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ABSTRACT 

SERPINA1 gene is highly polymorphic, with more than one hundred variants described in databases. 

The SERPINA1 encodes alpha-1 antitrypsin (AAT) protein, and the severe deficiency of AAT is a 

major contributor to pulmonary emphysema and liver diseases. In Spanish patients with AAT 

deficiency we identified seven new variants of SERPINA1 gene involving amino acid substitutions 

in different exons: PiSDonosti (S+Ser14Phe), PiTijarafe (Ile50Asn), PiSevilla (Ala58Asp), PiCadiz 

(Glu151Lys), PiTarragona (Phe227Cys), PiPuerto Real (Thr249Ala) and PiValencia (Lys328Glu). 

We examined the characteristics of these variants and the putative association with the disease. 

Mutant proteins were overexpressed in HEK293T cells and AAT expression, polymerization, 

degradation and secretion as well as anti-elastase activity were analyzed by PAS staining, western 

blot, pulse-chase and elastase inhibition assays. When overexpressed, S+S14F, I50N, A58D, F227C 

and T249A variants formed intracellular polymers and did not secrete AAT protein. Both, E151K 

and K328E variants secreted AAT protein and did not form polymers although K328E showed 

intracellular retention and reduced anti-elastase activity. We conclude that deficient variants may be 

more frequent than previously thought, and their discovery can only be possible by the complete 

sequencing of the gene and subsequent functional characterization. Better knowledge of SERPINA1 

variants would improve diagnosis and management of AAT deficiency carriers.  
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INTRODUCTION 

Alpha-1-antitrypsin (AAT) deficiency (AATD) is a genetic condition characterized by low serum 

levels of AAT (normal serum levels of AAT are 1.3-2 g/L). The AATD is caused by mutations in the 

SERPINA1 gene and is linked to increased risk for liver diseases, early-onset pulmonary emphysema 

and, more rarely systemic vasculitis, necrotizing panniculitis and probably other diseases [1,2].  

The laboratory testing for AATD typically involves analysis of AAT protein concentration by 

nephelometry and the identification of specific alleles by phenotyping and genotyping using defined 

diagnostic algorithms [3,4]. Despite the American Thoracic Society/European Respiratory Society 

recommendations for the testing, diagnosis and management of AATD [5], this condition remains 

underdiagnosed.  

To identify AAT variants, based on the AAT protein migration patterns, isoelectric focusing (IEF) is 

typically used [6]. This method allows the characterization of about 30 normal and pathological 

variants (e.g. M, I, F, S, and Z). However, a number of rare variants, such as PiMmalton, 

PiMpalermo, or PiMheerlen, have an isoelectric point similar to the normal M alleles. Therefore, one 

cannot be certain that phenotyping will identify all variants. Another drawback is that IEF technique 

cannot detect null alleles.  Besides, the recognition of unusual variants of AAT by IEF requires an 

adequate expertise. Genotyping using allele-specific polymerase chain reaction (PCR) 

methodologies can detect S, Z, F or MMalton alleles and analytical genotyping kits are available that 

can measure ∼25 AATD alleles [7,8]. Nevertheless, these methods may also disregard some of the 

rare and null alleles. Therefore, the sequence analysis of the AAT gene is the reference method for 

identifying and characterizing rare and null variants of AAT. This method relays on the complete 

analysis of the DNA sequence of the four coding exons of the SERPINA1 gene and, for particularly 

rare cases involves analyses of the intronic and regulatory sequences [9]. 

The AAT is about 52 kDa glycoprotein predominantly produced in the liver and secreted to 

extracellular milieu where it exerts protease inhibitory and anti-inflammatory functions. The 

commonest deficient variants of AAT are the S (Glu264Val) and Z (Glu342Lys). The combination 

of these alleles into the ZZ and SZ genotypes accounts for the vast majority of severe AATD-related 

diseases. Other rare alleles of AAT are also associated with reduced serum level of AAT protein [10]. 

The molecular mechanism underlying the deficiency is either the increased intracellular proteolysis 

or aggregation of AAT protein [11]. The PiMmalton (Phe52del) and PiSiiyama (Ser53Phe) are two 

well-known deficiency variants of AAT [12,13]. All these variants form intracellular polymers and 

give a positive response to periodic acid-Schiff (PAS) staining [13].[11]  

To date, over 100 rare genetic variants of human AAT are known although most of them are not well 

characterized [11,14]. These variants occur mainly due to the amino acid substitutions or deletions, 
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which result in deficiency [11], or absence (null variants) of AAT [10]. The discovery of rare variants 

is continuously increasing, specifically in subjects with lower levels of AAT [9,15,16], and many of 

them remain of unknown significance. 

In the present study, we report seven new variants of SERPINA1 gene found in subjects with 

deficient levels of AAT. When overexpressed, some of these variants form intracellular polymers or 

accumulate within the cell, show low secretion or reduced anti-elastase activity. These new variants 

help to increase our knowledge on the structural and functional properties of AAT protein and 

awareness of the existence of variants with unknown significance.  
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MATERIAL AND METHODS 

Cases 

Patient samples and their clinical data were obtained from the REDAAT, Spanish Registry of Alpha-

1 Antitrypsin Deficiency patients. A total 972 cases, enrolled between 2013-2016 years, were 

routinely genotyped for S and Z variants at the Molecular Genetics Unit of the IIER/ISCIII. Based on 

Spanish guidelines [17] providing the reference serum concentration for specific genotypes, extended 

genotype analysis was undertaken for the cases with: i) discrepancies between serum AAT level and 

allele-specific genotype; ii) AAT level in the lower limit of the range for the corresponding 

genotype; and iii) AAT level not discordant but case has severe clinical manifestations. 

Out of 192 sequenced cases, 101 (52.6%) carried at least one of already known variants of AAT 

(MMalton, Mattawa, MProcida…), whereas eight cases (3.6%) had previously not described AAT 

variants. Clinical data of these eight patients are shown in Table 1. All of them had lung disease 

except for one male with a chronic diarrhea of unspecified etiology and one asymptomatic female 

(low serum level was detected based on the family screening). The routine blood tests for liver 

function revealed no evidence of liver disease in these cases. Signed informed consent for the study 

was obtained from all the subjects and the research was approved by the ethics committee of 

Instituto de Salud Carlos III, Madrid, Spain. 

 

Sequencing of SERPINA1 gene 

DNA was extracted from peripheral blood using standard methods. The coding sequence of the gene 

(exons 2 to 5) and exon-intron junctions were analyzed by means of a Sanger automated sequencing 

(ABI PRISM 377 Applied BioSystems), using previously described primers [18,19]. Sequences were 

compared to reference SERPINA1 sequences (NG_008290.1, NM_000295.4) and new variants were 

identified.  

 

Allele frequency and functional prediction of genetic variants 

We sought for the presence and frequency of the new identified SERPINA1 variants in dbSNP 

(https://www.ncbi.nlm.nih.gov/SNP/), the Exome Aggregation Consortium (ExAC) 

(http://exac.broadinstitute.org) and the CIBERER Spanish Variant Server (CSVS) 

(http://csvs.babelomics.org/). Two algorithms, SIFT (http://sift.jcvi.org/) and PolyPhen 

(http://genetics.bwh.harvard.edu/pph2/), were used to predict whether an amino acid change affects 

protein structure and function.  
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Isoelectric focusing of AAT 

When serum was available, the phenotype of the new variants was determined by isoelectric 

focusing (IEF) analysis, as previously described [20]. Comparison with sera of known phenotype 

allowed determining whether the new variant modifies AAT migration. 

 

Cloning of the new alleles 

The genetic background of the PiSDonosti, PiSevilla and PiTarragona alleles was determined by 

cloning experiments. The PCR products of exon 2 (PiSDonosti and PiSevilla) and exon 3 

(PiTarragona) from the index case’s DNA were cloned into pGEM-T Easy vector (Promega, 

Madison, WI, USA), introduced into E. coli DH5α and sequenced. 

 

Expression plasmids and DNA transfection 

The expression vector pCMV6 (OriGene, Rockville, MD, USA) with AAT M1(Val213) cDNA was 

used for expression of the new identified SERPINA1 variants. PiZ, PiS and the seven new variants 

were introduced into the wild type AAT cDNA by site-directed mutagenesis using the QuikChange 

II Site-Directed Mutagenesis Kit (Stratagene, La. Jolla, CA, USA), according to the manufacturer’s 

instructions, and the primers described in Supplementary Table E1. In the case of PiSDonosti 

variant, two expression vectors were generated: one only containing the Donosti substitution 

(Ser14Phe) and other containing both S (Glu264Val) and Donosti (Ser14Phe) changes. The 

HEK293T cells were transiently transfected in 6-well plates with 10 ul of DNA Transfection 

Reagent (Biotool) and 4 ug of expression plasmid in serum-free Opti-MEM culture medium (Gibco, 

Carlsbad, CA, USA). Cell pellets and conditioned media were harvested 48 hours after transfection, 

and used for following experiments. 

 

Protein electrophoresis and western blot analysis 

Cell pellets were lysed by using RIPA buffer with Complete Protease Inhibitor Cocktail (Roche, 

Mannheim, Germany). After RIPA digestion, cell lysates and insoluble elements containing cell 

membranes were collected. The insoluble pellets were sonicated to obtain retained proteins. Cell 

media were also collected after 48h of transfection. 10% acrylamide sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) was performed on cell lysates and media, while 

insoluble fractions were subjected to 8% acrylamide non-denaturing PAGE. The proteins were 

transferred from the gels onto PVDF membranes and blots were probed with either 1:2,000 anti-

AAT B9 (sc-59438 Santa Cruz Biotechnology, Santa Cruz, CA, USA) or 1:1,000 anti-AAT 2C1 

(HyCult Biotech, Uden, The Netherlands), followed by 1:5,000 goat anti-mouse IgG-HRP (Santa 

Cruz Biotechnology, Santa Cruz, CA, USA). Mouse anti-β-actin (AC-74 Sigma Aldrich, Munich, 

Germany) was used as a loading control.  
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Detection of aggregates with PAS staining 

The periodic acid-Schiff (PAS) stain is used to assist in the diagnosis of AAT deficiency, where 

accumulation of AAT aggregates is seen as bright magenta globules. To detect intracellular 

accumulation of the new identified mutants, transfected cells were washed in cold PBS and cytospins 

were prepared. After fixation in 95% ethanol, samples were stained with Hematoxylin-Eosin and 

Periodic-Acid-Schiff (PAS). PAS staining was performed on both HEK293T and HepG2 cell lines. 

 

Elastase Inhibition assay 

Elastase inhibition assays were performed with the new AAT variants secreted to the conditioned 

media of transfected cells. The concentration of AAT was measured by immune nephelometry and 

equal amounts of protein were used for the assays. Briefly, conditioned media was incubated with 

porcine pancreas elastase (Sigma Aldrich, Munich, Germany) at 37ºC for 5’ and SucAla3-pNA 

(Sigma Aldrich, Munich, Germany) was added as elastase substrate. The increase in absorption at 

405 nm was measured for 60’. Conditioned media from cells transfected with an empty vector was 

used as a negative control (no elastase inhibition, maximum increase in absorption), and media from 

cells transfected with wild type SERPINA1 was used as a positive control (elastase inhibition, low 

increase in absorption).   

 

Pulse-chase experiments 

Transfected cells were pulsed for 1 h with cysteine and methionine-free DMEM (Gibco, Waltham, 

MA USA) supplemented with 35
S
 Met/Cys (Hartmann Analytic, Germany), and chased at 0, 0,5, 1, 

2, 4 and 5 hours with complete DMEM (Lonza, Basel, Switzerland) without labeling reagent. Cells 

were lysed in RIPA Buffer (Sigma Aldrich, Munich, Germany) and sonicated. After centrifugation at 

14,000 rpm, intracellular fractions were subjected to immunoprecipitation with anti-AAT antibody 

B9 (sc-59438 Santa Cruz Biotechnology, Santa Cruz, CA, USA) and analyzed by SDS-

PAGE/autoradiography.  

 

Localization of variants in the protein structure 

The position of the new AAT variants was indicated on the crystal structure of α1-antitrypsin PDB 

code: 3NE4 [21] using the Visual Molecular Dynamics, VMD 1.9.2 software [22]. Different 

representations available in the VMD software were used like ribbons and surf. Mutated residues 

were highlighted as colored spheres using the VDW (van der Waals) representation.  
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RESULTS 

Identification of new AAT genetic variants 

After the initial genotyping (S/Z alleles), we sequenced coding exons of SERPINA1 gene in eight 

discordant cases. Our results revealed seven previously unknown variants, which define new alleles 

contributing to the deficiency of AAT. Variants were named according to the birthplace of the carrier 

or where the diagnosis took place [23] (Table 2). 

PiSDonosti (PiS+Ser14Phe) 

Two unrelated patients carried the S14F variant in heterozygosity. Case 1 was a 59-year-old female 

former smoker (30 pack-year) suffering from mild COPD. Her lung function tests showed FEV1 

72% of predicted (volume of air forcefully exhaled in 1 second percent of predicted) FVC 85% of 

predicted (forced vital capacity percent of predicted), and Tiffeneau-Pinelli index (FEV1/FVC 60). 

Her initial diagnosis was PiSS, with AAT serum levels of 76 mg/dL. Case 2 was a 40-year-old male 

never smoker diagnosed with idiopathic pulmonary fibrosis. The patient was diagnosed as PiSZ with 

AAT serum levels of 67 mg/dL. For both cases, DNA sequencing revealed a C>T transition in exon 

2 (NM_000295.4, c.113C>T). This change produces a substitution of serine for phenylalanine at 

codon 14 (Ser14Phe). Cloning experiments demonstrated that this new variant segregates with the S 

allele. This change is described in dbSNP as rs745463238, and it was also found in ExAC Browser, 

but with a low frequency <1/10,000. The substitution was predicted as tolerated by SIFT and 

possibly damaging by PolyPhen. This Ser14 (in the full protein Ser38) has been described to be 

phosphorylated [24].  

PiTijarafe (Ile50Asn) 

The index case was a 39-year-old male never smoker who suffered from chronic diarrhea of 

undetermined cause. His serum levels of AAT were low (75 mg/dL) and not concordant with the 

initial diagnosis of PiMM. Gene sequencing revealed a novel change of ATC to AAC at codon 50 in 

exon 2 (NM_000295.4, c.221T>A) producing an amino acid change of isoleucine to asparagine 

(Ile50Asn). This variant is not described in any of the genetic databases consulted and was predicted 

as deleterious by SIFT, and probably damaging by PolyPhen. This Ile50 is located very close to the 

Phe52 deleted in the PiMmalton allele. 

PiSevilla (Ala58Asp) 

This case was a 64-year-old male, a former smoker (22 pack-year) with a history of severe COPD 

(FEV1% 33, FVC% 73, FEV1/FVC 35), initially diagnosed as PiMZ with serum AAT levels of 35 

mg/dL. Gene sequencing showed a C>A transversion in exon 2 (NM_000295.4, c.245C>A), 

changing GCT for GAT at codon 58 (Ala58Asp). The substitution appeared in a M1(Val) 
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background. This variant has not been reported in any database and was predicted as tolerated by 

SIFT, and possibly damaging by PolyPhen.  

PiCadiz (Glu151Lys) 

The case was a 67-year-old male, never smoker diagnosed with severe asthma (FEV1% 52, FVC% 

55 FEV1/FVC 64). The serum level of AAT was low (81 mg/dL) being initially diagnosed as PiMM 

genotype. DNA sequencing revealed a G>A transition at a codon 151 changing GAA to AAA in 

exon 2 (NM_000295.4, c.523G>A). This change is described in dbSNP database as rs149770048, 

but shows a very low minor allele frequency of <1/10,000 (ExAC). SIFT and PolyPhen predict this 

variant as tolerated and benign, respectively. 

PiTarragona (Phe227Cys) 

The case was a 64-year-old male current smoker (80 pack-year) suffering from very severe COPD 

(FEV1% <20), initially diagnosed with PiMS genotype having serum AAT levels of 85 mg/dL. 

Sequence analysis showed a T>G transversion in exon 3 (NM_000295.4, c.752T>G) producing an 

amino acid change of phenylalanine to cysteine (Phe227Cys). This variant has been described in 

dbSNP as rs759837735 and is also present in ExAC Browser with a very low frequency (only one 

reported allele). Cloning experiments revealed that F227C was not in the S allele but arose on an M2 

(rs709932) background. SIFT and Polyphen predict this variant as deleterious and possibly 

damaging. This variant creates a new Cys residue in the protein. The only Cys in the native AAT is 

located five residues after the newly created Cys. This suggests putative occurrence of disulfide bond 

between Cys232 and the new Cys227, which likely affects the structure of this mutant protein. 

PiPuerto Real (Thr249Ala) 

The case was a 68-year-old male former smoker (50 pack-year) diagnosed with mild COPD (FEV1% 

88, FVC% 106, FEV1/FVC 59), and AAT serum levels of 75 mg/dL and initial diagnosis with 

PiMM genotype. Sequencing analysis showed an A>G transition at codon 249 of exon 3 

(NM_000295.4, c.817A>G) which changes threonine to alanine (Thr249Ala). This Thr249 is part of 

the glycosylation signal for one of the glycosylation chains of the AAT protein at Asn247. The N-

linked glycosylation typically occurs at the N-X-T/S motif, where X is any amino acid, except the 

Proline. Thus, we assume that this variant cannot be glycosylated at Asn247. This variant has not 

been previously reported in databases and is predicted as deleterious by SIFT and benign by 

PolyPhen. 

PiValencia (Lys328Glu) 

This variant was found in a heterozygous PiMS mother of a child with PiSS genotype. The case was 

38-year-old woman never smoker, asymptomatic with normal lung function with reduced serum 

levels of AAT (87 mg/dL). This variant consists on an A>G transition in exon 4 (NM_000295.4, 
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c.1054A>G) producing a lysine to glutamate change (Lys328Glu). The variant appeared in a 

M1(Val) background and is previously unknown in dbSNP, ExAC or the CSVS databases. It is 

predicted as deleterious by SIFT and probably damaging by PolyPhen. 

 

Phenotyping of three new variants by isoelectric focusing (IEF)  

Regrettably, plasma samples for IEF were available only from case 2 (PiS+S14F), case 5 (E151K), 

and case 6 (F227C). As shown in Figure 1, case 6 with the F227C displays IEF pattern similar to that 

of PiMS, which could explain the initial diagnosis of this case. However, case 6 shows a double band 

at position five, which is not found in the MS phenotype. Moreover, it does not show the PiMS 

phenotype´s characteristic last band at position 7.  For case 5, IEF showed similar pattern as PiMZ, 

probably because of the same amino acid substitution as in PiZ allele. However, E151K migrated 

faster than the PiZ variant (Figure 1). The case 2 showed a clear PiSZ protein phenotype, indicating 

that addition of the S14F mutation does not modify the mobility of AAT bands (Figure 1).  

 

Expression and release of mutated AAT proteins in cell models 

After 48h of transfection, the expression of the new variants was compared to the expression of the 

wild type (wt) and the S and Z variants. In two cases, the S14F was in the PiS allele. Therefore, we 

analyzed this variant alone as well as in a combination with PiS. For most of the variants we found a 

lower expression of the monomeric AAT protein (Figure 2). The double mutant PiS+S14F as well as 

I50N, A58D and F227C mutants resembled S and Z mutants, in which the AAT protein was almost 

undetectable. However, the S14F alone, E151K, K328E and T249A mutants were easily detected, 

similarly to the wt AAT although the T249A mutant showed a lower molecular size of AAT protein. 

This latter supports the notion that T249A affects the glycosylation of the AAT protein by 

eliminating the N-glycosylation chain at Asn247.  

The analysis of AAT protein in the cell supernatants revealed that S14F, E151K, T249A and K328E 

mutants are secreted (Figure 2). The monomeric AAT protein was not detected in the supernatants 

obtained from PiS+S14F, I50N, A58D and F227C mutants suggesting the retention of AAT protein 

inside the cells. 

 

Polymers and aggregates of AAT variants  

Periodic acid-Schiff (PAS) staining was used to detect intracellular AAT in cells expressing new 

variants of AAT. As expected, PiS and PiZ mutants showed a positive PAS staining in transfected 

cells, which is characteristic of the intracellular accumulation of AAT polymers (Figure 3). Five of 

the variants, PiS+S14F, I50N, A58D, F227C and T249A also showed PAS+ intracellular aggregates. 
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These variants, except for T249A, did not secrete AAT into cell supernatants (Figure 2). 

Interestingly, even being PAS+, the T249A secreted detectable levels of AAT protein. Similar to the 

wt AAT, S14F alone, E151K and K328E variants did not show PAS+ staining. This is in agreement 

with the detection of monomeric AAT in cell extracts and supernatants expressing these variants. 

Therefore, the pathogenic effect of the S14F, E151K and K328E variants is not mediated by the 

intracellular aggregation of the protein, although the alteration of other functional aspects of AAT 

cannot be discarded. Similar results were obtained by using HepG2 cells endogenously expressing 

AAT (Supplementary Figure S1).  

Next, anti-total human AAT antibodies were used to detect AAT in cellular fractions (Figure 4A). As 

expected, the insoluble fraction of cells expressing PiS and PiZ AAT contained polymers of AAT. 

Insoluble fractions collected from five novel variants, PiS+S14F, I50N, A58D, F227C and T249A 

also showed polymers of AAT. Except for T249A, AAT polymers correlated well with reduced 

monomeric AAT in cell extracts and supernatants. The T249A variant seems to polymerize 

intracellularly but also was secreted as a monomer. We found no polymers in cells expressing wt 

AAT, S14F, E151K and K328E variants (Figure 4A). Because PiS+S14F, but not S14F, formed 

polymers, we were not able to find out if S14F contributes to the polymerization of PiS.  

Similarly, after sonication of insoluble fractions, we detected similar AAT polymers with 2C1 

antibody, or with a rabbit anti-total AAT antibody (figure 4B). The detection of AAT polymers by 

using 2C1 antibody gave similar results to those obtained with anti-total AAT antibody. However, 

PAS+ aggregates and polymers detected in the sonicated fractions using anti-total AAT antibody 

correlated better than PAS+ aggregates and the 2C1-detected polymers. Altogether, our results show 

that the variants PiS+S14F, I50N, A58D, F227C and T249A form intracellular aggregates hampering 

secretion of AAT protein. 

 

Elastase inhibitory activity of AAT variants 

Since the S14F, E151K, K328E and T249A variants secreted AAT; we wondered whether these 

mutants preserve some anti-elastase activity. Supernatants from cells transfected with either an 

empty vector or wt AAT were included as controls (Figure 5). As expected, the maximum elastase 

activity corresponded to supernatants from the cells transfected with the empty vector. In contrast, 

supernatants from the cells expressing wt AAT inhibited elastase by 90% relative to those expressing 

the empty vector (Figures 5A and B). The S14F, E151K and T249A variants inhibited elastase 

activity by 97%, 94% and 98%, respectively. However, the anti-elastase activity of K328E mutant 

was only 68% relative to the empty vector expressing cells. This latter finding shows that the K328E 

mutant, although secreted, has lower inhibitory activity than other secreted variants of AAT.  
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Degradation and stability of novel variants 

We investigated the degradation dynamics of the novel variants by pulse-chase experiments. Wild 

type AAT was rapidly lost over the five hours of chase experiment while Z AAT disappeared slowly, 

indicating its intracellular retention (Figure 6). The novel E151K, S+S14F and F227C variants of 

AAT disappeared in pulse-chase experiments similarly as wtAAT. Since E151K was secreted into 

the medium and did not form intracellular polymers, we expected this behavior. On the contrary, 

S+S14F and F227C polymerized and were not secreted, thus a rapid degradation of polymers might 

be an explanation for their fast disappearance. The rest of the variants, I50N, A58D, T249A and 

K328E showed stabilization of the protein comparable to Z AAT. Consistently, I50N, A58D and 

T249A formed intracellular polymers whereas K328E was found to be secreted and did not 

polymerize (Figures 2 and 3). Why K328E mutant retains intracellularly remains to be investigated.  

 

Localization of AAT variants on protein tertiary structure 

To get some insights into the effects of new mutations on the properties of AAT protein, we checked 

their locations on protein structure. Figure 7A shows where the amino acid substitution occurs for 

each variant (depicted in green) as well as for the PiS and PiZ (in red). Unfortunately, the position of 

the S14F variant is not shown, because it locates at the beginning of the protein, outside of the folded 

structure. The I50N and A58D localized in the β-strand s1A and the α-helix hB respectively within 

the PiMmalton region. The F227C localized at the end of the β-strand s1D, very close to the position 

of the PiZ in the tertiary structure. The T249A was at the start of the s4A strand and, as mentioned 

above, it disturbs the glycosylation signal for the N247. The E151K localized at the beginning of the 

α-helix hF, and the K328E occurs at the end of the β hairpin before the β-strand s5B. The latter two 

variants localized in the lower part of the protein, in the opposite side of the reactive loop. 

Interestingly, variants that formed polymers had amino acid mutations within the interior core of the 

protein (Figure 7B). Two variants, E151K and K328E that did not form polymers, involved amino 

acids exposed at the surface of the protein.  
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DISCUSSION 

Seven new SERPINA1 alleles (PiSDonosti, PiTijarafe, PiSevilla, PiCadiz, PiTarragona, PiPuerto 

Real and PiValencia) were identified in Spanish patients. Five of these alleles, namely PiSDonosti 

(S+S14F), PiTijarafe (I50N), PiSevilla (A58D), PiTarragona (F227C) and PiPuerto Real (T249A), 

were associated with intracellular polymerization of AAT protein when tested in cellular models 

overexpressing mutated alleles. Two other alleles, PiCadiz (E151K) and PiValencia (K328E), were 

expressed and secreted, although PiValencia had lower anti-elastase activity and seemed to be slowly 

degraded inside the cell. Hence, these new alleles expand the current list of SERPINA1 gene variants 

known to cause AATD. 

The polymerization of AAT protein is a well-known mechanism in the pathogenesis of AAT 

deficiency [25]. A number of AAT variants, such as Z (Glu342Lys), S (Glu264Val), I (Arg39Cys), 

Siiyama (Ser53Phe) and Mmalton (Phe52del) form intracellular polymers causing impaired protein 

secretion of AAT into the bloodstream [12,26–28]. Similar to these variants, the newly identified 

I50N, A58D, F227C and T249A variants form PAS+ intracellular aggregates containing AAT 

polymers. In parallel, the lower release of AAT into the medium suggests that these new variants are 

pathogenic. Specifically, I50N and A58D mutations, localized in the Mmalton region, seem to 

behave similarly with regard to the polymer formation and reduced secretion.  

Of note, T249A was found in a form of intracellular polymers as well as secreted monomers, 

although at a lower concentration than the wild type AAT. Interestingly this variant seems to avoid 

the glycosylation at Asn247 because of the destroyed N-X-T glycosylation signal. Since this variant 

passes through the ER and Golgi, we speculate that a loss of glycosylation does not affect protein 

secretion but may affect half-life and/or immune modulatory properties of AAT, as it has been 

previously suggested [29–32]. This idea warrants further investigations. 

Another interesting amino acid substitution causing polymerization is F227C, which produces a new 

Cys residue close to Cys232, the only cysteine residue present in the wild-type M AAT sequence. 

The cysteines normally form disulphide bonds in the ER [33]. Actually, in the cells expressing the Z 

or other polymerizing AAT variants, covalent inter-Cys232 homodimers occur. The prevention of 

such disulphide linkages seems to increase Z AAT secretion [34]. Therefore, we predict that in a 

F227C mutant, the Cys227 might form an internal disulfide bond with Cys232, resulting in AAT 

polymerization. This mutant shows an altered mobility in IEF, which supports conformational 

changes of AAT protein. Nevertheless, the resulting polymers seem to be rapidly degraded, as it has 

already been described for PiS [35].  

The variant S14F was found in two cases, with SS and SZ phenotypes, revealing a new PiS-like 

allele (PiSDonosti) that might have different characteristics than the classical PiS allele. 

Nevertheless, S14F by its own did not accumulate in cells in form of polymers, as it happened with 



14 

 

PiS and with the double mutant PiS+S14F (PiSDonosti). In addition, intracellular PiS+S14F was 

rapidly degraded, as it has been described for PiS [35]. Therefore, an increased polymerization and/or 

polymer stabilization does not seem to be the cause of S14F pathogenicity. The Ser14 that is lost in 

this mutation has been reported to be phosphorylated [24]. Since Ser359 in the reactive center of 

AAT is another serine residue found to be phosphorylated [36], we speculate that Ser14 might have a 

functional relevance. Phosphorylation is an important mechanism for activation and deactivation of 

proteins. However, the importance of phosphorylation in AAT protein remains unknown and should 

be further investigated. 

Nevertheless, in combination with the PiS, the S14F variant might add a negative effect.  The PiS 

variant has been found at high frequency in the Iberian Peninsula [37,38]. The frequency of the 

PiSDonosti allele and its consequences are still unknown. The S14F variant was found in databases 

(ExAc), although its frequency in Spain has not been determined yet. It is possible that a portion of 

the alleles classified as PiS were in fact PiS-like alleles contributing to the phenotypic variability of 

the disease. 

It is worth mentioning that not all AATD-causing mutations form polymers [10]. Two of the mutants 

described in our study, E151K and K328E, did not polymerize inside the cells and are secreted. 

Nevertheless, these AAT variants involve amino acids exposed at the surface of the protein that 

might be important for the formation of protein-protein or protein-lipid complexes. Since elastase is 

the main target enzyme of AAT [39], anti-elastase activity was determined for these variants. While 

the E151K was found to inhibit elastase in a comparable manner to the wt AAT, the K328E showed 

significantly lower anti-elastase activity. In addition, pulse-chase experiments revealed that K328E 

variant is intracellularly stabilized although its accumulation seemed to be independent of the 

polymerization of misfolded AAT. An interaction with other proteins or lipids inside the cell or 

increased synthesis could be few putative explanations for this behavior. The K328E (PiValencia) 

variant was found in emphysema MS patient having serum AAT levels of 87 mg/dL suggesting both 

serum AAT deficiency and dysfunction.  

Amino acid substitutions in AAT may have different consequences. Table 2 summarizes the in silico 

predicted functional effects of the genetic changes described in this study. Although in some cases 

these predictions could be helpful in determining the pathogenic effect of the variant, in some cases 

they provided contradictory results. Thus,  functional studies are essential in order to unravel the 

molecular consequences of the newly identified missense variants.  

Still, the clinical impact of these new mutations is uncertain. The risk of liver disease in AATD is 

related to abnormal AAT polymerization [40,41] while the risk for lung disease is dependent on the 

severity of the secreted AAT deficiency, with a protective threshold established in 11microM/L or 

57mg/dl [42,43]. In our cohort, only one patient (case 4) presented with severe AAT deficiency 
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(35mg/dl), and his genotype was a combination of PiSevilla and Z. Accordingly, the patient with a 

moderate smoking history had been diagnosed with severe COPD. One of the patients (case 2) had a 

moderate AATD, although his AAT levels were not lower than expected for a SZ genotype 

(65mg/dl). In this case, the lung disease (IPF) has not been related to the AATD. The potential role 

of AATD in the pathophysiology and prognosis of IPF, although interesting, exceeds the aim of this 

study [44].  

PiValencia and PiTijarafe have been incidental findings in healthy individuals (case 8) and patients 

(case 3) with unrelated disease to AATD. Since these deleterious variants occurred in heterozygosity 

with the presence of one normal M allele, one may not expect a significant clinical impact. The 

relationship between the development of lung disease and the PiSDonosti (case 1) and PiPuerto Real 

(case 7) variants is also less probable, even though recent studies indicated heterozygous MZ have a 

poorer prognosis than MM individuals [45]. Regarding case 5, which has PiM/PiCadiz genotype and 

asthma, we were not able to find a pathologic property of the new variant in vitro. The AATD has 

been suggested but not proven to be related with development of asthma [46]. Therefore, we consider 

PiCadiz mutation more likely to be an incidental finding rather than a deleterious factor for this 

patient. 

In conclusion, we have identified seven novel variants of SERPINA1 gene that can help to explain 

the discrepancies found between serum AAT levels and genotype in eight Spanish patients with 

AATD. Our results suggest that rare variants might be more frequent than expected, and therefore, in 

discordant cases, standardized PCR screening of the S and Z alleles’ needs complementation with 

sequencing of the gene. Functional analysis of variants with unknown significance should also be 

performed in doubtful cases to get a definitive diagnosis. 
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TABLES 

Table 1. Clinical data from eight cases with discordant initial genotype and AAT serum levels. 

Case Gender 

Age 

(years) 

Indication for 

AAT screening 

Smoking 

status 

Pack

/year 

Diagnoses 

AAT serum 

(mg/dl) 

Allele specific 

genotype (S/Z) 

New AAT 

variant 

Final genotype 

1 Female 59 Lung disease Former 30 Mild COPD 76 SS PiSDonosti PiS/PiSDonosti 

2 Male 40 Lung disease Never 0 IPF 67 SZ PiSDonosti PiZ/PiSDonosti 

3 Male 39 Incidental finding Never 0 

Chronic 

diarrhea 

75 No S No Z PiTijarafe PiM/ PiTijarafe 

4 Male 64 Lung disease Former 22 Severe COPD 35 Heterozygous Z PiSevilla PiZ/PiSevilla 

5 Male 67 Lung disease Never 0 Asthma 81 No S no Z PiCadiz PiM/ PiCadiz 

6 Male 64 Lung disease Current 80 Severe COPD 85 Heterozygous S PiTarragona PiS/PiTarragona 

7 Male 68 Lung disease Former 50 Mild COPD 75 No S no Z PiPuerto Real PiM/PiPuerto Real 

8 Female 38 Family screening Never 0 Healthy 87 Heterzygous S PiValencia PiS/ PiValencia 

 

 

Table 2. Description of the seven novel alleles of SERPINA1 identified in Spanish cases of AATD. 

Case Allele name 
Sequence 

Change 

Codon 

Change 

Mature protein 

change* 
dbSNP MAF** 

Functional Prediction Physiopathological 

consequences SIFT POLYPHEN 
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*Amino acid changes corresponding to each variant were named according to the mature AAT protein amino acid sequence, without the signal peptide of 24 

amino acids.  

**MAF: Minor allele frequency as by ExAc. 

1 & 2 PiSDonosti TCC>TTC Ser38Phe 
S + Ser14Phe 

(S + S14F) 
rs745463238 <1/10,000 Tolerated 

Possibly 

Damaging 

- Intracellular polymerization 

- Intracellular degradation  

- AAT  reduced secretion 

3 PiTijarafe ATC>AAC Ile74Asn 
Ile50Asn 

(I50N) 
- - Deletereous 

Probably 

Damaging 

- Intracellular polymerization 

- Intracellular stabilization 

- AAT  reduced secretion 

4 PiSevilla GCT>GAT Ala82Asp 
Ala58Asp 

(A58D) 
- - Tolerated 

Possibly 

Damaging 

- Intracellular polymerization 

- Intracellular  stabilization 
- AAT  reduced secretion 

5 PiCadiz GAA>AAA Glu175Lys 
Glu151Lys 

(E151K) 
rs149770048 <1/10,000 Tolerated Benign None 

6 PiTarragona TTT>TGT Phe251Cys 
Phe227Cys 

(F227C) 
rs759837735 Singleton Deletereous 

Possibly 

Damaging 

- Intracellular polymerization 

- Intracellular degradation 

- AAT  reduced secretion 

7 PiPuerto Real ACC>GCC Thr273Ala 
Thr249Ala 

(T249A) 
- - Deletereous Benign 

- Intracellular polymerization 

- Intracellular  stabilization 
- Removal of N-glycosylation 

chain at Asn247 

8 PiValencia AAG>GAG Lys352Glu 
Lys328Glu 

(K328E) 
- - Deletereous 

Probably 

Damaging 

- Reduced antielastase 

activity 

- Intracellular  stabilization 
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FIGURE LEGENDS 

Figure 1. Analysis of AAT by isoelectric focusing electrophoresis (IEF) in plasma samples 

from subjects with different genotypes. Variant F227C was found in case 6 with the 

PiS/PiTarragona genotype. Plasma form this patient displays a different AAT protein 

phenotype, comparing with the pattern from MM, MS, MZ or SZ. Plasma from case 5 with the 

PiM/PiCadiz (M/E151K) genotype demonstrated additional bands not present in the MM 

control. However, the S14F variant found in the SZ patient (case 2, PiZ/PiSDonosti genotype) 

showed a clear SZ protein phenotype. Numbers at the right represent relative position of the IEF 

bands. 

Figure 2. AAT protein expression and secretion in HEK293T cells transfected with the 

new identified variants. A 10% acrylamide SDS PAGE was performed on lysates and 

conditioned media of cells expressing wildtype (wt) SERPINA1, and variants PiS, S14F, 

PiS+S14F, F227C, K328E, PiZ, A58D, E151K, I50N and T249A. Blots were incubated with 

anti-AAT B9 (Santa Cruz Biotechnology), and anti-β-actin was used as a loading control.  

* indicates the smaller size of AAT in the T249A mutant. 

Figure 3. AAT polymers retained within HEK293T cells detected by PAS staining. AAT 

aggregates were detected by hematoxiling/eosin and PAS staining of cells expressing wildtype 

(wt) SERPINA1, and variants PiS, S14F, PiS+S14F, F227C, K328E, PiZ, A58D, E151K, I50N 

and T249A. Accumulation of AAT is seen as bright magenta globules in the cytoplasm. 

Figure 4. AAT polymers retained within HEK293T cells detected by western blot. A) 

Detection of AAT polymers in insoluble fractions of cells expressing the different SERPINA1 

variants. Extracts were run on 8% acrylamide non-denaturing PAGE and blots were incubated 

with anti-AAT B9 for the detection of total AAT. B) Polymer detection with 2C1 antibody 

(upper panel) or anti-total AAT (lower panel) in sonicated cells expressing the new AAT 

mutants and controls.  

Figure 5. Elastase inhibitory activity of AAT variants secreted to the cell media. A) The 

increase in A405 was measured after incubation of elastase with its substrate and media from 

cells expressing the S14F, E151K, K328E or T249A variants. Cells transfected with SERPINA1 

wt or an empty vector were used as controls. B) Normalization to the empty vector was 

performed to calculate the percentage of elastase activity for each mutant. Percentages are 

averages of three independent experiments ± SD. 

Figure 6. Intracellular stabilization of AAT variants. A) Pulse-chase experiments on 

HEK293T cells expressing AAT variants shows intracellular retention of Z, I50N, A58D, 

T249A and K328E, but not of WT, E151K, S+S14F and F227C. B) Densitometric analysis of 
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the autoradiograms shown in panel A using ImageJ. The amounts of AAT are expressed as 

percentage of the amount of AAT at time 0. 

Figure 7. Localization of the new AAT variants on protein tertiary structure. A) Amino 

acid residues corresponding to each variant are highlighted in green (new variants) or red (PiZ 

and PiS). B) Two variants, E151K and K328E, involve amino acids exposed at the surface of 

the protein. 
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