver disease are
likely to be exacerbated by the inflammatory response
(14). A 1:1 I/Z α1-antitrypsin mixture polymerized at a
faster rate than I alone at 37°C and 41°C (Figure 4a),
demonstrating that Z α1-antitrypsin was more poly-
merogenic than I α1-antitrypsin. The relative susceptibil-
ity of these variants to form polymers was examined in
assays of intrinsic tryptophan fluorescence at 45°C in
vitro (Figure 4) and by secretion from Xenopus oocytes in
vivo (Figure 5). The results confirm that the ability of α1-
antitrypsin variants to form polymers may be graded
Z>S>I>M and demonstrate that a mixture of IZ α1-antit-
rypsin polymerizes more readily than MZ α1-antitrypsin.
These data are consistent with less retention of α1-antit-
rypsin within hepatocytes and milder plasma deficiency
in MZ heterozygotes (plasma level 0.9 mg/ml) when
compared with the IZ heterozygote (0.5–0.8 mg/ml) and
Z α1-antitrypsin homozygotes (< 0.3 mg/ml). Thus, I α1-
antitrypsin undergoes the same conformational transi-
tion to form loop-sheet polymers as Z (14), Siiyama (18),
Mmalton (19), and S (20) α1-antitrypsin at a rate that
puts patients at risk for α1-antitrypsin deficiency–related
liver disease when it is inherited in association with a
severe polymerogenic allele such as Z α1-antitrypsin.

The finding of cirrhosis in a patient who was an IZ α1-
antitrypsin heterozygote prompted an examination of
the interaction of the Z variant with I α1-antitrypsin and
with the common S α1-antitrypsin. The fluorescence phe-
nomenon of resonance energy transfer (RET) was used to
assess whether these unstable mutants would form het-
eropolymers. This technique relies on labeling two pop-
ulations of protein with different fluorescent probes via
a free cysteine on the protein surface. The fluorescent
groups are specifically chosen to have spectral character-
istics that allow energy to pass between them when they
are in close proximity to one another. The striking
demonstration of RET between two aliquots of plasma M
α1-antitrypsin labeled with different fluorescent probes
afforded the first demonstration of a technique that
could be used to examine α1-antitrypsin heteropolymer
formation in vitro (Figure 6b). The fluorescent probes
were then used to monitor the polymerization of I, S, and
Z α1-antitrypsin. The I mutation generated a second cys-
teine, and labeling with the bulky rhodamine probe com-
pletely blocked the polymerization of I α1-antitrypsin in
vitro (Figure 6c). This demonstrated that part of the dys-
function of I α1-antitrypsin resulted from the Arg→Cys
mutation reducing the size of the residue at position 39
in the shutter domain that controls opening of the A β-
sheet, reactive loop annealing, and polymer formation
(20, 25). Labeling this residue with a large fluorescent
moiety mimicked the original M α1-antitrypsin sequence
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Figure 6
(a) Polymerization of 5-IAF– and 5-TMRIA–labeled M α1-antitrypsin (2
mg/ml) at 41°C for 14 days. Nondenaturing PAGE (7.5–15% wt/vol), all
lanes contain 5 µg protein. Lane 1, M α1-antitrypsin control; lane 2, 1:1
mix of M α1-antitrypsin labeled with 5-IAF and 5-TMRIA; lane 3, M α1-
antitrypsin labeled with 5-IAF; lane 4, M α1-antitrypsin labeled with 5-
TMRIA; lane 5, M α1-antitrypsin labeled with 5-IAF heated at 41°C for 14
days; lane 6, M α1-antitrypsin labeled with 5-TMRIA heated at 41°C for 14
days; lane 7, 1:1 mix of M α1-antitrypsin labeled with 5-IAF and 5-TMRIA
heated at 41°C for 14 days. (b) A 1:1 mixture of 5-IAF– and 5-
TMRIA–labeled M α1-antitrypsin incubated at 41°C for 14 days demon-
strated RET (continuous line) when excited at 492 nm and fluorescence meas-
ured over a wavelength of 500–600 nm. The peak at approximately 570 nm
was not seen in M α1-antitrypsin polymerized under identical conditions
with either 5-IAF or 5-TMRIA alone (bold line). Labeled Z and S α1-antit-
rypsin both formed polymers when incubated alone and when mixed in a
1:1 ratio. The signal from the mixed Z and S α1-antitrypsin polymers excit-
ed at 492 nm shows RET (broken line), indicating the formation of het-
eropolymers. (c) Nondenaturing PAGE (7.5–15% wt/vol). All lanes contain
10 µg protein. Lane 1, I α1-antitrypsin labeled with 5-TMRIA heated at
41°C and 0.4 mg/ml for 12 days; lane 2, I α1-antitrypsin control heated at
41°C and 0.4 mg/ml for 12 days; lane 3, unlabeled I α1-antitrypsin con-
trol. 5-IAF, 5-iodoacetamidofluorescein; 5-TMRIA, tetramethylrhodamine-
5-iodoacetamide; RET, resonance energy transfer.



at that position (arginine) and reversed the effect of the
mutation. S α1-antitrypsin mediates its effects through
the tyrosine residue at position 38 and may also be con-
sidered a shutter domain mutant (20). This variant also
favors spontaneous polymer formation at a rate similar
to I α1-antitrypsin but has only one cysteine residue and
is therefore not affected by labeling with fluorescent
probes. After a 14-day incubation, the SZ α1-antitrypsin
polymers demonstrated RET in keeping with het-
eropolymer formation. This observation suggests that
hepatic inclusions in patients with the Z α1-antitrypsin
allele and a second polymerizing mutant (S or I) are like-
ly to result from both homopolymers and mixed
Z/mutant heteropolymers. RET will only occur if the cys-
teine residues labeled with 5-IAF and 5-TMRIA are less
than 50 Å, and ideally less than 35 Å, apart (39). Molecu-
lar models of open helical A β-sheet polymers (32) place
the cysteine residues over 60 Å apart. The requirements
for RET can be best satisfied if the loop-A β-sheet het-
eropolymers form a closed helical structure, with RET
occurring between molecules 1 and 4, 2 and 5, 3 and 6,
and so on (Figure 7b). An alternative explanation is link-
age of the reactive center loop to the C β-sheet (40), but
recent studies suggest that this only occurs in α1-antit-
rypsin polymers formed by heating monomeric α1-antit-
rypsin in the presence of stabilizing concentrations of
sodium citrate (28, 41).

In summary, these data demonstrate that loop-sheet
polymerization underlies the plasma deficiency of the
shutter domain variant I α1-antitrypsin and provide the
first description of Z α1-antitrypsin forming heteropoly-

mers with S α1-antitrypsin. The clinical relevance of this
observation is underscored by our demonstration with the
IZ α1-antitrypsin propositus, and the finding of others
with the SZ phenotype (34, 35), that a mixed heterozygote
for conformationally unstable variants can develop cir-
rhosis associated with α1-antitrypsin deficiency.
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