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ABSTRACT ���

AsaP1 is a toxic aspzincin metalloendopeptidase secreted by the fish pathogen Aeromonas ���

salmonicida subsp. achromogenes. The protease is highly immunogenic and antibodies ���

against AsaP1 provide passive protection against infection with A. salmonicida subsp. ���

achromogenes. The protease is expressed as 37 kDa pre-pro-protein and processed to an �	�

active enzyme of 19 kDa in A. salmonicida subsp. achromogenes.  �
�

Recombinant expression of AsaP1rec in E. coli resulted in a protease of 22 kDa that is not ���

secreted. AsaP1rec induces pathological changes in Atlantic salmon comparable to those ���

induced by native AsaP1wt.  ���

Toxoids were realized by single exchange of an amino acid residue in the active site region ���

of the protease. Four different AsaP1 mutants (AsaP1E294A, AsaP1E294Q, AsaP1Y309A and ���

AsaP1Y309F) were successfully constructed by one step site directed mutagenesis, expressed in ���

E. coli BL21 C43 as pre-pro-protein and purified by His-tag affinity chromatography and gel ���

filtration.  ���

Three of the resulting mutants (AsaP1E294A, AsaP1E294Q and AsaP1Y309A) were not �	�

caseinolytic active and are detected as unprocessed pre-pro-proteins of 37 kDa. Caseinolytic �
�

active AsaP1rec and a mutant with reduced activity, AsaP1Y309F, were processed to a size of ���

22 kDa. Furthermore AsaP1rec is able to process the inactive mutants to the mature size of ���

22 kDa, allowing the conclusion that AsaP1 is autocatalytically processed.  ���

All four mutants AsaP1E294A, AsaP1E294Q, AsaP1Y309A and AsaP1Y309F are non-toxic in fish ���

but induce a specific anti-AsaP1 antibody response in Arctic charr and are therefore true ���

toxoids.  ���

  ���
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1. Introduction ���

Aeromonas salmonicida subsp. achromogenes is the causative agent of atypical furunculosis ���

in many fish species, including Atlantic salmon (Salmon salar, L.), Arctic charr (Salvelinus ���

alpinus, L.), rainbow trout (Oncorhynchus mykiss, Walbaum), Atlantic cod (Gadus morhua, ���

L.), and Atlantic halibut (Hippoglossus hippoglossus, L.) (Gudmundsdottir and Bjornsdottir, ���

2007). ���

It has been shown that detoxified, concentrated extracellular products (ECP) of ���

Aeromonas salmonicida subsp. achromogenes induces a better immune protection against �	�

atypical furunculosis in Atlantic salmon than killed bacterial cells. The protection correlated �
�

with an increased antibody response against the extracellular protease AsaP1 ���

(Gudmundsdottir and Magnadottir, 1997). AsaP1 is a major extracellular virulence factor of ���

A. salmonicida subsp. achromogenes, with a LD50 of 30 ng/g fish (Arnadottir et al., 2009; ���

Gudmundsdottir et al., 1990). Expression of the protease is quorum sensing regulated ���

(Schwenteit et al., 2011).  ���

AsaP1 is a M35 aspzincin metalloendopeptidase, expressed as a precursor with ���

propeptide and signal sequence (37 kDa) and is processed to the 19 kDa mature enzyme in ���

A. salmonicida subsp. achromogenes. AsaP1 was successfully cloned in Escherichia coli���

resulting in recombinant AsaP1rec for construction of an AsaP1 deficient strain of A. �	�

salmonicida subsp. achromogenes (Arnadottir et al., 2009). Extracellular proteases of Gram-�
�

negative bacteria are usually expressed as pre-pro-peptides comprising a signal sequence, a 	��

propeptide and the protease domain. The signal sequence promotes translocation across the 	��

cytoplasmic membrane by a sec-dependent, general secretory pathway, whereas several 	��

different functions have been assigned to the propeptide. Activation of bacterial 	��

metallopeptidases by intramolecular autocatalysis is well known (Gao et al., 2010). 	��

Propeptide functions have been associated with inhibition of protease activity within the 	��

bacterial cell and chaperone activity (Häse and Finkelstein, 1993). For many proteases, 	��



��

�

including AsaP1, the exact function of the propeptide is still unknown as well as the precise 	��

mechanism of maturation.  		�

Peptidases in family M35 contain two zinc binding histidines and a catalytic glutamate 	
�

in a HExxH motif. The side chain of Glu supports the nucleophilic attack of a water molecule 
��

on the scissile peptide bond (Fushimi et al., 1999). A third ligand is an Asp located in the 
��

highly conserved aspzincin motif GTxDxxYG; it also contains a Tyr that stabilizes the 
��

tetrahedral intermediate of the catalyzed reaction, comparable to the oxyanion hole of serine 
��

proteases (Bryan et al., 1986; Kraut, 1977). Furthermore, it may provide a hydrophobic 
��

environment in the substrate binding site supporting the substrate specificity of the enzyme 
��

(Hori et al., 2001). 
��

There are several studies demonstrating the efficacy of toxoid enriched vaccines� in 
��

evoking protective immunity in fish (Collado et al., 2000; Magariños et al., 1994; Santos et 
	�

al., 1991). The aims of this study were to construct AsaP1 toxoids by exchanging catalytically 

�

important amino acids.����



��
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2. Material and Methods ����

2.1 Bacterial strains, plasmids and culture conditions ����

E. coli BL21 C43 [OverExpress C43 (DE3): F-ompT, hsdSB (rB-, mB-), gal, dcm (DE3)] ����

(Dumon-Seignovert et al., 2004) was used as expression strain, whereas E. coli TOP10 ����

[F-mcrA, �(mrr-sdRMS-mcrBC), �80lacZ�M15, �lacX74, recA1araD139, �(ara-leu)7697, ����

galU, galK, rpsL, (StrR) endA1, nupGcells] (InvitrogenTM) was used for cloning. E. coli����

strains were routinely grown in LB-media (Bertani, 1951) containing 100 µg/ml ampicillin at ����

37°C with 200 rpm agitation. If necessary, 1.5% agar was added to the media. Bacterial ��	�

growth was monitored by OD measurement at 600 nm. ��
�

The plasmid pTriplEx_asaP1 previously constructed (Arnadottir et al., 2009) was used ����

for isolation of the asaP1 gene (GenBank: AF550405.3) and pJOE3075 (Wegerer et al., 2008) ����

was used for over-expression of AsaP1 and its mutants. A. salmonicida subsp. achromogenes, ����

strain Keldur265-87, was used for isolation of native AsaP1 (Gudmundsdottir et al., 1990). ����

�����

2.2 Construction of AsaP1 mutants ����

To clone the asaP1 gene two primers (Table 1; asaP1-nde-f and asaP1-bgl-h-r) were used to ����

amplify a 1032 bp gene fragment in the plasmid pTriplEx_asaP1. The primers included ����

restriction sites for cloning into pJOE3075 by double digest and ligation.  ��	�

The resulting plasmid pJOE_asaP1 was used as a template for further mutant construction. ��
�

Based on comparison to other metalloproteases, two amino acid residues were assumed to ����

play an important role either in substrate binding or catalytic mechanism: Glu294 and Tyr309. ����

One-step site-directed mutagenesis (5 �l 10 x HF-buffer; 200 ng template; 1 �l f-primer [100 ����

pmol]; 1 �l r-primer [100 pmol]; 200 �M dNTP’s; 2U Pfx (Invitrogen) ad 50 �l) (94°C 3’; ����

(94°C 1’; 52°C 1’; 68°C 10’) x 15; 68°C 1 h), adapted from a previously described method ����

(Zheng et al., 2004), was used to exchange the two amino acid residues, E294 and Y309, by ����

single point mutations (asaP1E294A, asaP1E294Q and asaP1Y309F) and two point mutations ����
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�

(asaP1Y309A) using primers listed in Table 1. Mutants were screened by digestion of an ����

additional KpnI restriction site introduced in one of the corresponding primers by a silent ��	�

point mutation. The successful construction of all four mutants, AsaP1E294Q, AsaP1E294A, ��
�

AsaP1Y309F and AsaP1Y309A was confirmed by sequencing.  ����

����

����

2.3 Protein expression and purification ����

Expression of recombinant asaP1 and its mutant genes (asaP1E294, asaP1E294Q, asaP1Y309A����

and asaP1Y309F) in pJOE E3075 in E. coli BL21 C43 was induced by 1 mM L-rhamnose (final ����

concentration) at a bacterial OD600 nm of 0.5 at 37°C, subsequently the temperature was ����

reduced to 22°C. To monitor bacterial growth, an empty E. coli BL21 strain served as control. ����

Cells were incubated overnight, harvested by centrifugation 15 min at 1800 x g, resuspended ��	�

in 20 mM Tris–HCl pH 7.6 containing 300 mM NaCl and lysed by sonication (1min, 50%). ��
�

The crude extract was applied to a Ni2+- immobilized metal affinity (PorosMC) ����

chromatography column with 20 mM Tris–HCl pH 7.6, 300 mM NaCl, 50 mM imidazole. ����

The protein was eluted with 20 mM Tris–HCl pH 7.6, 300 mM NaCl, 200 mM imidazole ����

using a linear gradient from 0% to 100% elution buffer. Fractions containing recombinant ����

AsaP1 (AsaP1rec), AsaP1E204A, AsaP1E294Q, AsaP1Y309A or AsaP1Y309F mutants were pooled ����

and concentrated by ultrafiltration before applying on a size exclusion chromatography ����

column (Superdex200). The buffer for gel filtration comprised 20 mM Tris–HCl pH 7.6 and ����

300 mM NaCl. The protein concentration was determined by UV absorption ����

(�280 nm  = 31 400 M-1 cm-1). ��	�

��
�

����

2.4 Screening for expression level, protein localization and protein size ����
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Recombinant proteins were expressed for 3 h at 22 °C following induction, and then cells ����

were isolated by centrifugation as previously described in section 2.4. The pellets were ����

resuspended in spheroblast buffer (100 mM Tris-HCl ph 8.5, 0.5 mM EDTA, 500 mM ����

Saccharose) at 4°C and incubated on ice for 10 min before centrifugation for 20 min at ����

6000 × g. Supernatants were removed and the pellets incubated for 5 min at 37°C. ����

Afterwards, cells were resuspended in 50 ml cold water, incubated on ice for 10 min and ����

centrifuged for 30 min at 10000 × g. The pellets were resuspended in 2 ml of 20 mM Tris–��	�

HCl pH 7.6, 300 mM NaCl and cells were lysed by sonication and centrifuged for 30 min at ��
�

13000 × g. Samples (20µl) were taken from the supernatants of each step and the final pellet. ����

The samples were mixed with sample buffer, heated 10 min at 96°C and applied on a 12% ����

SDS-PAGE (Laemmli, 1970). The gels were either stained with Coomassie Brilliant Blue ����

R250 or applied to Western blotting using polyclonal mouse �-AsaP1 antibody for protein ����

detection (Gudmundsdottir et al., 2003).  ����

�����

����

2.5 Stability of AsaP1rec and its mutants ����

Protein samples used (1 mg/ml) were AsaP1E294Q, AsaP1E294A and AsaP1rec purified by ��	�

affinity chromatography, but without size exclusion chromatography. Stability of the proteins ��
�

was analysed at 4°C and 20°C, respectively. Furthermore, mixtures of recombinant AsaP1rec����

either with AsaP1E294Q or AsaP1E294A were analysed with and without 50 mM EDTA. ����

Samples were fractionated to 10 µl each and incubated separately for 1, 3, 5, 7, 9, 12, 14, 17, ����

and 18 d before adding sample buffer and heating for 10 min at 95°C. Samples were analysed ����

by 12% SDS-PAGE and stained by Coomassie Brilliant Blue R250. �����

�����

�����

2.6 Experimental fish ����
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Atlantic salmon (Salmo salar, L.) fingerlings, mean weight 30.0 g, from Stofnfiskur, Iceland ��	�

were used for estimation of the pathogenic and lethal effect of proteins and juvenile Arctic ��
�

charr (Salvelinus alpinus, L.), mean weight 34.1 g, from Íslandsbleikja, Iceland were used for �	��

immunizations. The fish were kept in 170 l (salmon) and 400 l (charr) tanks with continuously �	��

running fresh water at 10 ± 2°C and were acclimatized for one week prior to treatment. Prior �	��

to intra peritoneal (i.p.) injection, all fish were anaesthetised with MS222 (Pharmaq, Vistor �	��

hf.) and marked with Alcian blue dye (salmon) or Visible Implant Fluorescent Elastomer dye �	��

(Northwest Marine Technology, Salisbury, U.K) (charr). The density of fish in the tanks was �	��

3 kg/tank or less. Oxygen concentration, temperature, and mortality were monitored daily �	��

during the experiments. The fish were free of infections, according to standard routine �	��

diagnostics performed at the Icelandic Fish-Disease Reference Laboratory, The experiments �		�

were approved and performed according to the Icelandic Animal Research Authority �	
�

(approval no. YDL03080041/023BE).  �
��

��
��

��
��

2.7 Analysis of lethality and pathogenicity of recombinant proteins �
��

Two salmon fingerlings were in each experimental group. Estimation of lethality was �
��

performed by intraperitoneal (i.p.) injection of His-tag purified AsaP1rec and the respective �
��

AsaP1 mutants (0.18 µg/ g fish). Mortality was monitored daily for 7 days. Pathogenicity of �
��

native (AsaP1wt) and recombinant (AsaP1rec) AsaP1 was compared by i.p. injection with 1 ng/ �
��

g fish or 5 ng/ g fish protein dissolved in 100 µl of phosphate buffered saline (PBS). Control �
	�

fish received 100 µl PBS. Gross pathological changes were described 48 h post injection and �

�

samples taken from liver, kidney, spleen, and heart for histological examination. The samples ����

were fixed in 10% buffered formalin, embedded in paraffin wax, sectioned and stained with ����

Giemsa before microscopic examination.  ����

����
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2.8 Analysis of proteolytic activity of AsaP1 mutants ����

Proteolytic activity was analysed by radial diffusion method and substrate SDS-PAGE as ����

previously described (Gudmundsdóttir, 1996). Casein-agarose plates with 4 mm wells were ����

used for radial diffusion analysis and 12% SDS gels containing 0.1% casein and stained with ����

Coomassie Brilliant Blue R250 were used for substrate SDS-PAGE.  ��	�

��
�

����

2.9 Analysis of immunogenicity of AsaP1 mutants in Arctic charr  ����

Arctic charr were immunized i.p. (100 µl) with the four AsaP1 mutants (AsaP1E294A, ����

AsaP1E294Q, AsaP1Y309A and AsaP1Y309F) (100 µg/ fish) emulsified with Freund’s incomplete ����

adjuvant (FIA). The mutants AsaP1E294A and AsaP1Y309F were also injected without FIA.  ����

Fish were cultivated for 12 weeks after immunization, before caudal blood was sampled. Sera ����

were isolated from each sample as previously described (Gudmundsdottir and Magnadottir, ����

1997) and kept at -20°C until used.  ����

Specific antibody activity against AsaP1 was analysed by a double sandwich ELISA, ��	�

modified of a previously described method (Magnadottir and Gudmundsdottir, 1992), and ��
�

confirmed by Western blot. All samples were analysed in duplicates at 1:50 dilution. The ����

antigen used was ECP of A. salmonicida subsp. achromogenes, strain Keldur265-87, freshly ����

prepared by cellophane overlay method (Gudmundsdottir et al., 2003), in coating buffer ����

(Sigma) (20 µg protein/ ml). Bound serum antibodies were detected by polyclonal mouse �-����

salmon IgM antibodies 1:1000 (Magnadottir and Gudmundsdottir, 1992), followed by ����

conjugated goat �-mouse antibody (Sigma) labeled with alkaline phosphatase 1:1000. Color ����

was developed with p-nitophenyl phosphate (Sigma) and reaction stopped using 3 M NaOH. ����

OD was read at 405 nm. Antibody endpoint titre was determined with the same ELISA assay ����

for five fish per group giving high OD readings. Sera were analysed in dilution series from ��	�

1:50 up to 1:12400. Twice the average value of OD readings at 405 nm of the PBS injected ��
�



���
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control group was considered to be the cut-off value in antibody titre calculation (OD405nm = ����

0.16). Immunogenicity of AsaP1rec and the four AsaP1 mutants was analysed in Western blots ����

immunostained with sera from immunized charr, using immunostaining with polyclonal ����

murine �-AsaP1 antibodies as a positive control and sera from PBS-injected fish as a negative ����

control. ECP of strain Keldur265-87 was used as an antigen for native AsaP1. ����

����

2.10 Statistical analysis ����

Growth rates of E. coli expressing AsaP1rec and its four mutants were diagrammed and ����

statistical differences analysed by GraphPad Prism5.  Student’s t-test with Welsh correction ��	�

was used to estimate statistical differences of ELISA readings compared to the PBS injected ��
�

control group.   ����



���

�

3. Results ����

3.1 AsaP1 mutant construction and expression ����

Two amino acid residues, Glu294 and Tyr309, of AsaP1, were successfully replaced by ����

glutamine and alanine in case of Glu294 and phenylalanine and alanine in case of Tyr309, by ����

site-directed mutagenesis.  ����

All four AsaP1 mutants as well as the wild type protease were recombinantly ����

expressed in E. coli BL21 C43. Significant differences were detected in growth of the E. coli����

strains expressing the different proteins (Figure 1). E. coli expressing AsaP1rec was impaired ��	�

in growth with a 27-fold lower OD (0.23) than E. coli expressing the inactive mutant ��
�

AsaP1E294A (OD = 6.3). E. coli expressing AsaP1Y309F was growing to a higher OD than E. ����

coli expressing AsaP1rec, but the growth was significantly lower than growth of E. coli cells ����

expressing the other three mutants. Furthermore, AsaP1rec was processed in E. coli to the ����

mature size of 22 kDa, whereas it is processed to 19 kDa in A. salmonicida subsp. ����

achromogenes (data not shown). AsaP1E294A, AsaP1E294Q and AsaP1Y309A were detected at 37 ����

kDa, the size of the polypeptide with propeptide and protease domain. Only the mutant ����

AsaP1Y309F, showing a reduced caseinolytic activity, was detected at 22 kDa (Figure 2), ����

corresponding to the size of AsaP1rec expressed in E. coli. None of the five recombinant ����

proteins (AsaP1rec and four AsaP1 mutants) expressed by E. coli were secreted, but found ��	�

within the expressing bacterial cell (Figure 3). ��
�

  ����

3.2 Activity of the four AsaP1 mutants recombinant expressed in E. coli BL21 C43 ����

Three of four constructed AsaP1 mutants did not have detectable caseinolytic activity ����

(AsaP1E294A, AsaP1E294Q and AsaP1Y309A). AsaP1Y309F was still caseinolytic active, as ����

indicated by a 4 mm clearing zone in the radial diffusion assay and a clearing zone in the ����

substrate SDS-PAGE at 22 kDa (data not shown); though its activity was reduced compared ����
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�

to the recombinant AsaP1rec (7 mm) and the ECP of A. salmonicida subsp. achromogenes����

Keldur265-87 (30 mm).  ����

All fish injected with 180 ng/g fish of native or recombinant AsaP1rec died within 12 h, ��	�

but none of the four AsaP1 mutants was lethal to salmon in this concentration. Fish injected ��
�

with PBS was not affected. Gross and microscopic changes obtained in fish injected with ����

sublethal doses of native (AsaP1wt) or recombinant peptidase (AsaP1rec) 48h post treatment ����

were comparable in all four fish. Gross pathological changes obtained were pale gills and ����

anemic viscera in the body cavity. Descriptions of histopathological changes are shown in ����

Table 2. The changes obtained are dose dependent and comparable to those described in ����

infected fish (Arnadottir et al., 2009).  ����

����

3.3 Stability of recombinant AsaP1 and its four mutants ����

Protein samples of AsaP1E294A, AsaP1E294Q and AsaP1rec were analysed by SDS-PAGE after ��	�

incubation at 4°C and 20°C for 10 and 18 days, respectively. The two inactive mutants ��
�

AsaP1E294A and AsaP1E294Q show equal stability, which is demonstrated in Figure 4 for �	��

AsaP1E294A. At 4°C, a strong band at 37 kDa was visible up to 18 days, indicating the �	��

presence of the unprocessed enzyme, which is stable owing to inactivity of the mutant. In �	��

principle, AsaP1E294A at 20°C shows the same degradation pattern as at 4°C. However, the �	��

protein is less stable, because the protein bands at a lower molecular weight are stronger and �	��

the band at 37 kDa decreases faster. For AsaP1rec only one faint band is visible at 22 kDa, �	��

indicating the mature form of the protease, which is stable at 4°C up to 18 days, but at 20 °C �	��

this band disappears at day 12. The protease is highly active and self-degradation is �	��

presumably the reason for decreasing intensity.  �		�

 A mixture of recombinant, still active AsaP1rec with inactive AsaP1E294A at 4°C shows �	
�

another degradation pattern than inactive AsaP1E294A. The precursor at 37 kDa disappears and �
��

there is one prominent band around 19 kDa at day 18. Recombinant AsaP1 mixed with �
��
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AsaP1E294A at 20°C shows the same degradation pattern, in principle, but less degradation �
��

products. A band at the size of the mature recombinant protease (22 kDa) appears at day 10. �
��

At day 18 the prominent band has a size around 19 kDa, corresponding probably to a �
��

denaturation product of the maturated protease domain of the inactive mutant.  �
��

The mixture of recombinant AsaP1rec and AsaP1E294A with 500 mM EDTA at 4°C �
��

shows the pre-pro-peptide at 37 kDa up to day 18 and only weak bands with faster mobility �
��

on the gel, but no prominent band at 22 kDa or 19 kDa, respectively. At 20°C the band at �
	�

37 kDa is also stable and protein bands with faster mobility show the degradation pattern of �

�

the inactive mutant AsaP1E294A. ����

����

3.4 AsaP1 mutants induce a specific antibody response in Arctic charr ����

All four AsaP1 mutants induced an antibody response in Arctic charr, which was detected 12 ����

weeks after immunization (Figure 5). All AsaP1 mutants were emulsified with Freund’s ����

incomplete adjuvant (FIA) before immunization. Additionally the mutants AsaP1E294A and ����

AsaP1Y309F were also injected without adjuvant. Immunization with PBS emulsified in FIA ����

served as negative control.  ����

Antibody activity of the different groups against the ECP of A. salmonicida subsp. ��	�

achromogenes (anti-AsaP1 antibody response) is shown in Figure 5A. Fish in the PBS-FIA ��
�

control group did not have a positive anti-AsaP1 antibody response. ����

Antibody response of fish injected with AsaP1E294A-FIA, AsaP1Y309A-FIA, ����

AsaP1Y309F-FIA and AsaP1Y309F differed significantly from the PBS-FIA group, but antibody ����

responses to AsaP1E294Q-FIA and AsaP1E294A were not significant (p > 0.08). A significant ����

difference (p = 0.002) was between the groups injected with AsaP1E294A-FIA and AsaP1E294A����

without the adjuvant, indicating the importance of the adjuvant in enhancing the immune ����

response.   ����



���
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Anti-ECP endpoint titres of selected sera from 5 fish in each group are shown in ����

Figure 5 B. Fish in all groups had significant anti-AsaP1 titres (p < 0.01). The group ��	�

immunized with AsaP1E294A-FIA had significantly higher titres than fish in the other groups ��
�

(p < 0.05), but difference between the other groups was not statistically significant (p > 0.07). ����

Specific antibody activity against AsaP1wt was analysed by Western blot (Figure 6).  ����

The results reveal that sera from all four groups of fish vaccinated by AsaP1 mutants ����

immunostained a dominant band with the size of AsaP1wt (19 kDa) in the ECP.  ����

The results from ELISA and Western blot analysis indicate that all four mutants ����

induced specific anti-AsaP1 immunity, but also that AsaP1E294A has the highest antigenicity. ����

����

  ����
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4. Discussion ��	�

In this study, toxoids of the extracellular protease AsaP1 of A. salmonicida subsp. ��
�

achromogenes were successfully constructed, recombinantly expressed and functionally ����

characterized. Toxoid construction was realized by point mutations in the asaP1 gene ����

replacing single amino acid residues, which are assumed to be mandatory for the catalytic ����

mechanism.  Furthermore, the AsaP1rec protein was recombinantly expressed and isolated and ����

its activity including pathogenicity was compared to that of the native AsaP1wt peptidase. ����

Glu294 within the conserved HExxH motif, which is crucial for catalysis in other zinc ����

peptidases (Hooper, 1994), was replaced by alanine and glutamine, resulting in the ����

caseinolytic inactive mutants AsaP1E294A and AsaP1E294Q, confirming the catalytic role of ����

Glu294. Within the central GTxDxxYG motif of aspzincin metalloproteases, Tyr309 has been ��	�

supposed to support substrate recognition and to stabilize the tetrahedral intermediate of the ��
�

catalyzed reaction (Hori et al., 2001), comparable to the oxyanion hole in serine proteases ����

(Bryan et al., 1986; Kraut, 1977). This amino acid residue was replaced by alanine and ����

phenylalanine in AsaP1Y309A and AsaP1Y309F, respectively.  ����

Besides, the recombinant AsaP1rec only AsaP1Y309F shows caseinolytic activity ����

detected in a zymogram at 22 kDa, the size of the mature enzyme expressed in E. coli. ����

AsaP1Y309A has no remaining caseinolytic activity, indicating the importance of Tyr309 in the ����

catalytic mechanism. Recombinant AsaP1rec is caseinolytic active without any activation ����

procedure, in contrast to prodeuterolysin, that has to be activated by ZnCl2 or incubation with ����

trypsin (Fushimi et al., 1999). ��	�

The other constructed mutants, AsaP1E294A, AsaP1E294Q and AsaP1Y309A were ��
�

caseinolytic inactive, but all four mutants, including AsaP1Y309F were found to be non-lethal ����

to Atlantic salmon despite a high injection dose. His-tag purified proteins were i.p. injected in ����

6 fold higher concentrations than the LD50 of native AsaP1 purified from the ECP of A. ����

salmonicida subsp. achromogenes. The recombinant AsaP1 protease was highly aggressive ����
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against the expressing E. coli strain, as indicated by decreasing optical density of E. coli����

culture 7 hours after induction of AsaP1rec expression.  However caseinolytic activity was ����

reduced compared to native AsaP1. Pathogenicity of AsaP1rec was comparable to that of ����

AsaP1wt, in the injection doses studied.  ����

A. salmonicida subsp. achromogenes secrets AsaP1wt as 19 kDa mature enzyme ��	�

(Arnadottir et al., 2009; Gudmundsdottir et al., 1990), but AsaP1rec is processed to a 22 kDa ��
�

mature enzyme in E. coli (Hvanndal, 2003). The present study shows that AsaP1rec is, as ����

expected, not secreted, but found in the periplasma and cytoplasma, respectively. Loss in ����

activity of AsaP1rec compared to AsaP1wt is presumably caused by the different processing ����

status. It remains to be elucidated, whether AsaP1wt is further processed by translocation over ����

the outer membrane, presumably leading to the 3 kDa size difference, or if there is another ����

reason.  ����

The processing to the mature enzyme is strongly dependent on protease activity, as ����

inactive mutants of AsaP1 remained at the status of the unprocessed precursor, which is ����

indicated by the size of 37 kDa. AsaP1rec was able to process inactive mutants in absence of ��	�

protease inhibitors. However, if EDTA was added, the inactive mutants, as well as AsaP1rec, ��
�

remained unprocessed. These results indicate an autocatalytic processing step, as suggested ����

for deuterolysin by Fushimi et al. (1999). Maturation processes of thermolysin like proteases ����

representing gluzincins and of astacin as an example for metzincins have been described in ����

literature (Gao et al., 2010; Guevara et al., 2010). The maturation mechanism of aspzincins is ����

only poorly described so far  (Fushimi et al., 1999).  ����

All four mutants are detectable by polyclonal, murine �-AsaP1 antibodies, showing that the ����

epitopes recognized by the antibodies are not lost by exchange of amino acids. Furthermore, ����

all four AsaP1 mutants are non-toxic, and immunogenic in Arctic charr. Antibodies in the sera ����

of Arctic charr, immunized with the different AsaP1 mutants, were specific against AsaP1wt��	�



�
�

�

protease secreted by A. salmonicida subsp. achromogenes. These results show that four ��
�

toxoids were genetically established: AsaP1E294A, AsaP1E294Q, AsaP1Y309A and AsaP1Y309F. �	��

The AsaP1E294A mutant was the most potent immunogen of the four mutants and its �	��

antigenicity was significantly better than that of AsaP1E294Q. The difference is most likely due �	��

to variations in the side chains of Ala and Glu, but more studies are required to describe its �	��

nature.  Antigenicity of AsaP1Y309A and AsaP1Y309F was comparable. It is noteworthy, that �	��

AsaP1E294A emulsified with adjuvant raised a significantly improved antibody response, in �	��

contrast to its injection without adjuvant, demonstrating the importance of adjuvants for �	��

vaccine development.  �	��

The toxoids of AsaP1 are interesting targets for vaccine development. AsaP1 is highly �		�

immunogenic and passive immunization with anti-AsaP1 antibodies gives a protection against �	
�

A. salmonicida subsp. achromogenes infection in Atlantic salmon (Salmo salar, L.) �
��

(Gudmundsdottir and Magnadottir, 1997). It has been reported that infection with an asaP1�
��

deletion strain leads to an impaired virulence and weakened defence mechanisms in fish �
��

(Arnadottir et al., 2009). It is possible to inactivate AsaP1 by formalin and heat treatment, �
��

which may affect other important bacterial antigens. Studies on the diphtheria vaccine have �
��

shown that the genetically inactivated toxin is much more efficient as vaccine compared to the �
��

chemically inactivated toxin (Giannini et al., 1984; Robbins et al., 2005). The development of �
��

the enzymatically inactive but highly immunogenic AsaP1E294A toxoid is therefore considered �
��

to be an improvement to the chemically inactivated toxin, considering the use of AsaP1 as a �
	�

vaccine component.  �

�

The human pathogens Aeromonas hydrophila and Aeromonas caviae, belonging to the ����

same genus as A. salmonicida, produce AsaP1-like proteases (Beatson et al., 2011; Seshadri et ����

al., 2006).  This and the importance of the extracellular protease, AsaP1, in virulence of A. ����
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salmonicida subsp. achromogenes makes it an interesting target for further studies on its ����

processing and the role of its pre-pro-peptide. ����

Further studies of the potency of the toxoids, especially the AsaP1E294A toxoid, in ����

inducing protection against atypical furunculosis caused by A. salmonicida subsp. ����

achromogenes are also highly significant. ����

��	�
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Table 1: Primer used in the present study and their application ����

Primer Sequence Application 

asaP1-nde-f 5’-CGA ATT CCA TAT GAT GAA AGT GAC TCC AAT AG-3’ Cloning of asaP1 in pJOE3075 
(Wegerer et al., 2008)  asaP1-bgl-h-r 5’-CGG AGA TCT GTT TTC GCT CGG GGT ATT C-3’ 

asaP1-gln-fGlu294 5’-CCG TGC CCG TAC CAT AGT CCA TCA GCT GAG TCA CTT CAA CG-3’ 

Construction of AsaP1 mutants 
by site directed mutagenesis  

asaP1-gln-rGlu294 5’-GCT GAT GGA CTA TGG TAC CGG CAC GGG AAT CGC TCC-3’ 

asaP1-ala1-fGlu294 5’-CCG TGC CGG TAC CAT AGT CCA TGC GCT GAG TCA CTT CAA CG-3’ 

asaP1-ala1-rGlu294 5’-GCG CAT GGA CTA TGG TAC CGG CAC GGG AAT CGC TCC-3’ 

asaP1-phe-fTyr309 5’-GCA GGT ACC GAC GAT CTG GGT TTC GGT CAG GCC AAT GCC CGC-3’ 

asaP1-phe-rTyr309 5’-CCG AAA CCC AGA TCG TCG GTA CCT GCC ACC ACG TTG AAG TG-3’ 

asaP1-ala2-fTyr309 5’-GTG GCA GGT ACC GAC GAT CTG GGT CAG GCC AAT G-3’

asaP1-ala2-rTyr309 5’-CCG GCA CC AGA TCG TCG GTA CCT GCC ACC ACG TTG AAG-3’ 

����

  ����



���

�

Table 2: Microscopic changes detected in Atlantic salmon (mean weight, 30 g) 48 h post ����

i.p. injection. N = 2. ����

 Histopathological changes 

Sample Kidney Heart Spleen Liver 

AsaP1wt* [5 ng/ g fish] b c a, b a, b, d 

AsaP1wt* [1 ng/ g fish] b - a, b b 

AsaP1rec** [5 ng/ g fish] b c a a, b, d 

AsaP1rec** [1 ng/ g fish] b - - b,d 

PBS - - - - 

* AsaP1wt, native AsaP1 purified from ECP of A. salmonicida subsp. achromogenes, strain ��	�

Keldur265-87 ��
�

**AsaP1rec, recombinant AsaP1 purified from a lysate of E. coli expressing the asaP1 gene ����

- = no pathological changes; a = hyperaemia; b = haemorrhage; c = vacuolar degeneration; ����

d = liquefactive necrosa ����

����

  ����



���

�

Figure 1: Growth of E. coli Pri3715 (a BL21 derivative) expressing AsaP1rec and its four ����

mutants: AsaP1E294A, AsaP1E294Q, AsaP1Y309A and AsaP1Y309F, monitored by OD600 nm����

measurement at different times over a period of 30 h. An empty BL21 strain served as control.  ����

��	�

Figure 2: Detection of AsaP1 and AsaP1 mutants by polyclonal murine �-AsaP1 antibody on ��
�

Western blot. Extracellular products (ECP) of A. salmonicida subsp. achromogenes����

(Keldur265-87) served as a positive control. Lanes: (1) AsaP1E294A, (2) AsaP1E294Q, (3) ����

AsaP1Y309A, (4) AsaP1Y309F, (5) ECP. ����

����

Figure 3: Analysis of recombinant AsaP1rec expression and secretion in E. coli by Coomassie ����

blue stained SDS-PAGE. Shown is the representative expression of the mutant AsaP1E294A. ����

Other mutants as well as the recombinant AsaP1wt show similar results. Lanes: (1) ����

extracellular proteins, (2) Periplasmic proteins, (3) Soluble cytosolic proteins, (4) insoluble ����

cytosolic proteins. Arrow indicates the size of unprocessed AsaP1E294A (37kDa). Proteins can ��	�

be detected in all three fractions within the E. coli cell but not in the extracellular milieu. ��
�

����

Figure 4: Time course of stability and maturation for recombinant AsaP1rec and AsaP1E294A at ����

4 °C. Purified protein analysed after 1, 10 and 18 days by Coomassie blue stained SDS-����

PAGE. Protein at 37 kDa shows the unprocessed precursor, whereas the protein bands at the ����

size of recombinant AsaP1rec (22 kDa) show the maturated protease domain. ����

����

Figure 5: (A) Antibody activity and (B) antibody endpoint titre against extracellular product ����

(ECP) of Aeromonas salmonicida subsp. achromogenes (Keldur265-87) detected in Arctic ����

charr serum 12 weeks post immunization with AsaP1mutants, AsaP1E294A, AsaP1E294Q, ��	�

AsaP1Y309A and AsaP1Y309F. Data are expressed in a box blot, with the line representing the ��
�

median. Boxes indicate 25-75% percentiles and whiskers 0-100%. Significances were ����
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Two mutants of the toxic extracellular zinc endopeptidase AsaP1 (AsaP1_

E294Q and AsaP1_E294A) of Aeromonas salmonicida subsp. achromogenes

were expressed in Escherichia coli and crystallized by the vapour-diffusion

method. Crystals were obtained using several precipitants and different protein

concentrations. Protein crystals were found in a monoclinic (C2) as well as an

orthorhombic (P212121) space group. The crystals belonging to the monoclinic

space group C2 had unit-cell parameters a = 103.4, b= 70.9, c= 54.9 Å, �= 109.3�

for AsaP1_E294A, and a = 98.5, b = 74.5, c = 54.7 Å, � = 112.4� for AsaP1_

E294Q. The unit-cell parameters of the orthorhombic crystal obtained for

AsaP1_E294A were a = 57.9, b = 60.2, c = 183.6 Å. The crystals of the two

different mutants diffracted X-rays beyond 2.0 Å resolution.

1. Introduction

Aeromonas salmonicida is a Gram-negative bacterium which has

been known as a fish pathogen for over 90 years, but the mechanisms

of its virulence are only partly understood. Both farmed and wild fish

are affected in marine as well as freshwater environments.

A. salmonicida has so far been divided into five subspecies (Pavan et

al., 2000; Holt et al., 1994). A. salmonicida subsp. salmonicida is often

referred to as the typical strain, whereas the others, based on the

heterogeneity in this group, have been referred to as atypical strains

(Wiklund et al., 1994). One group of atypical A. salmonicida, i.e.

subsp. achromogenes, has recently been found to form a homo-

geneous group of strains that cause atypical furunculosis, a systemic

disease, in many species of fish (Austin et al., 1998; Bjornsdóttir et

al., 2004; Gudmundsdóttir, Lange et al., 2003; Gudmundsdóttir,

Hvanndal et al., 2003; Lund & Mikkelsen, 2004).

A. salmonicida subsp. achromogenes produces a toxic peptidase,

AsaP1, which is a major virulence factor (Gudmundsdóttir et al.,

1990; Arnadóttir et al., 2008). AsaP1 has not been detected in

secretions from typicalA. salmonicida (Gudmundsdóttir, Hvanndal et

al., 2003).

AsaP1 is a caseinolytic zinc metallopeptidase that is lethally toxic

to both fish and mice (Gudmundsdóttir et al., 1990; Gudmundsdóttir

& Gudmundsdóttir, 2001). Sublethal doses of AsaP1 injected intra-

muscularly induce pathological changes in Atlantic salmon (Salmo

salar L.) that are comparable to those seen in fish with atypical

furunculosis (Gudmundsdóttir et al., 1990).

Mature AsaP1 is composed of 172 amino acids and has a calculated

molecular mass of 19 kDa. It is autocatalytically released from a 343-

amino-acid proenzyme with a calculated molecular mass of 37 kDa

(Arnadóttir et al., 2008). AsaP1 contains the typical zinc-binding

motif HExxH, where x is any amino-acid residue and the two histi-

dines coordinate the zinc ion. The glutamate is most probably

involved in catalysis. Three families, aspzincins, metzincins and

gluzincins, can be distinguished among these zinc peptidases, in which

the third zinc ligand is aspartate, histidine or glutamate, respectively

(Hooper, 1994). AsaP1 belongs to the family of aspzincins, in which a
# 2009 International Union of Crystallography
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GTxDxxYG loop is conserved and the aspartate within this sequence

has been shown to act as a zinc ligand (Hori et al., 2001; McAuley et

al., 2001).

For biochemical and structural characterization of AsaP1, an

Escherichia coli expression system was established for two inactive

mutants of AsaP1 created by site-directed mutagenesis (Hentschke,

2008). In this way, the glutamic acid at position 294 which is involved

in the catalysis was replaced by an alanine (AsaP1_E294A) or by a

glutamine (AsaP1_E294Q). Both mutants are inactive. Because of

the inactivity of the mutants, the propeptide still remains as part of

the protein but its function (whether it plays a role in protease folding

and acts as an intramolecular chaperone or whether it inhibits

proteinase activity in the intracellular space) still remains unclear.

2. Protein expression and purification

Starting from a glycerol stock frozen at 193 K of E. coli BL21

containing the expression vector pJOE E3075 (Stumpp et al., 2000;

Hentschke, 2008) encoding the His-tagged sequence for AsaP1_

E294Q and AsaP1_E294A, a pre-culture was prepared with 5 ml

Luria/Miller medium containing 0.1 mg ml�1 ampicillin. Cultures

were incubated overnight at 310 K with 220 rev min�1 shaking.

1 l Luria/Miller medium containing 0.1 mg ml�1 ampicillin was

freshly inoculated with the overnight preculture at 310 K and

220 rev min�1 shaking. Protein expression was induced at an

OD600 nm between 0.5 and 1.0 absorption units by adding l-rhamnose

to a final concentration of 1 mg ml�1 and cultures were incubated at

295 K and 220 rev min�1 for 16 h.

Cells were harvested by centrifugation at 5000g and resuspended in

20 mM Tris–HCl pH 7.6 containing 300 mM NaCl. The cells were

lysed by sonication and the homogenate was centrifuged for 1 h at

48 000g and 277 K. The supernatant was filtered through a 0.2 mm

syringe filter and loaded onto an Ni2+-charged immobilized metal-

affinity (PorosMC) chromatography column with buffer A (20 mM

Tris–HCl pH 7.6, 300 mM NaCl, 50 mM imidazole). The protein was

eluted with buffer B (20 mM Tris–HCl pH 7.6, 300 mMNaCl, 200 mM

imidazole) using a linear gradient from 0% to 100%. Fractions

containing AsaP1 mutants were pooled and concentrated by ultra-

filtration before loading onto a gel-filtration column (Superdex200).

The buffer for gel filtration was composed of 20 mM Tris–HCl pH 7.6

and 300 mM NaCl. The protein concentration was determined by UV

absorption ("280 nm = 31 400 M�1 cm�1).

3. Crystallization

Initial screening for crystallization conditions was performed using a

CyBio crystallization robot with the sitting-drop vapour-diffusion

method in 96-well plates (CrystalQuick Lp). For crystallization, 0.3 ml

protein solution (concentrated to 5–25 mg ml�1) and 0.3 ml reservoir

solution were mixed in each drop and equilibrated against 40 ml

reservoir solution. From these initial screens (JBScreen Classic 1–10,

Jena Bioscience) the first hits were found (1.8 M ammonium sulfate,

0.1 M MES–NaOH pH 6.5 for the monoclinic crystals of AsaP1_

E294Q, 2.0 M ammonium sulfate, 0.1 M Tris–HCl pH 8.5 for the

monoclinic crystals of AsaP1_E294A and 16% PEG 4000, 10%

2-propanol, 0.1 M HEPES pH 7.5, 0.2 M ammonium sulfate for the

orthorhombic crystals of AsaP1_E294A). These crystallization con-

ditions were further optimized using 24-well crystallization plates

(Greiner Bio-One). Optimization of crystallization conditions was

carried out using the hanging-drop vapour-diffusion method. Each

well contained 500 ml reservoir solution and the drop was a mixture of

1 ml protein solution and 1 ml reservoir solution. Crystallization of

both inactive mutants AsaP1_E294A and AsaP1_E294Q occurred

under several conditions and at different protein concentrations.

Usually, colourless crystals appeared within 4 d.

Crystals of AsaP1_E294Q suitable for data collection were

obtained from a protein solution at 7–10 mg ml�1. Drops comprised

of 2 ml protein solution and 2 ml reservoir solution (0.2 M MES–

NaOH pH 7.5 and 1.6 M ammonium sulfate) were equilibrated

against 500 ml reservoir solution (Fig. 1a).
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Figure 1
Crystals from the two different AsaP1 mutants E294Q and E294A grown by the
hanging-drop vapour-diffusion method. (a) Monoclinic crystals of AsaP1_E294Q
and (b) monoclinic crystals of AsaP1_E294A. (c) Orthorhombic crystals of
AsaP1_E294A. The solid bar represents 200 mm.
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The crystallization condition for AsaP1_E294A (7–10 mg ml�1)

was found to be 0.1 M Tris–HCl pH 8.5 and 2.2 M ammonium sulfate

(Fig. 1b). Bipyramidal shaped crystals appeared (Fig. 1c) using a

crystallization condition composed of 15% PEG 4000, 0.1 M HEPES

pH 7.5, 0.2 M ammonium sulfate and 10% 2-propanol.

4. Data collection and Xray crystallographic analysis

Before mounting, crystals were transferred into and soaked with a

suitable cryoprotectant for 30 s. For cryoprotection, the reservoir

solution was mixed with glycerol to a final concentration of 20%(v/v)

for the crystals of AsaP1_E294Q and AsaP1_E294A grown in 0.2 M

MES–NaOH pH 7.5, 1.6 M ammonium sulfate and in 0.1 M Tris–HCl

pH 8.5, 2.2 M ammonium sulfate, respectively. Crystals of AsaP1_

E294A grown in 15% PEG 4000, 0.1 M HEPES pH 7.5, 0.2 M

ammonium sulfate and 10% 2-propanol were transferred to a cryo-

solution containing the reservoir solution and 20% PEG 400. Crystals

were then flash-cooled to 110 K (Oxford Cryosystems).

Diffraction data were collected on the home source, a Rigaku

rotating-anode X-ray generator (MicroMax007) with Osmic multiple

layer optics (beam size 0.3 � 0.3 mm), with a CCD detector

(Saturn92) and also on the EMBL beamline X12 at DESY, Hamburg

with a MAR CCD 225 (MAR Research, Germany).

The crystals of AsaP1_E294A (0.2 M MES–NaOH pH 7.5, 1.6 M

ammonium sulfate) and AsaP1_E294Q (0.1 M Tris–HCl pH 8.5,

2.2 M ammonium sulfate) belonged to the monoclinic space group C2

and showed the same packing in general, with unit-cell parameters

a = 103.4, b = 70.9, c = 54.9 Å, � = 109.3� for AsaP1_E294A and

a = 98.5, b = 74.5, c = 54.7 Å, � = 112.4� for AsaP1_E294Q. The

crystals of AsaP1_E294A grown in 15% PEG 4000, 0.1 MHEPES pH

7.5, 0.2 M ammonium sulfate and 10% 2-propanol belonged to the

orthorhombic space group P212121, with unit-cell parameters a = 57.9,

b = 60.2, c = 183.6 Å. The diffraction data from the crystals measured

in-house were processed using the software CrystalClear1.3.6 (Pflu-

grath, 1999); the data from the crystal measured on EMBL beamline

X12 were processed using DENZO and SCALEPACK from the

HKL package (Otwinowski &Minor, 1997). To obtain values of Rp.i.m

and Rr.i.m., the data were processed withMOSFLM and SCALA from

the CCP4 suite (Collaborative Computational Project, Number 4,

1994).

For data collection of AsaP1_E294Q one needle was broken off

the crystal cluster shown in Fig. 1(a). This mechanical stress probably

led to the high mosaicity of 1.5�. The needle-shaped crystals of

AsaP1_E294A (Fig. 1b) were easier to handle.

Assuming the presence of one molecule in the asymmetric unit for

the crystals belonging to the monoclinic space group, the Matthews

coefficients VM for AsaP1_E294A and AsaP1_E294Q were calcu-

lated to be 2.58 and 2.53 Å3 Da�1, respectively. The Matthews co-

efficient VM for the crystal of AsaP1_E294A belonging to the

orthorhombic space group was calculated to be 2.16 Å3 Da�1,

assuming the presence of two molecules in the asymmetric unit.

Molecular replacement using the program Phaser (McCoy, 2007)

was successful using the peptidyl-Lys metalloendopeptidase from

Grifola frondosa (PDB entry 1g12) as a search model. The poly-

peptide of the search model consisted of only the C-terminal protease

domain (amino acids 182–348), which shares a sequence identity of

43% with residues 171–343 of the AsaP1 protease domain. Initial

phasing also revealed interpretable electron density for the pro-

peptide domain of both inactive AsaP1 mutants. Currently, model

building and refinement of all data sets is in progress.
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Gudmundsdóttir, B. K., Hastings, T. S. & Ellis, A. E. (1990).Dis. Aquat. Organ.

9, 199–208.
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Table 1
X-ray data-collection statistics of AsaP1_E294A and Asap1_E294Q.

Values in parentheses are for the outer resolution shell.

Crystal AsaP1_E294Q AsaP1_E294A AsaP1_E294A

X-ray source EMBL X12
c/o DESY

Rigaku
MicroMax007

EMBL X12
c/o DESY

Detector MAR CCD 225 Rigaku CCD
Saturn92

MARCCD 225

Wavelength (Å) 0.95369 1.5418 0.97784
Resolution range (Å) 99.0–2.0 (2.05–2.00) 35.2–2.1 (2.26–2.18) 90.0–2.2 (2.25–2.20)
Space group C2 C2 P212121
Unit-cell parameters
a (Å) 98.5 103.4 57.8
b (Å) 74.5 70.9 60.2
c (Å) 54.7 54.8 183.6
� (�) 90.0 90.0 90.0
� (�) 112.4 109.3 90.0
� (�) 90.0 90.0 90.0

Total reflections 92926 133664 204992
Unique reflections 24682 (1451) 21701 (2103) 33551 (7629)
Completeness (%) 98.9 (86.3) 98.9 (96.2) 99.4 (93.1)
Rmerge (%) 10.1 (39.3) 9.7 (59.2) 13.3 (60.2)
Rr.i.m. (%) 10.7 (53.3) 11.2 (83.1) 15.9 (50.7)
Rp.i.m. (%) 5.5 (27.8) 4.4 (37.7) 6.0 (18.5)
Average I/�(I) 18.7 (3.3) 8.8 (1.6) 19.3 (2.69)
d-spacing (Å) 2.05–2.00 2.26–2.18 2.25–2.20
Mosaicity (�) 1.5 0.7 0.9
Redundancy 3.8 (3.4) 6.2 (4.5) 6.1 (3.7)
Wilson B factor (Å2) 23.7 44.5 41.7
No. of images 360 740 360
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Hinrichs*

Department of Molecular Structural Biology,

Institute for Biochemistry, Ernst-Moritz-Arndt

University, Greifswald, Germany

Correspondence e-mail:

winfried.hinrichs@uni-greifswald.de

Received 22 October 2010

Accepted 12 January 2011

It is well known that protein crystallization is affected by several different

parameters such as the composition of the reservoir solution, the protein

concentration, the pH and the temperature. An effect of different temperatures

during setup of crystallization experiments was observed for a metalloendo-

peptidase (AsaP1E294A). Spontaneous protein precipitation was reduced and

the crystal shape could be improved by decreasing the temperature during

crystallization setup.

1. Introduction

X-ray crystallography enables us to visualize protein structures at an

atomic level and to better understand the function of a protein. The

first requirement for structure determination by X-ray crystallo-

graphy is a well ordered single protein crystal. The nucleation and

growth of protein crystals is dependent on several different factors

such as the composition of the reservoir solution, the protein purity

and concentration, the pH and the temperature. The parameters of

successful crystallization trials are not predictable and it is only partly

understood which effect is a consequence of a certain factor. The

relevance of each parameter may differ considerably in importance

for different proteins. For example, the crystallization of �-amylase

and catalase is sensitive to temperature, while this is not the case for

ovalbumin and ferritin (McPherson, 1990).

To investigate the influence of temperature, crystallization plates

with identical crystallization conditions are often stored at different

temperatures. Here, we report the effect of temperature during

crystallization setup while mixing protein solution with reservoir

solution. We observed that placing the crystallization plate on ice,

cooling the reservoir solution (to about 277 K) and using pre-chilled

pipette tips had a positive effect on the crystal shape and decreased

precipitate formation. There was also a slight increase in diffraction

quality.

The protein for which this effect was observed is an inactive mutant

of the metalloendopeptidase AsaP1 (AsaP1E294A), a major virulence

factor of the fish-pathogenic bacterium Aeromonas salmonicida

subsp. achromogenes (Gudmundsdóttir et al., 1990; Arnadóttir et al.,

2008).

2. Materials and methods

Protein expression, purification and crystallization of AsaP1E294A
have recently been described (Bogdanović et al., 2009). For the

crystallization experiments reported in this manuscript, a protein

solution with a concentration of 16–25 mg mlÿ1 in 20 mM Tris–HCl

buffer pH 7.6 and 200 mM NaCl was used. The protein solution

was placed on ice or stored in a refrigerator (�277 K) at all times.

Crystallization was carried out manually using hanging-drop vapour

diffusion in 24-well crystallization plates (Greiner Bio-One, Item No.

662102). Each well contained 500 ml reservoir solution and the drop

consisted of a mixture of 2 ml protein sample and 2 ml reservoir

solution. Preparation of each plate took about 20 min.

The crystallization condition for AsaP1E294A (16–25 mg mlÿ1)

comprises 14%(w/v) PEG 4000, 0.1 M HEPES pH 7.5, 0.2 M
# 2011 International Union of Crystallography
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ammonium sulfate and 10%(v/v) 2-propanol. This condition was

repeated 24 times per plate for three crystallization plates in each of

the four different crystallization experiments as explained below.

The first crystallization experiment was set up with the crystal-

lization plate on the bench at 294–296 K and with reservoir solutions

at about 294–296 K. The crystallization plate was subsequently stored

in a temperature-controlled room at 293 K. The second experiment

was performed with the crystallization plate on the bench at 294–

296 K and reservoir solutions that had been pre-chilled overnight in a

refrigerator (�277 K) and were kept on ice during the crystallization

setup. The crystallization plates were stored at 293 K. In the third

experiment the crystallization plate was placed on ice as were the pre-

chilled (�277 K) reservoir solutions. Additionally, pipette tips were

cooled to 253 K overnight in a freezer and were placed on ice during

crystallization setup. The crystallization plates were stored at 293 K.

In a fourth experiment, crystallization plates were placed on ice as

well as the reservoir solutions, which were additionally pre-chilled to

277 K overnight in a refrigerator. These crystallization plates were

stored in a temperature-controlled room at 277 K.

The X-ray diffraction resolution of the crystals was tested using a

rotating-anode X-ray generator (MicroMax-007, Rigaku) with Osmic

multiple layer optics (beam size 0.3 � 0.3 mm) and a CCD detector

(SATURN92, Rigaku).

Several crystals obtained in the first three crystallization experi-

ments described above were tested using a cryoprotectant that con-

sisted of the reservoir solution with 14%(v/v) PEG 400. Crystals were

flash-cooled to 110 K in a stream of nitrogen (Oxford Cryosystems)

and the diffraction images were analyzed using CrystalClear v.1.3.6

(Pflugrath, 1999). Reflections from the test images were determined

using the dtfind option of the software with default settings of

I/� = 3.0 and a minimum pixel value of 20. These reflections were

sorted by their resolution. On the best image recorded for each

experiment, the 95th percentile of all reflections was considered as

the resolution. Complete data sets were not collected.

3. Results

Recently, the crystallization of AsaP1E294A at a concentration of

7–10 mg mlÿ1 has been reported using crystallization conditions

comprising 2.0 M ammonium sulfate and 0.1 M Tris–HCl pH 8.5,

resulting in monoclinic crystals (space group C2), and 14%(w/v) PEG

4000, 0.1 M HEPES pH 7.5, 0.2 M ammonium sulfate and 10%(v/v)

2-propanol, resulting in orthorhombic crystals (P212121) (Bogdanović

et al., 2009). In the crystallization experiments described here, we

further characterized monoclinic crystals (C2) that were obtained

using the same condition as used for the orthorhombic crystals but

with a higher protein concentration (16–25 mg mlÿ1; Fig. 1a). These

crystals showed unit-cell parameters of a = 149.55, b = 48.23,

c = 55.35 Å, �= 110.65�, which differed from the previously published

monoclinic cell (Bogdanović et al., 2009).

At a protein concentration in the range 16–25 mg mlÿ1, the first

setup of crystallization trials with the crystallization plate on the

bench and with reservoir solutions that were not chilled (about 294–

296 K) produced crystals within 2 d with rough edges and flaws and

considerable amounts of precipitate within the drop (Fig. 1a). Protein

aggregation and precipitate formation could be detected as a light

turbidity immediately upon mixing the protein solution with the

reservoir solution. After 2 d the growth of crystals as well as the

observed Ostwald ripening (Fig. 1a) stopped and the amount of

precipitate persisted. Crystals were stable for several weeks up to

months and no further changes were detected within the drops.

Precipitate formation and the growth defects of the crystals could

be reduced (Fig. 1b) by cooling the reservoir solutions to approxi-

mately 277 K before mixing them with the protein solution. By

placing the crystallization plate on ice during crystallization setup

and by additional cooling of the pipette tips (�253 K) precipitate

formation could be decreased even more and the shape of the crystals

was also improved (Fig. 1c). In these experiments crystal growth

again stopped after 2 d and crystals were stable for several weeks up

to months.

The results were reproducible for different drops of the same

crystallization experiment. All plates for these three experiments

were stored at 293 K.

Crystallization conditions with a lower protein concentration

(down to 14 mg mlÿ1) or a reduced precipitant concentration [down

to 10%(w/v) PEG 4000] showed the same effect of protein precipi-

tation and similarly shaped but fewer crystals.

Only phase separation and no crystals could be detected for the

fourth crystallization experiment, in which the crystallization plate

was placed on ice and chilled reservoir solutions were used. These

crystallization plates were stored at 277 K for several months.
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Figure 1
Influence of the temperature during crystallization setup on precipitate formation and crystal shape. Monoclinic crystals of AsaP1E294A from three different crystallization
setups are shown. Typical examples of 72 trials after 2–4 d when crystal growth has already stopped are presented. All plates were stored at 293 K for several weeks, but the
crystals and precipitate remained unchanged. (a) Crystallization at about 294–296 K, (b) crystallization at about 294–296 K with pre-chilled reservoir solutions (�277 K) and
(c) crystallization plate placed on ice during crystallization setup with pre-chilled reservoir solutions (�277 K) and pre-chilled pipette tips (253 K). The drop volume is 4 ml
and the solid bar at the bottom right represents 200 mm.



For several typical crystals from each crystallization experiment

diffraction images were recorded to test the resolution. For crystals

obtained in the first, second and third crystallization experiments the

resolution of the 95th percentile of all reflections from the best image

was 3.83, 3.64 and 3.27 Å, respectively.

4. Discussion

The probability of crystal nucleation and crystal growth is higher the

farther the system is pushed into the supersaturation region. On the

other hand, the probability of excess nucleation and protein aggre-

gation also increases (McPherson, 1990). Additionally, the crystal-

growth velocity is high, which leads to growth defects and flaws in the

crystals. Temperature can be one parameter that pushes the system

into the supersaturation region. Fig. 1(a) shows a condition with

protein aggregation and numerous crystals with growth defects and

flaws as an example of a system that has been pushed far into the

supersaturation region owing to a high protein concentration and

probably owing to an elevated temperature. By decreasing the

temperature while mixing the protein solution with the reservoir

solution (Figs. 1b and 1c), disordered aggregation of the protein

molecules (precipitate) can be reduced and the protein molecules

tend to arrange in better ordered single crystals. This is reflected in

the slightly better resolution of the corresponding crystals.

In the case of AsaP1E294A the protein could not be concentrated to

more than 25 mg mlÿ1 without precipitating; thus, the solubility limit

of the protein solution was reached. The solubility as a function of

temperature was not investigated. The effect of temperature on

protein solubility varies for different proteins as well as for diversified

precipitant conditions and should be determined for the particular

protein. Proteins in salt solutions seem to be more soluble at lower

temperatures, whereas proteins in solutions of polyethylene glycol,

methylpentanediol or other organic solvents are less soluble in the

cold (McPherson, 1990). The crystallization condition for AsaP1E294A
contained polyethylene glycol as a precipitant, but protein precipi-

tation was reduced in the cold. Taking into account the fact that the

AsaP1E294A protein is already at the solubility limit owing to the high

protein concentration, the observed effect of temperature on protein

precipitation could suggest retrograde solubility. Thus, the improve-

ment in crystal quality that was noted could have been because

pre-chilling the various components (tips, solutions and trays) of the

crystallization setup led to a lower level of supersaturation in the

drops.

Blow et al. (1994) showed that a separation of nucleation and

crystal growth can be achieved by a temperature shift from 283 to

291 K for lysozyme. They also showed that the higher the lysozyme

concentration and the longer the incubation time at 283 K the more

stable the nuclei that were observed. In our experiments, the number

of crystals is the same but their quality has improved. This would

suggest that the experiment still reaches the same level of super-

saturation. However, seeding experiments (Bergfors, 2003) have

shown that crystal quality can be dependent on the quality of the

seeds that serve as nuclei. It may be that this is what explains the

improvement that we noticed here when we pre-chilled the crystal-

lization setup. The initial nuclei were more ordered owing to the

slight and brief decrease in temperature.

However, the temperature response of the protein seems to be

complicated because there was no crystallization or protein precipi-

tation in experiment 4. It is not clear if nucleation occurs under these

conditions and only crystal growth is not supported at 277 K. The

energy barrier for the formation of stable nuclei might be overcome

by random fluctuations (Blow et al., 1994) that will increase with

temperature.

It may be that nucleation in the different experiments occurs while

the crystallization plates that are set up in the cold are stored at 293 K

and the temperature slowly increases. At lower temperature the

protein solution will pass through the nucleation region and the

metastable phase more slowly because of retarded diffusion. This

could result in crystallization nuclei with better quality and, owing to

a decreased growth velocity, to fewer imperfections within the crys-

tals.

This approach might be useful for proteins that precipitate

immediately when added to the precipitant in the drops.
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Abstract 

The protease AsaP1 is an extracellular, toxic zincendopeptidase that is produced by the 

Gram-negative bacterium Aeromonas salmonicida subsp. achromogenes. Aeromonas 

salmonicida is a well-known fish pathogen for various fish species worldwide with 

negative economic impacts on aquaculture. AsaP1 belongs to the family of deuterolysin-

like aspzincin metalloendopeptidases. Here we report the crystal structure analysis of two 
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different inactive mutants of AsaP1 that were solved in two different space groups at 

2.0 Å resolution. Owing to proteolytic inactivity of the mutants the crystallized 

polypeptide comprises the propeptide domain and the globular protease with 172 and 

amino acid residues. The binding mode of the propeptide to the protease reveals insights 

in propeptide function, substrate binding and protease specificity. A lysine side chain of 

the propeptide is bound in the hydrophobic S1´ pocket interacting in a specific manner 

with three carboxylate side chains. The active site is composed of two helices connected 

by a loop region comprising the conserved HExxH and GTxDxxYG motifs of aspzincins 

including the zinc coordinating amino acids His293, His297 and Asp306. These are the 

first crystal structure analyses of a precursor of deuterolysin-like aspzincin proteases so 

far.  

 

Introduction 

The Gram-negative bacterium Aeromonas salmonicida is a well-known fish pathogen 

with a world-wide distribution, infecting salmonids and numerous other fish species. Both 

cultivated and wild fish, in marine as well as in freshwater environments, are affected but 

the mechanisms of virulence are only partly understood. A. salmonicida is today 

classified in five subspecies: subsp. salmonicida, subsp. achromogenes, subsp. 

masoucida, ssp. smithia, subsp. pectinolytica [1] and it is the causative agent of typical or 

atypical furunculosis [2, 3] depending on whether the disease is caused by typical (A. 

salmonicida subsp. salmonicida) or atypical A. salmonicida strains. 

The zincendopeptidase AsaP1 has been isolated from extracellular products (ECP) of 

several atypical strains and has been identified as a major exotoxin of a homologous 

group of strains of A. salmonicida subsp. achromogenes [4, 5]. In infections with A. 

salmonicida subsp. achromogenes several symptoms can be assigned to the expression of 
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AsaP1 like skin ulcers and lesions, degenerative changes in underlying muscles 

accompanied of liquefactive necrosis, pallor gills, and general anemia in various organs 

[6]. 

AsaP1 is a caseinolytic zinc metalloendopeptidase that is lethally toxic to both fish and 

mice [4, 7]. Sublethal doses of AsaP1 injected intramuscularly induce pathological 

changes in Atlantic salmon (Salmon salar, L.) that are comparable to those seen in fish 

with atypical furunculosis [4]. The expression of the protease is quorum-sensing regulated 

[8]. Mature AsaP1 is composed of 172 amino acid residues and has a calculated 

molecular mass of 19 kDa. The protease is released from a 343-amino-acid pre-pro-

enzyme with a calculated molecular mass of 37 kDa [6]. 

AsaP1 is a member of the MEROPS protease clan MA and belongs to the deuterolysin 

metalloproteases (family M35) (http//www.merops.org). It is the first bacterial virulence 

factor within this group. Families in clan MA show a conserved HExxH motif in which 

the two histidine residues act as zinc ligands and the glutamic acid is involved in 

catalysis. Based on the structural topology of the active site and the third zinc ligand, this 

protease group is further divided into gluzincins, metzincins [9] and aspzincins [10] with 

an aspartate, glutamate or histidine as third zinc ligand, respectively. Besides the active-

site helix the architecture of the active site differs significantly between aspzincins, 

gluzincins and metzincins. AsaP1 belongs to the family of aspzincins and thus the 

aspartate within the conserved GTxDxxYG motif acts as third zinc ligand. This motif is 

part of the loop at the active site of aspzincins. Peptidases in which the third zinc ligand is 

Asp also occur in families M6, M7 and M64. In gluzincins the glutamate within the 

conserved NExxSD acts as third zinc ligand, whereas the third zinc ligand of metzincins 

is a histidine of the loop region adjacent to the active-site helix within the conserved 

sequence HExxHxxGxxH. Methzincins are named after the methionine of a conserved �-
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turn, the Met-turn, which is located near the catalytic zinc ion opposite to the catalytic 

water.  

For structural characterization AsaP1 mutants were created by site-directed mutagenesis 

[11]. In this way, the glutamic acid in position 294 within the HExxH motif, which is 

crucial for catalysis, was replaced by an alanine or by a glutamine resulting in two 

inactive mutants AsaP1E294A and AsaP1E294Q, respectively. Recently, we reported 

crystallization conditions leading to single crystals of AsaP1E294A and AsaP1E294Q suitable 

for structural analysis by X-ray diffraction [12]. Here we describe the three dimensional 

structures of AsaP1E294A and AsaP1E294Q with its propeptide in two different space groups 

at a resolution of 2.0 Å.  

 

Material and Methods 

Protein expression, purification and crystallization 

The expression, purification and crystallization of AsaP1E294A and AsaP1E294Q have been 

reported, recently [12]. In brief, AsaP1 was cloned, expressed heterologously in E. coli 

Pri3715 (a BL21 derivate), and purified to homogeneity by metal-affinity and size 

exclusion chromatography. The protein was crystallized by the hanging-drop vapor-

diffusion method at 293 K out of a buffer containing 200 mM Tris-HCl pH 7.6 and 

200 mM NaCl. In case of AsaP1E294Q with a protein concentration at 7 – 10 mg ml-1 the 

precipitant comprised 0.2 M MES pH 7.5 and 1.6 M ammonium sulfate leading to 

monoclinic crystals. The precipitant for monoclinic crystals of AsaP1E294A (7–10 mg ml-1) 

comprised 0.1 M Tris pH 8.5 and 2.2 M ammonium sulfate. Orthorhombic crystals of 

AsaP1E294A were obtained with a protein concentration of 16 – 25 mg ml-1 using a 

crystallization condition composed of 15% PEG 4000, 0.1 M HEPES pH 7.5, 0.2 M 

ammonium sulfate and 10% 2-propanol. 
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Data collection, structure determination and refinement 

Diffraction data of crystals of AsaP1E294Q and AsaP1E294A were collected at the EMBL 

beamline X12 at DESY, Hamburg, using a MAR CCD 225 (MAR research, Germany). 

The monoclinic crystals of AsaP1E294Q and AsaP1E294A were soaked for 5 seconds in the 

corresponding reservoir solution containing 20%(v/v) glycerol for cryoprotection and 

were then flash frozen to 100 K. The orthorhombic crystal of AsaP1E294A was soaked in 

the reservoir solution with 20%(v/v) PEG400 as cryoprotectant. 

The data were processed using DENZO and SCALEPACK of the HKL package [13]. The 

structure of AsaP1E294A in the monoclinic crystal form could be solved by molecular 

replacement using PHASER [14] with the peptidyl-Lys metalloendopeptidase (MEP) 

from Grifola frondosa (PDB entry 1g12) as a search model [15]. Tracing of the 

propeptide was possible using the program ARP/wARP [16]. The structure model was 

refined with REFMAC5 [17] from the CCP4 suite [18] using restrained and TLS 

refinement. The model was manually complemented using COOT [19]. The two other 

structures were solved by molecular replacement using PHASER [14] with the search 

model of AsaP1E294A. The orthorhombic crystal of AsaP1E294A contains two molecules in 

the asymmetric unit, which was verified by SFCHECK [18]. Stereochemistry was verified 

using MOLPROBITY [20] and PROCHECK [18]. Details of data collection and 

refinement are summarized in Table 1. 

 

Results 

Structure determination and refinement 

The X-ray crystal structure of AsaP1E294A of the monoclinic crystal was solved by 

molecular replacement at 2.0 Å resolution. The search model was the peptidyl-Lys 
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metalloendopeptidase (GfMEP) from Grifola frondosa (PDB 1g12) with a sequence 

identity of 43% for the protease (162 residues). Phasing was successful although the 

propeptide domain with 171 amino acid residues was not present in the search model 

(Table 1). There is one molecule in the asymmetric unit of AsaP1E294A that comprises 

residues Gly23 - Gln126, Glu143 - Asn155, Ala172 - Asp210, Gly214 - Ser341, one zinc 

ion at the active site, 200 water molecules, three sulfate ions, one chloride ion and one 

glycerol molecule. Missing amino acids could not be identified because of poor electron 

density. Owing to the gap between residues 155 - 172 the connection between the 

protease and the propeptide domain cannot be traced.  

The structure of AsaP1E294Q was solved by molecular replacement using AsaP1E294A as 

search model (Table 1). The model comprises residues Gly23 – Arg130, Ser142 – 

Gln160, Ala172 – Asp210, Gly214 – Pro340, one zinc ion in the active site, 198 water 

molecules, three sulfate ions, two glycerol molecules and one 2-(N-

morpholino)ethanesulfonic acid (MES) molecule. Again, the connection of the protease 

domain to the propeptide domain is not visible.  

Orthorhombic crystals of AsaP1E294A contain two molecules in the asymmetric unit 

(Table 1). The model for monomer A comprises residues Gly23 - Arg131, Ser142 - 

Val159, Gly173 - Pro340, one zinc ion in the active site and 138 water molecules. 

Monomer B comprises residues Gly23 - Gln126, Ser142 - Val159, Gly173 - Pro340, one 

zinc ion in the active site and 115 water molecules. Also in this crystal setting, the 

connection of the protease domain to the propeptide domain could not be traced.  

In all structures the main chain torsion angles of amino acid residues are in the allowed 

regions without outliers of the Ramachandran plot and with more than 90% in the most 

favorable regions (for details see Table 1).  
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Overall structure 

The monoclinic as well as the orthorhombic AsaP1 variants show an overall r.m.s. 

deviation for C�-atoms of 0.4 Å for the protease and of 0.9 Å for the propeptide domain. 

The propeptide domain consists of 171 amino acid residues and forms a separate domain. 

The N-terminal domain of monoclinic AsaP1E294A, respectively, comprises amino acids 

Gly23 - Asn155 which form the propeptide that is composed of one two-stranded �-sheet, 

two three-stranded �-sheets and several loop regions. The first �-sheet comprises �-strand 

1, 2 and 7 (corresponding to residues 24 - 30, 39 - 46 and 102 - 108, respectively), the 

second comprises �-strand 3 and 6 (residues 52 - 55 and 94 - 97) and the third comprises 

�-strand 4, 8, and 9 (residues 68 - 72, 119 - 125 and 147 - 151). The �-strand 5 (82 - 84) 

is located as a separate strand apart from the propeptide domain binding to the active site 

of the protease.  

The protease shows the typical fold of the M35 proteases family or aspzincins (Figure 1). 

One domain consists of one �-sheet and two �-helices. The �-sheet includes �-strand 10, 

11 and 13 (residues 174 - 178, 247 - 251 and 269 - 272, respectively) interacting in a 

parallel manner and �-strand 12 (residues 260 - 262) antiparallel to �-strand 13. The �-

strand 6 of the propeptide interacts antiparallel with �-strand 13, expanding the �-sheet of 

the protease. The �-sheet is stabilized by two disulfide bridges within its loop regions 

made of Cys181-Cys252 and Cys254-Cys273. The two �-helices within the N-terminal 

protease domain are helix 6 and helix 7 (residues 273 - 279 and 286 - 299, 

respectively).The C-terminal domain is composed of five �-helices (residues 214 - 222, 

225 - 246, 310 - 326 and 328 - 338, respectively). The long �-helix 5 (residues 182 – 209) 

connects the N-terminal and the C-terminal domain of the protease.  
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Coordination sphere of the catalytic Zn2+ ion 

In all three structures the active-site Zn2+ ion is coordinated to imidazole side chains of 

His293 and His297 of the HExxH motif within the active-site helix �7 and the 

carboxylate of Asp306 of the conserved GTxDxxYG motif. A monodentate binding mode 

of the carboxylate of Asp306 is supposed according to distance criteria [21]. Bond lengths 

for Zn2+ coordination are summarized in Table 2. In the monoclinic form of AsaP1E294A 

tetrahedral coordination of the Zn2+ ion is achieved by a chloro ligand. The chloride 

coordinates instead of the catalytic water molecule typically found in other zinc 

metalloendopeptidases attacking the carbonyl C-atom of the substrate (Figure 2a and 3). 

In the asymmetric unit of the orthorhombic form of AsaP1E294A both molecules show a 

water molecule coordinating the Zn2+ ions at distances of 2.39Å and 2.40Å, respectively 

(Figure 2b).  

In AsaP1E294Q the Zn2+ position was refined to occupancy of 40%. This is in agreement 

with two modeled alternative conformations of the Asp306 side-chain, which are twisted 

by about 30°. The first conformation with an occupancy of 40% points towards the Zn2+ 

ion. The alternative conformation with 60% occupancy points in the opposite direction of 

the Zn2+ ion and is stabilized by a hydrogen bond to the phenolic hydroxyl group of 

Tyr309 with a length of 2.54 Å (Figure 2c). Electron density for a 4th ligand is not 

observed.  

 

The active site and substrate recognition 

The active site is located in a crevice formed of the N-terminal and the C- terminal 

protease domains and is built of a helix-loop-helix motif. This motif starts with the active-

site helix �7 containing the conserved H293ExxH motif. The following loop region 

contains the conserved motif G303TxDxxYG and the delimitation to the C-terminal 
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domain is built of helix �8. In direction to the N-terminal protease domain �-strand 13 is 

located, which interacts in an antiparallel manner with �-strand 6 of the propeptide 

domain (Figure 1). The active site is thus blocked by the propeptide (Figure 4).  

The interaction of the propeptide with the protease allows insights into substrate binding 

and protease specifity. The propeptide is located at the active site with Lys85 in P1' 

position and Leu83 in P2 position, both amino acids are within �-strand 6 (Figure 5a) that 

interacts with �-strand 13 of the protease in an antiparallel orientation. Specific 

interactions of AsaP1 protease to Lys85 can be assigned to the following amino acid 

residues: Phe259, Asp285, Asp330, Glu333 (Figure 5b). Whereas Asp330 is conserved 

among all aspzincins, Asp285 and Glu333 are only conserved among Lys-specific 

aspzincins (Figure 6). These negatively charged amino acid side chains are located at the 

bottom of the S1´ binding pocket interacting with the positively charged amino group of 

the lysine side chain (Figure 5d). Asp285 and Glu333 are replaced by glutamine and 

alanine, respectively, in non-Lys-specific aspzincins. The methylene chain of the lysine 

residue interacts with Phe259 of the N-terminal protease domain, which is not strictly 

conserved but also found to be Tyr in Lys-specific aspzincins. In other aspzincins, 

hydrophobic amino acids like leucine or proline are common at this position. Thus a 

hydrophobic environment is established in the substrate binding site. Thr290 and Tyr334 

are also part of the S1´ binding pocket though their distance to the positively charged 

amino group of the lysine is > 6 Å. Thr290 is conserved among all aspzincins, whereas 

Tyr334 is only conserved among Lys-specific aspzincins and is often replaced with 

leucine in other aspzincins.  

The P1 amino acid side chain (Ile84) is pointing into the opposite direction of the active 

site, because of the �-strand conformation. Leu83 binds to the S2 binding pocket. Within 

a radius of 4 Å His297, Pro264, Pro66, Val262 interact with Leu83 in a hydrophobic 
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environment and the polypeptide backbone of Asp305 and Asp306 of the GTxD306xxYG 

loop (Figure 5e). The S2 binding pocket of the protease is rather unspecific in contrast to 

S1' (Figure 5c). Both amino acid residues, which bind to the active site, are not strictly 

conserved among aspzincins.  

 

Crystal packing 

In the crystal packing the quaternary structure is a homodimer for both AsaP1 mutants. In 

the orthorhombic packing the asymmetric unit consists of the homodimer, whereas in the 

monoclinic crystals the local twofold axis coincides with a crystallographic dyad (Figure 

7a). Both inactive mutants AsaP1E294A/Q are monomeric in solution as observed from gel-

filtration chromatography (Supplementary Material, S1). 

The connection of protease and propeptide could not be traced in any of the three 

structures and distance criteria are neither sufficient for finding the most probable 

connection. Possible interactions are that the propeptide binds intramolecular to the active 

site of the protease (1) or that it binds intermolecular to the other protease of the 

homodimer (2). Thus, for the homodimer that is detected in both crystal forms there are 

two possible dimer interfaces, depending on the connection of the propeptide domain to 

the protease (Figure 7b).  

A PISA (PISA [22]) analysis revealed that both arrangements are predicted as stable in 

solution (Table 3). The arrangement with the propeptide in the active site of the protease 

of the other polypeptide shows that this interface is not significant for complexation and 

may be solely a result of crystal packing. For the interface with the intramolecular bound 

propeptide to the active site of the same polypeptide chain the data imply that this 

interface plays an auxiliary role in complexation. 
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Homologous structures of AsaP1 

A DALI search [23] for the protease domain revealed two homologues proteases showing 

the aspzincin fold. The protein with the highest Z-score (28.10) is the Peptidyl-Lys 

metalloendopeptidase (GfMEP) from Grifola frondosa (pdb 1g12) [15] and the second is 

deuterolysin from Aspergillus oryzae (pdb 1eb6) [10] with a Z-score of 21.0. Both 

enzymes are structurally closely related to AsaP1 with a r.m.s. deviation for C�-atoms of 

2.0 Å for monoclinic AsaP1E294A to deuterolysin and 1.0 Å to GfMEP, respectively. There 

are several other proteins containing a domain with a similar fold with a Z-score of 6.1 or 

less (Table 4). 

The propeptide domain consists of a core region with 7 antiparallel �-strands arranged as 

a �-sandwich of a three stranded and a four stranded �-sheet (Figure 8). The homology 

search using DALI revealed seven proteins with a related fold (Table 4). Several proteins 

only consist of the target domain. The highest structural homology to the AsaP1 propetide 

with a Z-score of 9.3 has an intracellular protease inhibitor from Bacillus subtilis 

(pdb 3isy). A Z-score of less than 7 was found for the FIXG-Related Protein from Vibrio 

parahaemolyticus rimd 221063 (pdb 2r39), the putative ApaA protein from Bordetella 

Pertussis (pdb 1xq4), the ApaG protein from Xanthomonas axonopodis pv. citri 

(pdb 2f1e) [24], the ApaG Protein from Vibrio cholerae (pdb 1xvs), and the ApaG Protein 

from Shewanella oneidensis mr-1 (pdb 1tza). The DALI search revealed also proteins 

with a higher molecular weight containing a sub-domain with the propeptide fold (Z-

score 7.3 and less).  
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Discussion 

Overall structure 

Both inactive mutants AsaP1E294A and AsaP1E294Q crystallized in different space groups as 

homodimers with identical fold. The AsaP1 protease is coincident with the so far solved 

structures of M35 or aspzincin metalloendopeptidases [15, 25]. Due to inactivity of 

AsaP1E294A and AsaP1E294Q the structure of the propeptide is visible as a distinct domain. 

This is the first time that a propeptide structure is observed for the class of aspzincin 

metalloendopeptidases.  

A sequence alignment of M35 proteases is shown in Figure 9. Apart from peptidyl-Lys 

metalloendopeptidase from Pleurotus ostreatus (PoMEP) all sequences show a signal 

sequence and a propeptide domain of comparable length and are autocatalytically 

processed to the mature enzyme. Although AsaP1 and GfMEP, respectively, share 43% 

amino acid sequence identity within their mature proteases there is no significant 

homology in their propeptide sequences.  

The first 22 amino acid residues are a predicted signal sequence (SignalP 3.0 [26]), which 

is most likely cleaved off by transporting the protein via the cytosolic membrane into the 

periplasmic space by a sec-dependent, general secretory pathway [27].  

Gaps in the structure, due to poor electron density, are most probably highly flexible 

regions. For example, the loop region Asp210 - Gly214, which is only visible in 

orthorhombic AsaP1E294A, deuterolysin and GfMEP, indeed shows the highest r.m.s.d. 

within these three structures.  

Due to the lack of electron density the connection of propeptide domain to the protease 

cannot be traced (residues 155– 171). Therefore it is not possible to specify 

unambiguously the biological unit (Figure 2). We suggest that the propeptide domain is 

bound to the active site of the protease of the same polypeptide and that the other 
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interface with weaker interaction is suitable to form the homodimer within the crystal 

lattices. This is in agreement with the observed monomeric fraction in gel-filtration 

experiments and the PISA analysis.  

The domain interaction of protease and propeptide is most probably an intermediate in the 

autocatalytic maturation process of the protease, which could be trapped because of 

inactivity of the protease mutants.  

 

Catalytic Zn2+ environment 

The active site Zn2+ ion is coordinated by His293, His297 of the HExxH motif and 

Asp306 located in the GTxDxxYG motif downstream to the active-site helix, typical for 

M35 or aspzincin proteases [15, 25]. All binding distances of these conserved aspzincin 

motifs are in the expected range (Table 2)[21].  

The aspartate in the AsaP1 mutants is found to bind in a monodentate manner, in contrast 

to the bifurcated interaction with the Zn2+ ion of aspzincins described by Hori et al. [15]. 

Generally, the fourth Zn2+ ligand is a water molecule that attacks as key nucleophile the 

carbonyl C atom of the peptide substrate. Both AsaP1 mutants are inactive because E294 

is replaced by A or Q. In the wildtype enzyme this catalytic water ligand is activated by 

Zn2+ coordination and hydrogen bonding to glutamate of the HExxH motif. In AsaP1E294A 

(monoclinic form) a chloro ligand is found in the position of the catalytic water molecule, 

as was observed elsewhere[28]. Polarization of the water by the carboxylate E294 is not 

possible and substitution by the negatively charged chloro ligand is a suitable alternative. 

In the orthorhombic form for both Zn2+ ions of the homodimer a weakly bound aqua 

ligand at 2.39Å and 2.40Å, respectively, is observed. In comparison to other Zn2+ 

metallopeptidases these distances seem to be rather long, but there are metallopeptidases 

without a watermolecule reported [29].  
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Tyr309 within the conserved GTxDxxYG motif was suggested to provide a hydrophobic 

environment to accommodate the hydrophobic lysine side chain of a substrate and to act 

as a hydrogen bond proton donor during catalysis to lower the energy of the oxyanion of 

the tetrahedral transition state [15]. The distance of the hydroxyl OH of Tyr309 to the 

carbonyl oxygen of the target peptide bond (Ile84O) is 2.80 Å and 2.61 for AsaP1E294A in 

the orthorhombic and monoclinic crystals, respectively, but 5.31 Å in AsaP1E294Q. Thus in 

both AsaP1E294A structures Tyr309 occupies the proper position to reduce the transition-

state energy. Equivalent proton donor residues are typical for proteases [30-33]. 

 

 

Substrate specificity 

By mutation of catalytically important amino acids to an isosteric residue it is possible to 

crystallize a protease-substrate complex with intact substrate trapped at the active site 

[34-38]. On the basis of subsets of superimpositions of >1500 protease-ligand crystal 

structures for aspartic, serine, cysteine and metalloproteases [39] an extended �-strand 

conformation of the substrate was found to interact commonly with the active site of the 

protease. This interaction is also observed between the propeptide and the protease for the 

two inactive mutants of AsaP1 suggesting that the observed complex is analogous to an 

enzyme substrate complex, allowing insights of substrate binding and protease specifity. 

The substrate specificity of AsaP1 was not examined so far, but the highly specific 

interaction of the lysine residue with residues of the S1´ pocket suggests at least a 

preference for lysine. Several amino acids that specifically interact with the Lys85 are 

found to be conserved in Lys-specific aspzincins [40, 41] but so far there were only two 

amino acids assigned for a determinant of a lysine-specificity. In AsaP1 there are three 

negatively charged amino-acids at the bottom of the S1�-pocket that could serve as 
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determinants for lysine-specific aspzincin proteases (Figure 6). The lysine specificity is so 

far only present in mushroom enzymes and therefore AsaP1 is obviously the first 

bacterial M35-protease with this specificity. 

The conserved Tyr309 within the GTxDxxYG motif is supposed to interact with the 

hydrophobic methylen chain of lysine, contributing to the lysine specificity in GfMEP 

together with the aromatic ring of Phe259 [15]. In AsaP1 Tyr309 is part of the S1´ 

binding pocket but the interactions to the lysine could not be considered specific, because 

of distances between both side chains of 5.2 Å and more (Figure 5). A mutation of 

Tyr309 to Phe in AsaP1 however shows a decreased activity [11].  

With exception of PoMEP, all aspzincins identified so far are processed as a pre-pro-

enzyme and contain a signal-sequence and a rather long propeptide region. It was shown 

that the maturation of AsaP1 is correlated to the caseinolytic activity and that 

recombinant AsaP1 is able to process inactive mutants (AsaP1E294A and AsaP1E294Q) to 

the size of the mature recombinant protease [11]. Based on a structural analysis of the 

complex formed by the inactive mutants with the propeptide, the polypeptide would be 

cleaved most likely at Ile84-Lys85, if the protease was active. The N-term of active 

AsaP1 starts at position 171 but there is no lysine in the direct environment, but it could 

be shown that AsaP1 is processed autocatalytically [11]. In other lysine-specific 

aspzincins the lysine at the N-term is also missing. Therefore a protease is suggested to 

activate the precursor [40]. 

By means of site-directed mutagenesis Lys85 was replaced by an alanine in inactive 

AsaP1E294Q and AsaP1E294A as well as for the recombinant expressed mature enzyme 

AsaP1rec. AsaP1E294Q/K85A, AsaP1E294A/K85A and AsaP1rec/K85A were expressed in E. coli 

yielding inclusion bodies indicating that Lys85 might be implemented in the folding 

mechanism of AsaP1, before it is autoproteolytically processed to the mature enzyme. 
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The propeptides of extracellular proteases often act as an intramolecular chaperone and 

inhibitor [42-55]. 

The activation mechanism of aspzincin proteases is not known so far. We suggest that the 

complex of mature AsaP1 with its propeptide is one intermediate within the processing of 

the protease, that could be trapped because of the inactivity of the mutants.  

 

Homologous structures of AsaP1 

AsaP1 belongs to the family of M35 or Deuterolysin like proteases and is structurally 

identical with other aspzincin proteases. Besides AsaP1, there are five proteases within 

the group of aspzinkin or M35 proteases. Penicillolysin from Penicillium citrinumaus 

(M35.001), Deuterolysin from Aspergillus oryzae (M35.002) and GfMEP (M35.004) are 

already reviewed [56-58]. The fifth protease is AVR-Pita peptidase from Magnaporthe 

sp. (M35.005) [59]. Even though these proteases are spread within plenty different 

organisms it was suggested that they have evolved from a common ancestor [40].  

It is the first time that the propeptide structure could be shown for this class of proteases. 

For the propeptide domain structurally related proteins were found by DALI (Figure 8). 

The structure of ApaG and ApaA proteins show an Fn3 fold, but there is no sequence 

identity to other Fn3-fold proteins. The function of ApaG proteins is still unknown, but 

they might play a role in mediating protein-protein interactions [24]. In the Fix-G-related 

protein from Vibrio parahaemolyticus (pdb 2r39) one �-strand from the �-sandwich is 

interrupted by a loop insertion and thus the two �-sheets have one additional �-strand, 

which is only half as long as other �-strands of the sheet. The two �-sheets in the AsaP1 

mutants do not form a real sandwich structure but are shifted against each other and 

therefore the amino-acid side chains of the two �-sheets could interact only marginally 

with each other (Figure 8a). Furthermore the fourth �-strand within the second �-sheet is 
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only composed of two amino acid residues, with the second being a proline. This �-strand 

is also shortened in the structure of the protease inhibitor from Bacillus subtilis (pdb 3isy) 

containing four amino acids (Figure 8b).  

The single loop containing �-strand 6 is allocated apart from the core sandwich structure 

and interacts with the active site of AsaP1. It is only present in the protease-Inhibitor, but 

without strand conformation. Probably the �-strand conformation of the propeptide of 

AsaP1 is formed because of the interaction with the active site of the protease.  

The protease inhibitor is referred to as an intracellular protein expressed from B. subtilis - 

a Gram-positive bacterium (pdb 3isy). Asap1 from A. salmonicida subsp. Achromogenes 

(Gram-negative) is a toxic extracellular protease. 

The genomes von B. subtilis, V. parahaemolyticus, B. pertussis, V. cholerae and S. 

oneidensis are already sequenced but there is no homologue protease to AsaP1. Solely in 

X. axonopodis there is a homologue M35 Protease. 

It is not clear whether the structural similarities of the proteins imply a comparable 

function. Based on the crystal structure, it is not possible to assign the function of the 

propeptide in case of AsaP1. We are in the process of purifying the AsaP1 propeptide to 

further study its function. 



 
 

18 
 

References: 
 
1. Holt JG, Krieg NR, Sneath PHA, Staley JT, Williams ST: Bergey´s Manual of 

Determinative Bacteriology, 9 edn. Baltimore: Williams and Wilkins; 1994. 
2. Austin B, Austin DA, Dalsgaard I, Gudmundsdottir BK, Hoie S, Thornton JM, 

Larsen JL, O'Hici B, Powell R: Characterization of atypical Aeromonas 
salmonicida by different methods. Syst Appl Microbiol 1998, 21(1):50-64. 

3. Gudmundsdottir BK, Hvanndal I, Bjornsdottir B, Wagner U: Analysis of 
exotoxins produced by atypical isolates of Aeromonas salmonicida, by 
enzymatic and serological methods. J Fish Dis 2003, 26(1):15-29. 

4. Gudmundsdottir BK, Hastingst S, Ellis EA: Isolation of a new toxic protease 
from a strain of Aeromonas salmonicida subspecies achromogenes. Diseases 

of Aquatic Organisms 1990, 9(3):199-208. 
5. Gunnlaugsdottir B, Gudmundsdottir BK: Pathogenicity of atypical Aeromonas 

salmonicida in Atlantic salmon compared with protease production. J Appl 

Microbiol 1997, 83(5):542-551. 
6. Arnadottir H, Hvanndal I, Andresdottir V, Burr SE, Frey J, Gudmundsdottir BK: 

The AsaP1 peptidase of Aeromonas salmonicida subsp. achromogenes is a 
highly conserved deuterolysin metalloprotease (family M35) and a major 
virulence factor. J Bacteriol 2009, 191(1):403-410. 

7. Gudmundsdottir S, Gudmundsdottir B: Induction of inflammatory cytokines by 
extracellular products and LPS of the fish pathogen Aeromonas salmonicida 
ssp. achromogenes in mice and mouse cell cultures. Vet Immunol 

Immunopathol 2001, 81(1-2):71-83. 
8. Schwenteit J, Gram L, Nielsen KF, Fridjonsson OH, Bornscheuer UT, Givskov 

M, Gudmundsdottir BK: Quorum sensing in Aeromonas salmonicida subsp. 
achromogenes and the effect of the autoinducer synthase AsaI on bacterial 
virulence. Vet Microbiol 2011, 147(3-4):389-397. 

9. Hooper NM: Families of zinc metalloproteases. FEBS Lett 1994, 354(1):1-6. 
10. Fushimi N, Ee CE, Nakajima T, Ichishima E: Aspzincin, a family of 

metalloendopeptidases with a new zinc-binding motif. Identification of new 
zinc-binding sites (His(128), His(132), and Asp(164)) and three catalytically 
crucial residues (Glu(129), Asp(143), and Tyr(106)) of deuterolysin from 
Aspergillus oryzae by site-directed mutagenesis. J Biol Chem 1999, 
274(34):24195-24201. 

11. Schwenteit J, Bogdanovi� X, Fridjonsson OH, Bornscheuer UT, Hinrichs W, 
Gudmundsdottir BK: Construction of four toxoids of AsaP1, a lethal toxic 
aspzincin metalloendopeptidase of Aeromonas salmonicida subsp. 
achromogenes, and studies of its activity and processing. submitted. 

12. Bogdanovic X, Singh RK, Hentschke J, Gudmundsdottir BK, Hinrichs W: 
Crystallization and preliminary X-ray diffraction studies of AsaP1_E294A 
and AsaP1_E294Q, two inactive mutants of the toxic zinc metallopeptidase 
AsaP1 from Aeromonas salmonicida subsp. achromogenes. Acta Crystallogr 

Sect F Struct Biol Cryst Commun 2009, 65(Pt 7):695-697. 
13. Otwinowski Z, Minor W: Processing of x-ray diffraction data collected in 

oscillation mode. Methods in Enzymology 1997, 276:307-326. 
14. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read RJ: 

Phaser crystallographic software. J Appl Crystallogr 2007, 40(Pt 4):658-674. 
15. Hori T, Kumasaka T, Yamamoto M, Nonaka N, Tanaka N, Hashimoto Y, Ueki U, 

Takio K: Structure of a new 'aspzincin' metalloendopeptidase from Grifola 



 
 

19 
 

frondosa: implications for the catalytic mechanism and substrate specificity 
based on several different crystal forms. Acta Crystallogr D Biol Crystallogr 

2001, 57(Pt 3):361-368. 
16. Morris RJ, Perrakis A, Lamzin VS: ARP/wARP and automatic interpretation 

of protein electron density maps. Methods Enzymol 2003, 374:229-244. 
17. Vagin AA, Steiner RA, Lebedev AA, Potterton L, McNicholas S, Long F, 

Murshudov GN: REFMAC5 dictionary: organization of prior chemical 
knowledge and guidelines for its use. Acta Crystallogr D Biol Crystallogr 2004, 
60(Pt 12 Pt 1):2184-2195. 

18. The CCP4 suite: programs for protein crystallography. Acta Crystallogr D 

Biol Crystallogr 1994, 50(Pt 5):760-763. 
19. Emsley P, Cowtan K: Coot: model-building tools for molecular graphics. Acta 

Crystallogr D Biol Crystallogr 2004, 60(Pt 12 Pt 1):2126-2132. 
20. Davis IW, Leaver-Fay A, Chen VB, Block JN, Kapral GJ, Wang X, Murray LW, 

Arendall WB, 3rd, Snoeyink J, Richardson JS et al: MolProbity: all-atom 
contacts and structure validation for proteins and nucleic acids. Nucleic Acids 

Res 2007, 35(Web Server issue):W375-383. 
21. Harding MM: Small revisions to predicted distances around metal sites in 

proteins. Acta Crystallogr D Biol Crystallogr 2006, 62(Pt 6):678-682. 
22. Krissinel E, Henrick K: Inference of Macromolecular Assemblies from 

Crystalline State. Journal of molecular biology 2007, 372(3):774-797. 
23. Holm L, Rosenstrom P: Dali server: conservation mapping in 3D. Nucleic Acids 

Res 2010, 38 Suppl:W545-549. 
24. Cicero DO, Contessa GM, Pertinhez TA, Gallo M, Katsuyama AM, Paci M, Farah 

CS, Spisni A: Solution structure of ApaG from Xanthomonas axonopodis pv. 
citri reveals a fibronectin-3 fold. Proteins 2007, 67(2):490-500. 

25. McAuley KE, Jia-Xing Y, Dodson EJ, Lehmbeck J, Østergaard PR, Wilson KS: A 
quick solution: ab initio structure determination of a 19 kDa 
metalloproteinase using ACORN. Acta Crystallogr D Biol Crystallogr 2001, 
57(Pt 11):1571-1578. 

26. Bendtsen JD, Nielsen H, von Heijne G, Brunak S: Improved prediction of signal 
peptides: SignalP 3.0. Journal of molecular biology 2004, 340(4):783-795. 

27. du Plessis DJF, Nouwen N, Driessen AJM: The Sec translocase. Biochimica et 

Biophysica Acta (BBA) - Biomembranes 2011, 1808(3):851-865. 
28. Yen N, Bogdanovi� X, Palm G, Kühl O, Hinrichs W: Structure of the Ni(II) 

complex of Escherichia coli peptide deformylase and suggestions on 
deformylase activities depending on different metal(II) centres. Journal of 

Biological Inorganic Chemistry 2010, 15(2):195-201. 
29. Lipscomb WN, Sträter N: Recent Advances in Zinc Enzymology. Chemical 

Reviews 1996, 96(7):2375-2434. 
30. Holden HM, Tronrud DE, Monzingo AF, Weaver LH, Matthews BW: Slow- and 

fast-binding inhibitors of thermolysin display different modes of binding: 
crystallographic analysis of extended phosphonamidate transition-state 
analogues. Biochemistry 1987, 26(26):8542-8553. 

31. Grams F, Dive V, Yiotakis A, Yiallouros I, Vassiliou S, Zwilling R, Bode W, 
Stocker W: Structure of astacin with a transition-state analogue inhibitor. Nat 

Struct Biol 1996, 3(8):671-675. 
32. Bode W, Walter J, Huber R, Wenzel HR, Tschesche H: The refined 2.2-Å (0.22-

nm) X-ray crystal structure of the ternary complex formed by bovine 



 
 

20 
 

trypsinogen, valine-valine and the Arg15 analogue of bovine pancreatic 
trypsin inhibitor. European Journal of Biochemistry 1984, 144(1):185-190. 

33. Kim H, Lipscomb WN: Comparison of the structures of three 
carboxypeptidase A-phosphonate complexes determined by x-ray 
crystallography. Biochemistry 1991, 30(33):8171-8180. 

34. Prabu-Jeyabalan M, Nalivaika E, Schiffer CA: Substrate Shape Determines 
Specificity of Recognition for HIV-1 Protease: Analysis of Crystal Structures 
of Six Substrate Complexes. Structure (London, England : 1993) 2002, 
10(3):369-381. 

35. Laco GS, Schalk-Hihi C, Lubkowski J, Morris G, Zdanov A, Olson A, Elder JH, 
Wlodawer A, Gustchina A: Crystal Structures of the Inactive D30N Mutant of 
Feline Immunodeficiency Virus Protease Complexed with a Substrate and an 
Inhibitor†,‡. Biochemistry 1997, 36(35):10696-10708. 

36. Phan J, Zdanov A, Evdokimov AG, Tropea JE, Peters HK, Kapust RB, Li M, 
Wlodawer A, Waugh DS: Structural Basis for the Substrate Specificity of 
Tobacco Etch Virus Protease. Journal of Biological Chemistry 2002, 
277(52):50564-50572. 

37. Turk BE, Wong TY, Schwarzenbacher R, Jarrell ET, Leppla SH, Collier RJ, 
Liddington RC, Cantley LC: The structural basis for substrate and inhibitor 
selectivity of the anthrax lethal factor. Nat Struct Mol Biol 2004, 11(1):60-66. 

38. Fülöp V, Szeltner Z, Renner V, Polgár L: Structures of Prolyl Oligopeptidase 
Substrate/Inhibitor Complexes. Journal of Biological Chemistry 2001, 
276(2):1262-1266. 

39. Madala PK, Tyndall JDA, Nall T, Fairlie DP: Update 1 of: Proteases 
Universally Recognize Beta Strands In Their Active Sites. Chemical Reviews 

2010, 110(6):PR1-PR31. 
40. Nonaka T, Dohmae N, Hashimoto Y, Takio K: Amino Acid Sequences of 

Metalloendopeptidases Specific for Acyl-Lysine Bonds from Grifola frondosa 
and Pleurotus ostreatus Fruiting Bodies. Journal of Biological Chemistry 1997, 
272(48):30032-30039. 

41. Nonaka T, Hashimoto Y, Takiot K: Kinetic Characterization of Lysine-Specific 
Metalloendopeptidases from Grifola frondosa and Pleurotus ostreatus 
Fruiting Bodies. Journal of Biochemistry 1998, 124(1):157-162. 

42. Baker D, Sohl JL, Agard DA: A protein-folding reaction under kinetic control. 
Nature 1992, 356(6366):263-265. 

43. Braun P, Tommassen J: Function of bacterial propeptides. Trends in 

Microbiology 1998, 6(1):6-8. 
44. Carmona E, Dufour É, Plouffe C, Takebe S, Mason P, Mort JS, Ménard R: 

Potency and Selectivity of the Cathepsin L Propeptide as an Inhibitor of 
Cysteine Proteases†. Biochemistry 1996, 35(25):8149-8157. 

45. Demidyuk IV, Gromova TY, Polyakov KM, Melik-Adamyan WR, Kuranova IP, 
Kostrov SV: Crystal Structure of the Protealysin Precursor. Journal of 

Biological Chemistry 2010, 285(3):2003-2013. 
46. Eder J, Rheinnecker M, Fersht AR: Folding of subtilisin BPN': characterization 

of a folding intermediate. Biochemistry 1993, 32(1):18-26. 
47. Fu X, Inouye M, Shinde U: Folding Pathway Mediated by an Intramolecular 

Chaperone. Journal of Biological Chemistry 2000, 275(22):16871-16878. 
48. Gao X, Wang J, Yu D-Q, Bian F, Xie B-B, Chen X-L, Zhou B-C, Lai L-H, Wang 

Z-X, Wu J-W et al: Structural basis for the autoprocessing of zinc 



 
 

21 
 

metalloproteases in the thermolysin family. Proceedings of the National 

Academy of Sciences 2010, 107(41):17569-17574. 
49. Guevara T, Yiallouros I, Kappelhoff R, Bissdorf S, Stöcker W, Gomis-Rüth FX: 

Proenzyme Structure and Activation of Astacin Metallopeptidase. Journal of 

Biological Chemistry 2010, 285(18):13958-13965. 
50. Inouye M: Intramolecular chaperone: the role of the pro-peptide in protein 

folding. Enzyme 1991, 45(5-6):314-321. 
51. Khan AR, James MNG: Molecular mechanisms for the conversion of 

zymogens to active proteolytic enzymes. Protein Science 1998, 7(4):815-836. 
52. Li Y, Hu Z, Jordan F, Inouye M: Functional Analysis of the Propeptide of 

Subtilisin E as an Intramolecular Chaperone for Protein Folding. Journal of 

Biological Chemistry 1995, 270(42):25127-25132. 
53. Ramos C, Winther JR, Kielland-Brandt MC: Requirement of the propeptide for 

in vivo formation of active yeast carboxypeptidase Y. Journal of Biological 

Chemistry 1994, 269(9):7006-7012. 
54. Silen JL, Agard DA: The [alpha]lytic protease pro-region does not require a 

physical linkage to activate the protease domain in vivo. Nature 1989, 
341(6241):462-464. 

55. van den Hazel HB, Kielland-Brandt MC, Winther JR: The propeptide is 
required for in vivo formation of stable active yeast proteinase A and can 
function even when not covalently linked to the mature region. Journal of 

Biological Chemistry 1993, 268(24):18002-18007. 
56. Ichishima E: Penicillolysin. In: Handbook of Proteolytic Enzymes. Edited by 

Barrett AJ, Rawlings,N.D. & Woessner,J.F., vol. 2 edn ( eds). London Elsevier; 
2004: 784-786. 

57. Tatsumi H: Deuterolysin. In: In Handbook of Proteolytic Enzymes. Edited by 
Barrett AJ, Rawlings, N.D. & Woessner,J.F., vol. 2 end. London: Elsevier; 2004: 
786-788. 

58. Takio K: Peptidyl-Lys metalloendopeptidase. In: In Handbook of Proteolytic 

Enzymes. Edited by Barrett AJ, Rawlings,N.D. & Woessner,J.F. eds, vol. 2 edn. 
London: Elsevier; 2004: 788-792. 

59. Zhou E, Jia Y, Singh P, Correll JC, Lee FN: Instability of the Magnaporthe 
oryzae avirulence gene AVR-Pita alters virulence. Fungal genetics and biology 

: FG & B 2007, 44(10):1024-1034. 
60. Corpet F: Multiple sequence alignment with hierarchical clustering. Nucleic 

Acids Research 1988, 16(22):10881-10890. 
61. Gouet P, Courcelle E, Stuart DI, M�©toz F: ESPript: analysis of multiple 

sequence alignments in PostScript. Bioinformatics 1999, 15(4):305-308. 
 
 

 

 



 
 

22 
 

 

Table 1: X-Ray data-collection statistics of AsaP1E294A and Asap1E294Q. 
 

 AsaP1E294Q AsaP1E294A AsaP1E294A 

Pdb code 
A. Data collection 

2x3a 2x3c 2x3b 

   Space group C2 C2 P212121 

   Unit-cell parameters 
      a (Å) 
      b (Å) 
      c (Å) 
      � (°) 
      � (°) 
      � (°) 

 
98.5 
74.5 
54.7 
90.0 

112.4 
90.0 

 
102.0 
72.0 
55.0 
90.0 

109.8 
90.0 

 
57.9 
60.2 

183.6 
90.0 
90.0 
90.0 

   Wavelength (Å) 0.9537 0.9778 0.9778 
   Resolution range (Å) 99.0 – 2.0 

(2.05 - 2.00) 
90.0 – 2.0 

(2.05 – 2.0) 
90.0 – 2.2 

(2.25 - 2.20) 
   Completeness (%) 98.9 (86.3) 99.8 (100) 99.4 (93.1) 
   Multiplicity 3.8 (3.4) 5.7 (5.3) 6.1 (3.7) 
   Average I / �(I) 18.7 (3.3) 23.6 (3.5) 19.3 (2.69) 
   Rmerge (%) 10.1 (39.3) 8.8 (53.8) 13.3 (60.2) 
   Rr.i.m. (%) 10.7 (53.3) 8.4 (42.7) 15.9 (50.7) 
   Rp.i.m. (%) 5.5 (27.8) 3.4 (18.0) 6.0 (18.5) 
   Wilson B factor (Å2) 25.8 29.4 41.7 
 
B. Refinement 

   

   No. of reflections 23411 37710 30802 
   Rwork (%) 17.01 17.19 24.43 
   Rfree (%) 20.46 21.43 29.33 
   F.O.M. 0.87 0.87 0.79 
   No. of atoms 2525 2451 4806 
    
 Average B-Factors (Å2)    
   Overall 22.1 26.4 27.8 
   Protein main chain 20.0 24.5 27.4 
   Protein side chains + water 23.9 28.0 28.2 
    
 R.m.s. deviations    
   Bond lengths (Å) 0.023 0.022 0.017 
   Bond angles (°) 1.928 1.899 1.672 
   Ramachandran plot    
   Most favored (%) 91.8 93.1 90.3 
   Additional allowed (%) 8.2 6.9 9.7 

 
Values in parentheses correspond to values in the highest resolution shell 
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Table 2: selected binding distances of AsaP1E294A and AsaP1E294Q in [Å]. 

Crystal AsaP1_E294Q AsaP1_E294A AsaP1_E294A 
 
Space group 

 
C2 

 
C2 

 
P212121 

Pdb entry 
Catalytic zinc-ion 
binding distance to 
N�2 of His293 
N�2 of His297 
O�1 of Asp306 
O�2 of Asp306 
Water molecule 
Chlorid ion 

2x3a 
 
 

1.85 
2.35 
2.84 
2.01 

 
 

2x3c 
 
 

2.14 
1.97 
1.85 
2.72 

 
2.37 

2x3b 
 
 

2.05 
1.95 
2.81 
1.91 

 
 

Carbonyl-O of  
  peptide bond 
  Ile84-Leu85  

2.98 3.75 3.72 

Carbonyl-O of 
  peptide bond  
  Ile84-Leu85 to  
  Tyr309 OH 

5.31 2.61 2.80 
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Table 3: Details PISA analysis 

 Interface 1 Interface 2 

interface area Å2 1728 1624 

�iG kcal/mol -12.9 1.0 

P-value 0.246 0.765 

CSS 0.148 0.091 

CSS (complexation significance score) ranges from 0 to 1 as interface relevance to 

complexation increases. 
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Figure legends: 

Figure 1: Structure of AsaP1E294A the complex of AsaP1 protease with the propeptide 
domain. Zinc ion is displayed as magenta sphere; helices (�1-8) of the protease are labeled in 
green, these from the propeptides (
1-2) in pale green, sheets are marked in dark blue for the 
protease (�10-14) and in light blue for the propeptide (�1-9). Selected residues of AsaP1 are 
numbered to help orientate the reader. Zinc ligands are shown as sticks with typical color 
code for atoms. 

Figure 2: Coordination of the active-site zinc-ion. The zinc ligands are represented as 
sticks with O atoms in red and N atoms in blue. The zinc ion is shown as magenta sphere a) 
Monoclinic AsaP1E294A with chloride as green sphere. b) Orthorhombic AsaP1E294A c) 
Monocline AsaP1E294Q 

Figure 3: Superposition of the active sites of all three mutants based on the active-site 
zinc ion. The orthorhombic AsaP1E294A mutant is shown in light blue; the monoclinic 
Asap1E294A mutant is presented in dark blue. The monoclinic Asap1E294Q mutant is colored in 
green. The active-site zinc ion is shown as magenta sphere and the chloride ion found in the 
monoclinic AsaP1E294A mutant is shown as green sphere. Amino acids at the active site are 
labeled and presented with the O atoms in red and the N atoms in blue. 

Figure 4: The active site of the protease is blocked by the propeptide domain. a) 
Surface representation of the protease domain. b) The protease domain with a propeptide 
domain blocking the active site. Color coding: �-strands, blue; �-helices, green and loops 
grey. The zinc ion is magenta. In the propeptide �-strands, light blue; loops, grey.  

Figure 5: Substrate specifity of AsaP1E294Q. a) Interaction of �-strand 6 from the 
propeptide with the protease domaine. b) Surface representation of the S1�- and the S2 
binding pocket c). Color scheme: Carbon atoms green; nitrogen atoms blue and oxygen atoms 
red. Amino acids Lys85 and Leu83 from the propeptide are represented as sticks and colored 
in cyan. d) Schematic drawing of the S1�- and S2 binding pocket e). Shown are all amino acid 
residues in a radius of 6 Å. H-bonds are labeled in blue with the corresponding distances in Å. 
Hydrophobic interactions are marked in green, considering atoms with a distance up to 4 Å. 

Figure 6: Multiple sequence alignment of AsaP1, with all M35 proteases with evidence 
at the protein level. AsaP1 AERSA (A. salmonicida subsp. achromogenes), EPRA1 AERHY 
(Aeromonas hydrophila), GfMEP GRIFR (Grifola frondosa), PLMP ARME (Armillaria 

mellea), PLMP PLEOS (Pleurotus ostreatus), Penicillolysin PENCI (Penicillium 

citrinumaus), Deuterolysin ASPOR (Aspergilus oryzae). Identical residues are presented in 
white on a red background, similar residues are indicated by red lettering on a white 
background. Secondary structure elements of AsaP1 are given above the sequence.  The 
alignment was generated with MultAlin [60] and illustrated using ESPript 2.2 [61]. Highly 
conserved regions typical for aspzincin proteases are lebeled in blue, possible determinats for 
lysine specificity are labeled in green.  

Figure 7: Conserved dimeric arrangement observed in the two different crystal lattices 
of AsaP1E294A and both possible interactions of propeptide and protease. a) Superposition 
of the C�-traces of the asymmetric unit of orthorhombic (blue) and monoclinic crystals (red) 
and the corresponding symmetry mate (orange). The local-twofold axis creating the dimer in 
the asymmetric unit of the orthorhombic crystal coincides with the crystallographic symmetry 
in the monoclinic crystal. b) The protease with two alternative positions of the propeptide 
domain. Zinc ion is displayed as magenta sphere; helices of the protease are labeled in green 
these from the propeptides in pale green, sheets are marked in dark blue for the protease and 
in light blue for the propeptides.  



 
 

 
 

Figure 8: Structural comparision of a) AsaP1E294Q propeptid f) protease inhibitor from 
B. subtilis (pdb 3isy), g) FixG-related protein from V. parahaemolyticus (pdb 2r39), h) 
different ApaG-proteins shown in different blues (putative ApaA protein from Bordetella 

Pertussis (pdb 1xq4), the ApaG protein from Xanthomonas axonopodis pv. citri (pdb 2f1e), 
the ApaG Protein from Vibrio cholerae (pdb 1xvs) [5]). 
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DppA from Plesiocystis pacifica SIR-I is a putative haloalkane dehalogenase

(EC 3.8.1.5) and probably catalyzes the conversion of halogenated alkanes to

the corresponding alcohols. The enzyme was expressed in Escherichia coli BL21

and purified to homogeneity by ammonium sulfate precipitation and reversed-

phase and ion-exchange chromatography. The DppA protein was crystallized by

the vapour-diffusion method and protein crystals suitable for data collection

were obtained in the orthorhombic space group P21212. The DppA crystal

diffracted X-rays to 1.9 Å resolution using an in-house X-ray generator.

1. Introduction

Haloalkane dehalogenases (EC 3.8.1.5) are �/�-hydrolase fold

enzymes that catalyze the hydrolytic conversion of a broad spectrum

of halogenated alkanes to the corresponding alcohols (Janssen, 2004).

This reaction is of great environmental interest and haloalkane

dehalogenases have therefore been extensively studied in recent

years. Attempts have been made to enhance the speed of the catalytic

reaction, to expand the substrate range and to increase the enantio-

selectivity (Bosma et al., 2002; Schanstra et al., 1996; Gray et al., 2001;

Chaloupkova et al., 2003; Pries et al., 1994; Holloway et al., 1998). To

date, only a handful of haloalkane dehalogenases have been crys-

tallized (Franken et al., 1991; Newman et al., 1999; Marek et al., 2000;

Stsiapanava et al., 2008; Mazumdar et al., 2008), of which the enzymes

from Xanthobacter autotrophicus GJ10, Sphingomonas paucimobilis

UT26 and Rhodococcus rhodochrous NCIMB13064 have been

extensively investigated in several further studies. They all share the

�/�-hydrolase fold, which is a hallmark of this class of enzymes (Ollis

et al., 1992).

Plesiocystis pacifica SIR-1 is a myxobacterium which was isolated

from the Japanese coast (Iizuka et al., 2003). The strain is Gram-

negative, chemoheterotrophic and strictly aerobic (Iizuka et al.,

2003). Its DNA sequence is available online at NCBI as a shotgun

library (NCBI reference sequence NZ_ABCS00000000). The entry

ZP_01908831.1 is tagged as a putative haloalkane dehalogenase with

a calculated molecular weight of 32 kDa.

This haloalkane dehalogenase was chosen as it showed the highest

sequence homology to another dehalogenase currently under study in

an ongoing project and showed good alignment, with the residues of

the catalytic triad (Asp-His-Asp) in reasonable positions.

2. Materials and methods

2.1. Protein expression and purification

The strain P. pacifica SIR-I was ordered from the German

Collection of Microorganisms and Cell Cultures (DSMZ; DSM No.

14875) and was supplied as an actively growing culture on agar

medium. Genomic DNA of P. pacifica SIR-I was amplified with the

help of the GenomiPhi-Kit from GE Healthcare. The coding region

of ZP_01908831.1 was cloned into a pET28a vector (without a His
# 2010 International Union of Crystallography

All rights reserved



tag) and expressed in Escherichia coli BL21 Gold. The cells were

grown at 310 K to an OD600 of 0.5, induced with IPTG (final con-

centration 0.1 mM) and incubated at 293 K overnight. Subsequently,

the cells were harvested and resuspended in buffer A (10 mM Tris–

HCl buffer pH 8). The cells were disrupted by adding lysozyme

(incubation time of 1 h at 280 K on an orbital shaker) and further

treatment with a French press (three rounds of disruption). The cell

lysate was centrifuged at 8000g for 45 min to remove cellular debris.

Ammonium sulfate precipitation was carried out using 15%(w/v)

ammonium sulfate in buffer A with an incubation time of 2 h at

280 K. Afterwards, the solution was centrifuged at 8000g for 30 min.

The following purification steps were all performed using an ÄKTA

Purifier (GE Healthcare). The cell lysate was applied onto a Butyl

Sepharose column equilibrated with buffer A and eluted using a

linear gradient from 15 to 0% ammonium sulfate. Fractions con-

taining DppA were pooled and desalted by gel filtration (buffer A).

Subsequently, the sample was applied onto a Q Sepharose ion-

exchange column with buffer A, eluted using a linear gradient from

0 to 1 M NaCl and desalted by gel filtration (buffer A). The sample

was then applied onto a high-resolution Resource Q ion-exchange

column equilibrated with buffer A and eluted with a linear gradient

from 0 to 1M KCl. Finally, the protein solution was desalted (buffer

A) and concentrated with Amicon Ultra spin columns (exclusion size

10 kDa) from Millipore.

2.2. Crystallization

Initial screening for crystallization conditions was performed by

the sitting-drop vapour-diffusion method using a crystallization robot

(HTPC, CyBio) and 96-well plates (CrystalQuick LP, Greiner Bio-

One). The drops contained 0.3 ml protein solution (at 8 mg mlÿ1 in

buffer A) and 0.3 ml reservoir solution and were equilibrated against

40 ml reservoir solution. From these initial screens (JBScreen Classic

1–10, Jena Bioscience) several hits were observed. The crystallization

conditions were further optimized using 24-well crystallization plates

(Greiner Bio-One) with the hanging-drop vapour-diffusion method.

Each well contained 500 ml reservoir solution and the drop volume

was a mixture of 1 ml protein solution and 1 ml reservoir solution.

2.3. Data collection and X-ray crystallographic analysis

For cryoprotection, the reservoir solution was mixed with 50%(v/v)

PEG 400 to give a final concentration of 5%(v/v) PEG 400. Before

the crystal was mounted, it was transferred into and soaked in this

cryoprotectant for 30 s. The crystal was then flash-cooled to 110 K in

a stream of nitrogen (Oxford Cryosystems).

Diffraction data were collected using a rotating-anode X-ray

generator (MicroMax007, Rigaku) with Osmic multiple-layer optics

(beam size 0.3 � 0.3 mm) and a CCD detector (Saturn 92, Rigaku).

The diffraction data were integrated and scaled using the software

CrystalClear v.1.3.6 (Pflugrath, 1999). To obtain values of Rp.i.m. and

Rr.i.m. the data were scaled with SCALA (Evans, 2006).

3. Results and discussion

The DppA protein was expressed in E. coli BL21 Gold and purified

to homogeneity by ammonium sulfate precipitation and reversed-

phase and ion-exchange chromatography. A final concentration of

8 mg mlÿ1 was used for crystallization experiments.

Crystals of DppA protein could be obtained with several precipi-

tants from the initial screen using the vapour-diffusion method. The

crystallization conditions were further optimized and tiny needles

that were too small for data collection appeared after several days in

most cases (0.1M sodium acetate pH 4.6, 28–31% PEG 400, 0.1 M

MgCl2; 0.1 M sodium phosphate–citrate pH 4.2, 0.2 MK2HPO4, 1.6 M

NaH2PO4; 0.1 M Na HEPES pH 7.5, 1.8–2.2M ammonium sulfate,

2% PEG 400; 0.1 MNa HEPES pH 7.5, 1.5–1.8 M ammonium sulfate,

0.2 M NaCl; 0.1 M Na MES pH 6.5, 1.8–2.0 M ammonium sulfate, 5%

PEG 400; 0.1 M Na MES pH 6.5, 1.5–1.8 M ammonium sulfate). In

one condition, comprised of 0.1 M Na MES pH 6.5, 1.8 M ammonium

sulfate and 5% PEG 400, one crystal with an appropriate size for data

collection (40 � 110 � 200 mm) was obtained after 4 d (Fig. 1).

This crystal of DppA diffracted X-rays to a resolution of 1.95 Å on

a rotating-anode X-ray generator. The integration limit was set to an

average I/�(I) of 2. The data statistics are reported in Table 1.

The crystal of DppA belonged to the orthorhombic space group

P21212 (No. 18), with unit-cell parameters a = 47.3, b = 108.5,

c = 67.3 Å.

Assuming the presence of one molecule in the asymmetric unit, the

Matthews coefficient VM was calculated to be 2.6 Å3 Daÿ1.

The structure could be solved by molecular replacement using the

program Phaser (McCoy et al., 2007) with the haloalkane dehalo-

genase from X. autotrophicus GJ10 (PDB code 1edb; Verschueren et

al., 1993), which has a sequence identity of 50%, as a search model. A

unique solution was obtained with a monomer in the asymmetric unit

crystallization communications
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Figure 1
Crystals of the haloalkane dehalogenase DppA grown by the hanging-drop vapour-
diffusion method. The crystal which was used for data collection (the leftmost
crystal) has a thickness of approximately 40 mm. The solid bar represents 100 mm.

Table 1
X-ray data-collection statistics for DppA.

Values in parentheses are for the outer resolution shell.

X-ray source Rigaku MicroMax-007
Detector Saturn 92
Wavelength (Å) 1.5418
Resolution range (Å) 38.68–1.95 (2.02–1.95)
Space group P21212
Unit-cell parameters (Å) a = 47.3, b = 108.5, c = 67.3
Total reflections 139903
Unique reflections 25613
Completeness (%) 98.5 (97.4)
Rmerge (%) 12.0 (43.7)
Rr.i.m. (%) 13.7 (57.9)
Rp.i.m. (%) 6.4 (32.7)
Average I/�(I) 7.0 (2.3)
d-spacing (Å) 2.02–1.95
Mosaicity (�) 1.00
Multiplicity 5.46 (4.13)
Wilson B factor (Å2) 26.0
No. of images 258



with a likelihood score of 483.81 and a Z score of 21.51. Refinement is

currently in progress.
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Abstract A haloalkane dehalogenase (DppA) from Plesio-

cystis pacifica SIR-1 was identified by sequence comparison
in the NCBI database, cloned, functionally expressed in
Escherichia coli, purified, and biochemically characterized.
The three-dimensional (3D) structure was determined by X-
ray crystallography and has been refined at 1.95 Å resolution
to an R-factor of 21.93%. The enzyme is composed of an α/
β-hydrolase fold and a cap domain and the overall fold is
similar to other known haloalkane dehalogenases. Active site
residues were identified as Asp123, His278, and Asp249 and
Trp124 and Trp163 as halide-stabilizing residues. DppA, like
DhlA from Xanthobacter autotrophicus GJ10, is a member

of the haloalkane dehalogenase subfamily HLD-I. As a
consequence, these enzymes have in common the relative
position of their catalytic residues within the structure and
also show some similarities in the substrate specificity. The
enzyme shows high preference for 1-bromobutane and does
not accept chlorinated alkanes, halo acids, or halo alcohols. It
is a monomeric protein with a molecular mass of 32.6 kDa
and exhibits maximum activity between 33 and 37°C with a
pH optimum between pH 8 and 9. The Km and kcat values
for 1-bromobutane were 24.0 mM and 8.08 s−1. Furthermore,
from the 3D-structure of DppA, it was found that the enzyme
possesses a large and open active site pocket. Docking
experiments were performed to explain the experimentally
determined substrate preferences.

Keywords Haloalkane dehalogenase .Plesiocystis
pacifica . Biochemical characterization . Structure

Introduction

Haloalkane dehalogenases (HLDs, E.C. 3.8.1.5) catalyze the
hydrolytic dehalogenation of haloalkanes to the corresponding
alcohols by cleavage of a carbon–halogen bond. The first HLD
was isolated by Keuning et al. from Xanthobacter autotrophi-

cus GJ10 (Keuning et al. 1985). This enzyme is also, by far,
the best characterized HLD described in literature.

Structurally, HLDs belong to the α,β-hydrolase super-
family (Ollis et al. 1992; Holmquist 2000; Carr and Ollis
2009). The three-dimensional (3D) structure is composed of
two domains: (1) the α,β-hydrolase main domain, strictly
conserved in various members of the superfamily and (2)
the helical cap domain, variable in terms of number and the
arrangement of secondary structure elements. Currently,
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five unique crystal structures of HLDs are available in the
Protein Data Bank: DhlA from X. autotrophicus GJ10
(Franken et al. 1991), DhaA from Rhodococcus sp.
TDTM0003 (Newman et al. 1999), LinB from Sphingobium

japonicum (Sphingomonas paucimobilis) UT26 (Marek et al.
2000), DmbA from Mycobacterium tuberculosis H37Rv
(Mazumdar et al. 2008), and DbjA from Bradyrhizobium

japonicum USDA110 (Prokop et al. 2010). The HLD from
Plesiocystis pacifica described here was identified with a
BLAST search, where a consensus sequence of several
known HLDs served as template.

HLDs were subdivided into three subfamilies HLD-I,
HLD-II, and HLD-III (Chovancova et al. 2007) according
to their substrate specificity on one hand, and the position
of functionally important residues on the other hand: Asp–
His–Asp (catalytic triad) and Trp–Trp (halide-stabilizing
residues) in HLD-I, Asp–His–Glu and Asn–Trp in HLD-II,
and Asp–His–Asp and Asn–Trp in HLD-III.

The catalytic triad consists of the key nucleophile (Asp),
the general base (His), and a catalytic acid. The nucleophile
and the base are highly conserved in all α/β-hydrolases,
whereas the catalytic acid varies both in amino acid identity
and position. The nucleophile is located on the nucleophile
elbow, a sharp turn after β-strand 5, and the base is located
after β-strand 8, whereas the catalytic acid, aspartic acid, or
glutamic acid, is located after β-strand 7 or β-strand 6,
respectively. Krooshof et al. (1997) shifted the catalytic
acid Asp260 (after β7) to position Asn148 (after β6) by
site-directed mutagenesis of Asp260 to Asn and Asn148 to
Asp/Glu and demonstrated that the catalytic triad can be
rearranged in DhlA haloalkane dehalogenase.

The dehalogenase reaction follows a two-step catalytic
mechanism (Verschueren et al. 1993b). In the first step of
the reaction, the nucleophile forms a covalently-bound ester
intermediate with the substrate by releasing the halide ion.
In the second step, a water molecule in form of a hydroxide
ion, produced by the general base His, attacks the
intermediate ester and the alcohol product is released. In
the first reaction step, the transition state is stabilized by the
side chains of the halide-stabilizing residues Trp/Trp or
Asn/Trp, respectively. The first step is unique for dehaloge-
nases, whereas the second reaction step is typical for α/β-
hydrolases, and the characteristic feature to stabilize the
transition state for the second reaction step is the oxyanion
hole. This is typically composed of the amide nitrogen atoms
from the Trp following the key nucleophile and a second
backbone nitrogen of a residue located after β-strand 3.

Nowadays, various practical applications for HLDs are
known, and its number increases with the growing
knowledge of their properties and structure–function rela-
tionships: bioremediation of environmental pollutants
(Stucki and Thüer 1995), in biosensors for toxic chemicals
(Bidmanova et al. 2010), industrial biocatalysis (Swanson

1999; Prokop et al. 2009; Janssen 2007), decontamination
of warfare agents (Prokop et al. 2006a,b), as well as cell
imaging and protein analysis (Los and Wood 2007). The
identification of the biological role of HLDs is one of the
great challenges in their research. The genes encoding for
HLDs are widely distributed among various bacterial
species, including the tissue-colonizing organisms, e.g.,
Mycobacterium tuberculosis or Mycobacterium bovis.

Plesiocystis pacifica SIR-1was first described by Iizuka
et al. (2003). The strain is a Gram-negative marine
myxobacterium and was isolated from the Japanese coast
located in the Pacific Subtropical Zone. The organism was
sequenced, and the sequence was published online by Shimkets
et al. (2007): DppA (accession no. ZP_01908831.1) has been
annotated as “putative haloalkane dehalogenase”.

In this work, we describe the cloning, functional
expression, and biochemical characterization of DppA and
discuss its properties based on the crystal structure, for
which we recently reported the purification and crystalliza-
tion conditions leading to single crystals of DppA suitable
for structural analysis by X-ray diffraction (Bogdanović et
al. 2010).

Materials and methods

Chemicals

All chemical were purchased from Sigma-Aldrich (Weinheim,
Germany). The following buffers were prepared for activity
determination: acetate buffer 50 mM, pH 5.0 (acetate5.0);
acetate buffer 50 mM, pH 5.7 (acetate5.7); sodium phosphate
buffer 50 mM, pH 6.2 (NaPP6.2); sodium phosphate buffer
50 mM, pH 7.2 (NaPP7.2); sodium phosphate buffer 50 mM,
pH 8.2 (NaPP8.2); TRIS buffer 50 mM, pH 8.2 (TRIS8.2);
TRIS buffer 50 mM, pH 8.7 (TRIS8.7); TRIS buffer 50 mM,
pH 9 (TRIS9.0); Borate buffer 50 mM, pH 8.2 (Borate8.2);
Borate buffer 50 mM, pH 9.2 (Borate9.2); Borate buffer
50 mM, pH 10.2 (Borate10.2).

Identification of the putative protein sequence of HLD
from P. pacifica

Protein sequences of 19 known HLDs were used to create a
consensus sequence serving as template in a BLAST search
to identify novel HLDs based on putative annotations.
From the hits, all non-S1-organisms were excluded, and
from the remaining handful, homology models were built
with SwissModel and aligned with the known structure of
the HLD DhlA from X. autotrophicus GJ10 (PDB-code:
2dhc) to verify that the required catalytic residues occurred
in the active site and that they were also at the expected
place. DppA was the only protein, which possessed the
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typical catalytic triad Asp–His–Asp and gave good over-
lapping with the active site of DhlA and was therefore
chosen for further investigation. For later expression in E.

coli, the codon usage of P. pacifica was analyzed online at
http://gcua.schoedl.de. The similarity was considered high
enough (data not shown) for direct expression of the gene
in E. coli.

Isolation of genomic DNA from P. pacifica

The strain P. pacifica DSM14875 was ordered from the
German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). The genomic DNA was
amplified using the GenomiPhi DNA Amplification Kit
(GE Healthcare, Munich, Germany) according to the
manual provided by the manufacturer. The amplification
product was directly used for subsequent PCR.

Cloning of the dppA gene from P. pacifica

Primers for amplification of dppA were derived from the
sequence deposited at NCBI by Shimkets et al. (2007). The
forward and reverse primers had 5′ extensions, which carried
NdeI and BamHI restriction sites (forward primer: 5′-
CATATGGAATTCGTCCGCACCCCCGACGAC-3′; reverse
primer: 5′-GGATCCTCACTGCCCGAAGGCGGCGA-3′).
After digestion, the gene was subcloned into the TOPO
vector with the TOPO TA Cloning Kit (Invitrogen, Darm-
stadt, Germany) and putative positive clones were selected by
blue/white screening. The correct sequence was confirmed by
sequencing (GATC, Konstanz, Germany). For expression in
E. coli, the gene was subcloned into a pET28a vector
(Invitrogen, Carlsbad, CA, USA) with an N-terminal His-tag
(pET28a-dppA-NHIS).

Expression and purification of the DppA HLD

E. coli BL21-Gold(DE3) cells carrying plasmid pET28a-
dppA-NHIS were used for inoculation of a pre-culture,
which was subsequently used for inoculation of the main
culture. The pre-culture consisted of 10 ml lysogeny broth
(LB) medium and 30 μg/ml kanamycin. After inoculation,
it was incubated overnight in a 50-ml shake flask at 37°C
and 200 rpm. The main culture was prepared in LB medium
as well, and, after inoculation, incubated at 37°C at
200 rpm until the cultivation reached an OD600 of ∼0.5–1.
After induction with IPTG (final concentration 0.5 mM)
and further incubation at 20°C for 20 h, cells were
harvested by three alternating centrifugation and washing
steps (sodium phosphate buffer, 50 mM, pH 7.5, 4°C)
followed by a final centrifugation step. Cell disruption and
protein purification was carried out according to the BD
TALON protocol (Clontech, Mountain View, CA, USA).

Purification was monitored by SDS-PAGE. Protein con-
centration was determined at room temperature by the
Bradford method using bovine serum albumin (fraction IV)
as standard. SDS polyacrylamide gel electrophoresis (SDS-
PAGE) was performed with running gel (12% (w/v)) and
stacking gel (4% (w/v)). Protein bands were stained with
Coomassie Brilliant Blue G-250.

Determination of activity

Activity was determined as described elsewhere (Marvanova
et al. 2001) with some modifications of the protocol: the
reaction was routinely carried out with 1-bromobutane in
HEPES buffer (50 mM, pH 8.2) at 35°C. An appropriate
dilution of the enzyme was added together with the substrate
to reach a final concentration of 50 mM. The reaction was
performed in closed microreaction tubes to prevent evapo-
ration of the substrates. The final reaction volume was 1 ml.
The assay described by Iwasaki et al. (1952) was used for
colorimetric determination of halide concentrations. Typical
reaction time was 4 min. Samples of 100 μl were withdrawn
and poured into the microtiter plate. The latter already
contained one of the solutions for the Iwasaki assay, namely
the one that contains nitric acid, to stop the reaction. The
second Iwasaki solution was added to each well simulta-
neously, after the reaction had been finished. This was
because the formation of the dye in the Iwasaki assay is a
function of time. Reaction progress was monitored at 460 nm
in 96-well microtiter plates with a BMG Labtech Fluostar
Optima photometer (Offenburg, Germany). One unit (U) of
activity corresponds to the release of 1 μmol halide released
by the enzyme per minute.

Crystallization

Purification and crystallization of DppA have recently been
reported (Bogdanović et al. 2010). In brief, DppA was
cloned without His-Tag, expressed heterologously in E. coli

BL21-Gold(DE3) and purified to homogeneity by hydro-
phobic interaction, size exclusion, and ion exchange
chromatography. The protein was crystallized by the
hanging-drop vapor-diffusion method at 20°C out of
10 mM Tris–HCl buffer pH 8 at a protein concentration
of 8 mg ml−1. The precipitant comprised 0.1 M NaMES
(pH 6.5), 1.8 M (NH4)2SO4, and 5% PEG 400.

Data collection and crystallographic computing

For cryoprotection, the reservoir solution was mixed with
50% (v/v) PEG 400 to a final concentration of 5% (v/v)
PEG 400. The crystal was flash-cooled to −163.15°C
(Oxford Cryosystems). Diffraction data were collected at a
rotating-anode X-ray generator (MicroMax007, Rigaku)
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with Osmic multiple layer optics (beam size 0.3×0.3 mm)
and a CCD detector (SATURN92, Rigaku). Diffraction data
were indexed, integrated, and scaled using the software
CrystalClear 1.3.6 (Pflugrath 1999). For values of Rp.i.m

and Rr.i.m, data were scaled with SCALA (Pries et al. 1994).
The DppA structure was solved by molecular replacement
using the program PHASER (McCoy et al. 2007) with a
search model of DhlA from X. autotrophicus (PDB entry
1EDB, (Verschueren et al. 1993b)). Starting from the
existing model and the amino acid sequence of DppA,
several cycles of map improvement alternated with auto-
mated model building were performed using the program
ARP/wARP (Morris et al. 2003). Afterwards the structure
model was manually refined with REFMAC5 (Vagin et al.
2004) and COOT (Emsley and Cowtan 2004) from the
CCP4 suit (Collaborative Computational Project 1994)
using restrained and TLS refinement. The final model
contains 2,311 non-hydrogen protein atoms, 260 water
molecules, and 4 sulfate molecules. Stereochemistry was
verified using MOLPROBITY (Davis et al. 2007) and
PROCHECK (Collaborative Computational Project 1994).

Bioinformatics analysis and molecular modeling

The BLAST search (Altschul et al. 1990; 1997) was used to
identify homologous sequences of DppA, which were then
aligned by ClustalW (Thompson et al. 1994) and ESPript
2.2 (Gouet et al. 1999). Dockings were carried out with
YASARA, which makes use of AutoDock. CAVER was
used for the calculation of possible entrance tunnels (Petrek
et al. 2006). Active site volumes were calculated with
CASTp (Dundas et al. 2006). Visualization was performed
with PyMOL.

Results

The dppA gene from P. pacifica was found by a BLAST
search against the consensus sequence created with 19 known
HLDs. The open reading frame consists of 894 nucleotides,
which encodes for a protein of 297 amino acids (aa) in length.

A BLAST (Altschul et al. 1990, 1997) search with the
DppA protein sequence was made to confirm the results of
the first BLAST with the consensus sequence on one hand,
and to find the most related HLDs on the other hand.
Furthermore, conserved and therefore possibly important
residues for catalytic activity were identified in a subsequent
multi-sequence alignment. The BLAST search against the nr-
database resulted in a number of hits, where the first 16
almost exclusively were HLDs or at least putative HLDs
(Table S1, supporting information). The first hit with a
sequence identity of 61% is the putative HLD from
Erythrobacter litoralis HTCC2594. A BLAST against the

protein database showed that among the well-characterized
HLDs, DppA shows by far the highest homology with DhlA
from X. autotrophicus (50% sequence identity). The other
four HLDs with known structure only have a sequence
identity of around 30%. Figure 1 shows a multiple alignment
of these HLDs, which is discussed below in detail.

Cloning, recombinant expression, and purification of DppA

After isolation of the genomic DNA from P. pacifica, PCR
was used to specifically amplify the dppA gene. The
resulting fragment was subcloned into a TOPO vector and
subsequently cloned into the pET28a vector, which also
carried an N-terminal His-tag.

Sequencing confirmed successful cloning of the desired
gene, but also revealed some deviations between the cloned
sequence and the information deposited in the NCBI
database. Besides five silent mutations, two mutations
(A247P and R265G) were identified at the protein level
and were attributed to deviations between the strain used
from DSMZ and the strain used for sequencing by
Shimkets et al. (2007) (Figure S1, supporting information).

Next, the protein DppA was functionally expressed in E.

coli BL21-Gold(DE3) as confirmed by initial qualitative
tests for dehalogenase activity. After cell disruption, the
vast majority of the protein was found in the soluble
fraction and was subsequently purified by metal ion affinity
chromatography using a Ni-NTA-Sepharose affinity column.
As the protein in the crude cell extract was already quite pure
(Fig. 2), specific activity only slightly increased from 1.80 to
2.44 U/mg in the conversion of 1-bromobutane. The
theoretical size was calculated to be 32.6 kDa, whereas the
actual size was estimated from the polyacrylamide gel to be
about 35 kDa.

Effects of temperature and pH on enzyme activity

The influence of temperature on the enzyme activity was
investigated in the range between 20°C and 45°C (data not
shown). The enzyme shows a broad activity maximum with
almost no deviation in activity between 30°C and 37°C. It
retains 75% of its maximum activity between 25°C and 45°C,
thus over a range of 20°C. The effect of pH on enzyme activity
was investigated in the range between pH 5–10 (data not
shown). DppA shows maximum activity between pH 8–9.
The enzyme retains most of its activity between pH 7 and 9.5.
Under very acidic and alkaline conditions, though, activity
rapidly decreases.

Substrate range and determination of kinetic parameters

DppA was investigated for its activity towards a variety of
substrates from different classes (Table 1). The enzyme accepts
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bromoalkanes of short and medium chain length. The highest
activity was measured with 1-bromobutane. Activity increases
with chain length from 1-bromopropane to 1-bromobutane
and subsequently decreases from 1-bromobutane to 1-
bromodecane with the exception of 1-bromoheptane, for
which higher activity than towards 1-bromohexane was
observed. In addition to 1-bromobutane also 2-bromobutane,
as well as multiple substituted alkanes (1,2-dibromoethane,
1,2-dibromopropane), were converted. Chlorinated substrates,
haloacids, haloalcohols, and the halogenated epoxide epibro-
mohydrine were not converted at all.

The kinetic parameters Km and kcat of DppA were
determined for a set of substrates (Table 2). 1-

Bromopropane, 1-bromobutane, and 1-bromopentane showed
the highest activities, but substantially differed in their Km

values, which were determined to 45.2, 24.0, and 2.51 mM,
respectively. The Km values further decreased with increasing
chain length, which indicates higher affinity towards sub-
strates with longer chains. Values for kcat increased from 1-
bromopropane to 1-bromopentane and subsequently decreased
from 1-bromopentane to 1-bromoheptane.

Analysis of the crystal structure of DppA

DppA was crystallized in the orthorhombic space group
P21212 with one molecule in the asymmetric unit. The

Fig. 1 Multiple sequence alignment of structurally described haloalkane
dehalogenases. DppA P. pacifica dehalogenase, DhlA X. autotrophicus

dehalogenase, DmbA M. tuberculosis dehalogenase, LinB S. japonicum

dehalogenase, DhaA Rhodococcus sp. dehalogenase, DbjA B. japoni-

cum dehalogenase. Identical residues are presented in white on a red

background; similar residues are indicated by red lettering on a white

background. Secondary structure elements of DppA are given above the

sequences. Residues of the catalytic triad of DppA are labeled with a
red star, the glutamic acid of the catalytic triad found in DhaA, LinB,
and DmbA is labeled with a black circle. Residues forming the anion
hole or the chloride-binding site are marked in light blue. The alignment
was generated with MultAlin (Corpet 1988) and printed using ESPript
2.2 (Gouet et al. 1999)
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crystal structure was determined at 1.95 Å resolution to an
R-factor of 21.93% and Rfree of 24.80% and shows clear
electron density from residues 1–297. Except for Asn147
and Pro56, the main-chain dihedral angles of all residues
are in the allowed regions of the Ramachandran plot, with
over 97.8% in the most favorable regions. Statistics of
diffraction data and refinement are summarized in Table 3.

The DppA molecule has a globular shape and is composed
of two domains. The core domain comprises residues 1–157
and 214–297 and shows the canonical α/β-hydrolase fold
with a central, mixed β-sheet composed of eight β-strands, of
which only one is antiparallel (β2). The central β-sheet is
flanked on both sides by α-helices; two are on one side (αI
and αXI) and four are on the other side of the sheet (α3, α4,
α9, and α10). The second domain, the cap structure (residues
158–213), is located at the C-terminal end of the β-sheet and
is composed of α-helices α5, α6, α7, and α8, which are all
connected by loops (Fig. 3).

The cap domain is inserted between β6 and β7 and covers
the active site. The overall structure of DppA is very similar to
those of other structurally known dehalogenases; the root mean
square deviation (rmsd) (calculated with DALI (Holm and
Rosenstrom 2010)) of 296 equivalent Cα atoms of DppA and
DhlA (Verschueren et al. 1993b) (pdb 1B6G) is 1.4 Å, the
rmsd of 272 equivalent Cα atoms of DppA and DhaA
(Newman et al. 1999) (pdb 1BN7) is 2.3 Å, the rmsd of 270
equivalent Cα atoms of DppA and LinB (Oakley et al. 2004)
(pdb 1MJ5) is 2.2 Å, the rmsd of 265 equivalent Cα atoms of
DppA and DbjA (Prokop et al. 2010) (pdb 3A2N) is 2.2 Å,
and the rmsd of 269 equivalent Cα atoms of DppA and
DmbA (Mazumdar et al. 2008) (pdb 2QVB) is 2.2 Å (Table
S3, supporting information). The secondary structure elements
of the core domain are well-conserved between dehaloge-
nases, whereas the cap domains show greater differences.

Active site of DppA

The catalytic residues are proposed to be Asp123, His278, and
Asp249. The key nucleophile (Asp123) is located between β5

and α3 (on the nucleophilic elbow). The base, His278, is
located on the loop immediately after β8. The distance of Oδ1

Table 1 Relative activity of HLD towards halogenated substrates as
determined with purified enzymes from P. pacifica (DppA), X.

autotrophicus (DhlA), and S. japonicum (LinB), and with crude
extracts from R. erythopolis Y2 (DhaA)

Activity [%]

Substrate DppA DhlA DhaA LinB

α-Haloalkanes

1-Chloropropane 0 165a 4b 135c

1-Chlorobutane 0 100a,e 100b,e 100b,e

1-Chloropentane 0 16d 107b 120c

1-Bromopropane 85 94a 197b +

1-Bromobutane 100e 87d + 234c

1-Bromopentane 77 103d + +

1-Bromohexane 20

1-Bromoheptane 33

1-Bromooctane 13

1-Bromononane 11

1-Bromodecane 2

α-β-Haloalkanes

1,2-Dichloropropane 0 2d 0b +

1,2-Dibromoethane 31 303a 552b 355c

1,2-Dichloroethane 0 323a 0b 0c

1,2-Dibromopropane 25

Non-α-haloalkanes

1,2,3-Trichloropropane 0

2-Bromobutane 46

Haloalcohols

3-chloro-1,2-Propanediol 0

2-Chloroethanol 0 0a − 131b

Haloacids

2-Chloropropionic acid 0 0a − −

2-Bromobutyric acid 0

2-Bromopropionic acid 0

Bromoacetic acid 0

Chloroacetic acid 0

Sodium-fluoride acetate 0

Haloepoxides

Epibromohydrin 0 416d + −

Activities of each enzyme are shown as relative values of the activity
towards 1-bromobutane (DppA) and 1-chlorobutane (DhlA, DhaA,
LinB). (+) and (−) indicate predictions of activity based on computer-
automated structure evaluation published by Damborsky et al. (2001)
aKeuning et al. (1985)
bDamborsky et al. (2001)
cNagata et al. (1997)
d Janssen et al. (1991)
e Specific activities of enzymes in U/mg protein: 4.50 (DppA), 1.86
(DhlA), crude extracts (DhaA), 52.1 (LinB)

Fig. 2 SDS-PAGE analysis of
DppA. Lane 1 before induction,
lane 2 crude cell extract, lane 3

after His-tag purification
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of Asp123 to Nε2 of His278 is 3.11 Å. The catalytic acid of
DppA is Asp249 that is found in the loop after β7. This is the
same topology of the triad that is found in mostα/β-hydrolase

fold enzymes (Ollis et al. 1992). The distance from Nε1 of
His278 to Oδ1 of Asp249 is 3.75 Å and to Oδ2 2.88 Å
showing the syn-conformation for the aspartate–histidine
couple, where the aspartic acid makes a bifurcated hydrogen
bond to the imidazole side chain of the histidine. This
arrangement is very common for α/β-hydrolase fold
enzymes as well as for serine proteases (Schrag et al.
1992) and is also found in DhlA. In contrast, the catalytic
acid (glutamic acid) in DhaA, LinB, DbjA, and DmbA is
located after β6. The glutamate–histidine couple makes one
hydrogen bond, showing the anti-conformation (Fig. 4).

The halide-stabilizing residues in DppA are Trp124 and
Trp163. These residues correspond in position and function
to Trp125 and Trp175 in DhlA. The second halide-
stabilizing residue varies in both amino acid identity and
location among HLDs and is found to be an asparagine in
LinB, DhaA, DmbA, and DbjA.

The oxyanion hole is composed of the amide NH Trp124
(Trp125 in DhlA, Trp109 in LinB, Trp118 in DhaA, Trp110
in DmbA, and Trp104 in DbjA) and the amide group Glu55
(Glu56 in DhlA, Asn38 in LinB, Asn52 in DhaA, Asn39 in
DmbA, and Asn38 in DbjA). Both form a hydrogen bond
to Oδ2 of the nucleophile increasing its nucleophilicity and
thus stabilizing the negatively charged transition state that
occurs during hydrolysis.

The active site region is predominantly formed by the
hydrophobic residues Trp124, Ile127, Phe160, Trp163,

Fig. 3 Ribbon diagram showing the tertiary structure of DppA.
Loops, β-strands, and α-helices of the main domain are marked in
gray, green, and cyan, respectively. Helices of the cap domain are
labeled in orange

Table 3 Data collection and refinement statistics

DppA (pdb 2×T0)

A. Data collection

Space group P21212

Unit-cell parameters

a (Å) 47.3

b (Å) 108.5

c (Å) 67.3

Wavelength (Å) 1.5418

Resolution range (Å) 38.68–1.95 (2.02–1.95)

Completeness (%) 98.5 (97.4)

Multiplicity 5.46 (4.13)

Average I/σ(I) 7.0 (2.3)

Rmerge (%) 12.0 (43.7)

Rr.i.m. (%) 13.7 (57.9)

Rp.i.m. (%) 6.4 (32.7)

Wilson B factor (Å2) 26.0

B. Refinement

Resolution 67.31–1.95

No. of reflections 25,826

Rwork (%) 21.93

Rfree (%) 24.80

No. of atoms 2,596

Average B-Factors (Å2)

Overall 26.2

Protein main chain 24.3

Protein side chains+water 27.9

R.m.s. deviations

Bond lengths (Å) 0.023

Bond angles (°) 1.854

Ramachandran plot

Ramachandran favored (%) 97.8

Ramachandran allowed (%) 1.4

Values in parentheses correspond to values in the highest resolution
shell

Table 2 Kinetic parameters of DppA for a set of substrates

Km [mM] kcat [sec
−1] kcat/Km [mM−1×sec−1]

1,2-Dibromoethane 1.57 0.38 0.24

1,2-Dibromopropane 1.96 1.97 1.00

1-Bromopropane 45.2 5.85 0.13

1-Bromobutane 24.0 8.08 0.34

1-Bromopentane 2.51 9.94 3.96

1-Bromohexane 1.70 2.69 1.58

1-Bromoheptane 0.75 1.39 1.84
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Pro211, Val214, Leu252, and Phe279. The proposed
catalytic residues are the only hydrophilic residues within
this pocket. We observed electron density in the active site
cavity, which was interpreted as water.

Figure 5 shows important residues of the active site known
from DhlA (Verschueren et al. 1993c) in a structure alignment
with DppA. The catalytic triad of DppA shows good
alignment with that from DhlA (Asp123, His278, His249,
Asp249), as well as the halide-stabilizing tryptophan in the
conserved part of the enzyme (Trp124 and Trp125 from
DppA and DhlA, respectively). This does not hold for some

residues shown in Fig. 5, which are part of the cap domain;
e.g., Trp163 and Trp175 and Phe160, and Phe172 fromDppA
and DhlA, respectively. The corresponding residue of Phe128
in DppA is Ile127, which is a significantly smaller residue.

DppA was analyzed with CASTp and CAVER and
compared to other HLDs. Its hydrophobic active site pocket
is connected to the surrounding solvent via two tunnels, the
main and the slot tunnel, which represent an important
structural feature of HLDs (Marek et al. 2000). The
entrance to the main tunnel is formed by residues Trp163,
Leu178, Ala182, Gln248, Pro250, Val251, and Gly277.
The entrance to the slot tunnel is surrounded by residues
Val152, Leu154, Ser155, Pro156, Met230, Val256, Met259,
and Ala263. Main tunnels of DhlA and DppA are located at
approximately equivalent positions (entrances between α4
and α5), but significantly differ in volume and shape
(Fig. 7). The slot tunnels of the two enzymes are located at
different positions: in case of DhlA between α4′ and α4,
and in case of DppA near the end of the loop between β6
and α4. The entrance of the latter was found to be blocked
in DhlA (Fig. 6). At this site, DppA shows a gap in the
sequence alignment (Fig. 1). DppA has an active site that is
relatively open to the surrounding solvent and possesses a
large molecular surface. The active site cavity of DhlA in
contrast is deeply buried in the protein and has very limited
access to solvent molecules (Fig. 7) (Verschueren et al.
1993a). DhaA and LinB are more accessible (Petrek et al.
2006) and DmbA and DbjA show the highest accessibility
of their active site pockets to the solvent (Damborsky et al.
2010).

Docking experiments

Dockings were made with 1,2-dibromoethane, 1-bromobutane,
and 1-chlorobutane to find structural explanations for the

Fig. 4 Different arrangements of the catalytic triad shown by
superposition of DppA and DhaA. Amino acids are labeled with
color and numbering according to DppA (light blue) and DhaA (gray).
Numbering of β-strands is based on the central β-sheet. The H-bond
network of the DppA catalytic triad is labeled with gray lines (syn-
conformation) that of DhaA with black lines (anti-conformation)

Fig. 5 Some important residues
of the active sites in a structure
alignment of DppA (green) and
DhlA (blue) with its
co-crystallized substrate
1,2-dibromoethane. The position
of 1-chlorobutane results from
docking experiments with DppA
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substrate specificity. 1,2-Dibromoethane and 1-bromobutane
were docked in reasonable positions and conformations for the
hydrolytic reaction to take place (Fig. 5). The halogen of the
substrate was oriented between the N"1 from Trp163 and

Trp124 with a distance of 3.6 and 3.7 Å, respectively. The Ca

of 1-bromobutane is located at 3.4 Å from the Od1 from
Asp123, the nucleophile, and thus in a reasonable position for
a nucleophilic attack.

Dockings with 1-bromobutane were superposed with
DhlA (pdb 2DHC), which had been crystallized with 1,2-
dichloroethane. Orientation within the active site and
distances between the substrates' functional groups and the
catalytic residues are similar. In case of DhlA, Trp125 N"1

and Trp175 N"1 are at 3.6 and 3.2 Å, respectively, from the
chlorine to be cleaved off (Verschueren et al. 1993c).

1,2-Dibromoethane was docked in a similar orientation,
which appeared reasonable for the hydrolytic reaction. 1-
Chlorobutane was also docked in the active site pocket, but
was not oriented in a way that would allow coordination of
the halogen by Trp163 and Trp124.

Discussion

DppA exhibits in agreement with other characterized HLDs
a wide substrate range. Similarly to other HLDs such as
DhaA, LinB, DhlA, and DbjA, DppA shows activity
towards short and medium chain α-haloalkanes as well as
towards short α,ω-haloalkanes (Keuning et al. 1985;
Janssen et al. 1991; Nagata et al. 1997; Damborsky et al.
2001; Sfetsas et al. 2009). However, unlike these HLDs,
DppA does not show activity towards any of the tested
chlorinated substrates. DppA therefore appears to form its
own specificity class. Compared to other HLDs, it shows
similarities with DhlA: with increasing chain length,
activity towards α-haloalkanes drops drastically (Keuning
et al. 1985; Janssen et al. 1991); this is also reflected by the
drop of kcat from 1-bromopentane to 1-bromohexane
(Table 2). They both accept short α,β-haloalkanes but do
not convert short haloalcohols like 2-chloroethanol (Keuning

Fig. 6 Entrance tunnels of
DppA calculated with CAVER
superposed with the structure of
DhlA (pdb 1BE0). Residues that
form the direct repeats in DhlA
are shown in yellow. Trp194 and
Trp175 are shown in green and
purple, respectively. Main
tunnel of DppA is shown in
blue, slot tunnel in cyan

Fig. 7 Main tunnels and slot tunnels of DhlA (a) and DppA (b)
calculated by CAVER (Petrek et al. 2006). Residues that form the
tunnels are shown in red
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et al. 1985), which is probably due to the hydroxyl group
being too close to the halogen for the substrate to bind in the
hydrophobic active site (Damborsky et al. 2001). The best
substrate of DhlA, 1,2-dichloroethane, is not converted by
DppA. In contrast, the activities of DhaA and LinB towards
α-haloalkanes are not that restricted in terms of chain length
and the enzymes also convert short-chain haloalcohols
(Damborsky et al. 2001; Janssen et al. 1991; Nagata et al.
1997). All of the HLDs mentioned above prefer short
(C2–C4), terminally halogenated substrates over larger ones,
although some of them also convert these with partially
significant activities (Damborsky et al. 2001; Jesenska et al.
2005; Sfetsas et al. 2009).

Based on a BLAST search, we have identified DppA in
the NCBI database as novel putative haloalkane dehaloge-
nase. The highest sequence identity (61%) was found with
the putative dehalogenase from Erythrobacter litoralis

HTCC2594, whereas the enzyme from X. autotrophicus as
an experimentally confirmed HLD had only 50% identity.
Only 30% identity was found for other HLDs with known
crystal structures (Tables S1 and S2, supporting informa-
tion). This indicates a closer phylogenetic relation of DppA
with DhlA than with DhaA, DbjA, DmbA, and LinB. An
alignment with five structurally described HLDs (Fig. 1)
maintains the closer phylogenetic relation of DppA and
DhlA.

This multiple alignment contains members of subfamilies
HLD-I (DhlA) and HLD-II (DhaA, LinB, DbjA, and DmbA)
(Sfetsas et al. 2009; Chovancova et al. 2007). It does not
contain members of the subfamily HLD-III, as this subfamily
still remains less well characterized. However, recently,
Jesenská et al. characterized two members of this family,
DrbA from Rhodopirellula baltica SH1 and DmbC from
Mycobacterium bovis 5033/66 (Jesenska et al. 2009). But to
this day, there are no crystal structures available for this
group. The information derived from Fig. 1. show that DppA
most probably belongs to HLD-I, which is the same
subfamily as found for the closest relative DhlA (Chovancova
et al. 2007).

In many positions in the active site, DppA and DhlA
show identical residues, which are also well-aligned
(Fig. 5). The catalytic triad of DppA contains Asp123
(nucleophile), Asp249 (acid), and His278 (base) (Figs. 1
and 4). The nucleophile Asp123 and the general base
His278 can be found at the conserved positions after β5
and β8, respectively. In DppA and DhlA, the catalytic acid
is situated at the most common position after β7 (Ollis et al.
1992). In DhaA, DbjA, DmbA and LinB, the catalytic acid
is a glutamic acid and located after β6. Trp124 is the first
halide-stabilizing residue, which is conserved in all six
enzymes. The second halide-stabilizing residue is most
probably Trp163. It is located in the cap domain in the α4
helix (like in DhlA) and not in the main domain after β3

(like in DhaA, DbjA, DmbA, and LinB) (Janssen 2004). At
the latter position DppA has a Glu, which would be
expected to be an Asn (like in DhaA, DbjA, DmbA, and
LinB) if it was supposed to act as a halide-stabilizing
residue.

The alignment of DppA and DhlA shows a gap at the N-
terminal beginning of the cap domain of DppA (after
position 150, Fig. 1). At this site in DhlA, two short-
sequence repeats (a 15-bp perfect repeat at positions 156–
160 and 165–169, and a 9-bp imperfect repeat at positions
161–163 and 172–174) can be found (Fig. 6). These repeats
were predicted to have evolved from an ancestor of today's
dehalogenases during adaptation to the beginning release of
industrially produced 1,2-dichloroethane in the last century
(Pries et al. 1994). In a subsequent study, it was shown that
these repeats have an effect on the ability of DhlA to
convert 1,2-dichloroethane (Pikkemaat and Janssen 2002):
after removal of one copy of the repeats, DhlA lost its
activity towards 1,2-dichloroethane, while it was still able
to convert 1,2-dibromoethane. Thus, the ancestral dehalo-
genase was predicted to have been active on brominated,
but not on chlorinated substrates (Janssen et al. 2005). The
fact, that DppA lacks these repeats is therefore in agreement
with the observation, that DppA does not accept chlorinated
substrates.

The slot tunnel of DhlA is formed by, among others,
residues Phe164 and Pro168. In case of DppA, this tunnel
does not exist according to CAVER. A possible reason is
Val251, which probably makes this tunnel too narrow in
DppA. However, during catalysis the cap domain under-
goes movements that might open this tunnel (Otyepka and
Damborsky 2002). The entrance of the slot tunnel of DppA
is the site where in DhlA, the first copies of the direct
repeats which are missing in DppA, are located. Conse-
quently, the entrance of this tunnel is completely blocked,
mainly by residues Pro159, Ala160, and Phe161 (Fig. 6).
The slot tunnel of DppA is also significantly wider than that
from DhlA and thus might not only be used by water
molecules, but also by haloalkanes and its corresponding
alcohols. The main tunnel was reported to have important
influence on specificity of a HLD (Chaloupkova et al.
2003). The entrance of this tunnel in DppA is blocked in
DhlA by Trp194, which causes the tunnel in DhlA to pass
below this residue.

The second copies of the repeats are located at the end of
α4′, at the beginning of α4 and in the loop between them.
They do not seem to have any direct influence on the shape
of the entrance tunnels. The direct repeats were proposed to
have an influence on substrate specificity by “pushing
Trp175 downstream the sequence” (Pikkemaat and Janssen
2002). They therefore reposition it and take influence on
the adaptation towards new substrates (Pikkemaat and
Janssen 2002). Alignment of the structures of DppA and
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DhlA shows that the two halide-stabilizing tryptophans
differ significantly in position and orientation (Fig. 5). As a
consequence, Trp175 forces (1) the tunnel in DhlA to be
much narrower (2) and the halide to be cleaved off to be in
different position from that in DppA. The structural differ-
ences observed agree with the differences in specificity.
This holds especially for the inactivity of DppA towards
1,2-dichloroethane, as the direct repeats missing in DppA
were proposed in DhlA to have evolved during adaption
towards 1,2-dichloroethane. The two enzymes might
originate from a common ancestor, where one of them has
been exposed to 1,2-dichloroethane and the other not.

Docking experiments showed a good orientation for 1-
bromobutane in the active site pocket. The halide is almost
coplanar with the Nε1 from Trp163 and Trp124, where
Asp123 is, in terms of distance, reasonably positioned for
the nucleophilic attack (Fig. 5). Superposing of this result
with the DhlA (pdb code: 2DHC) confirmed that the
orientation found for 1-bromobutane is very likely to be
productive (Fig. 5). The dockings with 1-chlorobutane on
the other hand showed an orientation of the substrate with
the halide pointing towards the outside (data not shown).
The distances between the halide and the N"1 from Trp163
and Trp124 were significantly higher (5.9 and 5.4 Å,
respectively). This could be a reason why 1-chlorobutane is
not converted and might be a hint that 1-chlorobutane acts
as a competitive inhibitor. Similar results have been
reported for LinB (Nagata et al. 1997).

Crystal structure

The structure of DppA has been deposited in the Protein
Data Bank (PDB) under the entry 2XT0.
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