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Abstract

The sulfate-reducing strain AK-01 activates alkanes via addition of the subterminal carbon to the double bond of fumarate. This reac-
tion is similar to the action of the glycyl radical enzyme benzylsuccinate synthase (Bss). It was hypothesized that strain AK-01 possesses a
similar enzyme. Degenerate bssA primers and inverse PCR were used to amplify two unlinked genes (assA1 and assA42), which encode
catalytic subunits of glycyl radical type enzymes. Subsequent genome sequencing of AK-01 revealed two ass operons. SDS-PAGE anal-
ysis of AK-01 grown on n-hexadecane revealed a 95-kDa protein which is absent in hexadecanoate-grown cells. LC-MS/MS data
obtained from a tryptic digest of this protein match the deduced amino acid sequence encoded by ass41, thus confirming AssAl’s
involvement in alkane metabolism. This report is the first description of a gene involved in anaerobic n-alkane metabolism in a sul-
fate-reducer and provides evidence for a novel glycyl radical enzyme.
© 2007 Elsevier Inc. All rights reserved.
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Alkanes comprise a large component of petroleum [1].
Understanding the environmental fate of alkanes in marine
and groundwater systems contaminated with crude and
refined petroleum is important because the degradation
of alkanes, as well as other hydrocarbons, is often hindered
by the chemical inertness of the carbon-hydrogen bonds. In
the absence of catalysts [2], biotransformation is one of the
most important removal processes in the environment.
Under aerobic conditions, n-alkanes are activated by oxy-
genase enzymes, in which oxygen serves as a key reactant
[3-6]. Oxygen’s key role in these reactions led to the belief
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for many years that anaerobes were unable to activate
hydrocarbons. Research over the past two decades, how-
ever, has shown that anaerobic biodegradation of hydro-
carbons does occur and proceeds via unique mechanisms
by physiologically and phylogenetically distinct microor-
ganisms utilizing a range of hydrocarbon substrates [7].
However, little is known about the enzymes catalyzing
these reactions.

One of the most well-studied anaerobic enzyme mecha-
nisms is that of the glycyl radical enzyme, benzylsuccinate
synthase (Bss). Bss catalyzes the reaction of fumarate addi-
tion to monoaromatic hydrocarbons in several aromatic
hydrocarbon-degrading anaerobes [7]. The dominant fea-
tures of the catalytic subunits of glycyl radical enzymes,
including Bss, are the conserved glycine motif (I/V-R-I/
V-X-G-F/W/Y) located near the C-terminus and the
conserved cysteine residue(s) located in the middle of the
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polypeptide chain [8-10]. These conserved sites are
involved in transferring a radical from the glycine residue
to a cysteine residue. It is the thiyl radical that initiates
the abstraction of a hydrogen atom from the substrate.
The Bss glycyl radical mechanism provides a distinct alter-
native for anaerobic microorganisms to activate hydrocar-
bon substrates in the absence of oxygen. Interestingly,
several anaerobic microorganisms appear to use fumarate
addition as the initial mechanism in activating n-alkanes
[11-15]. Mechanistically, there is an obvious parallel
between the anaerobic activation of aromatic hydrocar-
bons and the anaerobic activation of n-alkanes via fuma-
rate addition. In both cases, the reaction proceeds with
the retention of the abstracted H atom (from the n-alkane
or the aromatic hydrocarbon) in the succinyl moiety of the
first intermediate [7,11,12,15]. This similarity in activation
mechanisms prompted a closer look at whether anaerobic
alkane degraders possess glycyl radical enzymes.

The sulfate-reducing strain AK-01 was isolated from the
Arthur Kill waterway (NJ/NY) and is capable of growth
on C;3-Cg alkanes [16]. Previous work has shown that
strain AK-01 initiates alkane degradation via fumarate
addition to the subterminal carbon [15]. We hypothesized
that strain AK-01 possesses an enzyme similar to Bss.
The work described in this paper not only identifies such
an enzyme, but furthermore identifies the genes involved.
To our knowledge, this is the first report of a gene involved
in anaerobic alkane biotransformation in a sulfate-reducer.
These findings shed significant insight on anaerobic alkane
activation and provide a basis for examining the enzyme
mechanisms and genes of other anaerobic, alkane-degrad-
ing microorganisms.

Methods

Growth conditions. AK-01 was grown as previously described [15].
Cultures (10% inoculum) were amended with either 30 pl of hexadecane or
1 ml of a 1 M stock solution of sodium hexadecanoate (1 mM final con-
centrations) (Sigma Aldrich, St. Louis, MO). Cultures were incubated
horizontally in the dark at 30 °C for several months. Growth was moni-
tored via measuring sulfate loss by ion chromatography [16].

DNA extraction, PCR, and inverse PCR. Genomic DNA was extracted
from frozen cell pellets by a method adapted from [17]. The degenerate
primers bssA 1230F (5'-GACATGACCGAYGCCATYCT-3') and bssA
2000R (5'-TCRTCGTCRTTGCCCCAYTT-3') were used to amplify
bssA-like genes in 50 pl reaction mixtures containing 5-7 ng template
DNA, 20 pmol of each primer, and 45 pl of PCR SuperMix (Invitrogen,
Carlsbad, CA). Cycling conditions were: 95 °C for 5min, 30 cycles at
94 °C for 30 s, 55 °C for 45 s, 72 °C for 2 min, and a final extension step at
72 °C for 10 min. The amplicon was sequenced and served as the template
to design AK-01-specific inverse PCR primers. Inverse PCR reactions
were performed using 25 ng of genomic DNA which had been digested
with BamHI, EcoRI, Bglll, HindIll, Xbal, Sacl, Apal, Ncol, or Pstl
(Invitrogen, Carlsbad, CA) and circularized with 6 units of T4 Ligase
(Invitrogen, Carlsbad, CA) at 37 °C for 3 h. Inverse PCR reactions (50 pl)
contained 5 ng of DNA template, 50 pmol of each primer, 2.5 mM MgCl,,
400 uM of each dNTP, and 5units of Taq polymerase (Invitrogen,
Carlsbad, CA). Cycling parameters were: 95 °C for 3 min, 40 cycles at
95 °C for 1 min, annealing temperature specific to the primers for 1 min,
and a final extension step at 72 °C for 10 min. All PCR and inverse PCR
products were either sequenced directly or cloned into pCR®4-TOPO

(Invitrogen, Carlsbad CA) before sequencing. Gene sequences were veri-
fied by re-amplifying the complete region from genomic DNA and
sequencing the resulting PCR products in both directions. Concomitantly,
the genome of strain AK-01 is being sequenced in collaboration with the
Department of Energy’s Joint Genome Program. Analysis of the available
draft genome assembly allowed the identification of two different operons
containing the assAI and assA2 genes. No additional bssA4-like genes were
detected in the draft assembly.

Phylogenetic analysis. DNA sequences were assembled using SeqMan
(DNAStar, Madison, WI). A representative set of related protein
sequences, including the closest matches in GenBank as determined by
BlastN and BlastP [18] were obtained and aligned using the ClustalW
algorithm and manually adjusted to correct obvious misalignments
introduced by the algorithm. Neighbor-joining dendrograms were gener-
ated using MEGA3 [19].

Nucleotide sequence accession numbers. DNA sequences of assAl and
assA2 of strain AK-01 are found in GenBank under the Accession Nos.
DQ826035 and DQ826036.

Protein extraction and electrophoresis. Cells were grown on either
1 mM sodium hexadecanoate or 1 mM n-hexadecane. Protein was har-
vested from 1 L of each culture condition using the ProteoPrep Universal
Extraction Kit (Sigma Aldrich, St. Louis, MO). The protocol was modi-
fied to include a 50 ul amendment of protease inhibitor (100 uM ben-
zamidine, 1 mM amino-caproic acid, 1 mM EDTA) to 5ml of the
ProteoPrep soluble extraction reagent. Protein was concentrated using a
Millipore Ultra-Free CL Centrifugal Filter Kit (Billerica, MA) and
assayed using the BioRad Protein Dye reagent (Hercules, CA) according
to the manufacturer’s instructions. Protein samples (25 pg) were applied to
an 8% polyacrylamide SDS-PAGE gel. Electrophoretic conditions were as
follows: equilibration for 20 min at 20 mA/gel and electrophoresis for
2.25h at 30 mA/gel in Tris—Glycine buffer (196 mM glycine, 0.1% SDS,
and 25 mM Tris-HCI, pH 8.3). The gel was stained with 0.08% Colloidal
Coomassie Brilliant Blue G (Sigma Aldrich, St. Louis, MO) in 20/1.6/8.0%
methanol/phosphoric acid/ammonium sulfate. A replicate gel was trans-
ferred to a PVDF membrane (Immobilon Pggq, Millipore). Transfer
conditions were as follows: 3 h at 37 V in Tris glycine buffer (25mm Tris-
Base, 192 mM glycine, 20% methanol). After electrophoresis, the gel was
stained with 0.1% amido black. Protein bands were excised and sent to the
Eastern Quebec Proteomics Center (CHUL Research Center, Ste-Foy,
Québec, Canada) for analysis. Trypsin digests of protein samples were
conducted on a MassPrep liquid handling station (Micromass Ltd,
Manchester, UK) following the manufacturer’s instructions. MS/MS
spectra of peptides were acquired by microcapillary reverse-phase chro-
matography coupled to a quadrupole ion trap mass spectrometer with a
nanospray interface (LC-MS/MS LCQ Deca XP, ThermoFinnigan, San
Juan, P.R.). Spectra were analyzed using the MASCOT algorithm and
software [20,21] (Matrix Science Ltd, London, England).

Results
PCR and inverse PCR

PCR primers were designed based on conserved regions
of known bssA genes. The bssA gene codes for the catalytic
subunit of Bss. Total genomic DNA from strain AK-01
was PCR amplified using the degenerate primers bssA
1230 F and bssA 2000 R. The 750 base-pair PCR product
was sequenced and the deduced encoded protein found to
be related to several different BssA sequences in the Gen-
Bank database. Inverse PCR was used to amplify and
sequence the flanking regions of the putative alkylsuccinate
synthase (assAl) gene. Sequencing of inverse PCR prod-
ucts revealed a second related gene (assA42) located else-
where in the genome. The deduced amino acid sequences
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encoded by the assA1 and assA2 genes are 80.9% identical
to each other. The predicted sizes of the assAl and assA2
gene products are 833 (Nominal mass: 95,194 Da) and
834 (Nominal mass: 95,292 Da) amino acids, respectively.

The translated amino acid sequences of assA4/ and assA2
were compared to the sequences of known and suspected
catalytic subunits of glycyl radical enzymes (Fig. 1). The
AssAl and AssA2 amino acid sequences cluster and form
a distinct and deep branch that represents a new family
of glycyl radical enzymes. Their closest relatives (34 to
36% identity) are in the family of known Bss enzymes from
Thauera (CAA05052, AAC38454, BACO05501), Azoarcus
(AAKS50372, YP_158060), Magnetospirillum (BAD42366)
and Geobacter (EAM79462). The branch depth and separa-
tion between Ass and Bss are likely due to evolutionary
constraints imposed by differences in the enzymatic struc-
ture required for the addition of either an aromatic or
alkane substrate to fumarate. AssAl and AssA2 are more
distantly related to known or suspected pyruvate for-
mate-lyase subunits found in a variety of anaerobic
bacteria.
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Consistent with the catalytic subunits of other glycyl
radical enzymes, AssAl and AssA2 have two conserved
regions thought to be involved in catalysis (Fig. 2). A con-
served glycine residue is located at position 810 in AssAl
and position 809 in AssA2. A single conserved cysteine res-
idue is located at position 473 in AssAl and 472 in AssA2.
The PFL family of enzymes typically has two cysteines next
to each other in this region of the protein [22-24]. Compar-
ison of the Bss and Ass catalytic subunits revealed signifi-
cant similarity around the conserved glycine and cysteine
residues.

Genome sequencing of strain AK-01 allowed identifica-
tion of the complete operons containing the assA/ and
assA2 genes. A comparison of these operons to the gene
organizations of known bss operons is shown in Fig. 3.
Subunits were named based on similarity to genes of the
bss operon in Azoarcus sp. EbN1. Both operons contain
homologs to bssC, bssD, and bssE. Their predicted amino
acid sequences are between 30% and 58% identical to the
respective genes in EbN1. Homologs to bssB are not read-
ily apparent. Both operons of AK-01 do contain several
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Fig. 1. Neighbor-joining dendrogram of amino acid sequences of AssAl and AssA2 and sequences of the catalytic subunits of well characterized and
putative glycyl radical enzymes. A star (*) designates putative glycyl radical enzymes identified by genome annotation. One-thousand bootstraps were

performed. Bootstrap values below 65 are not shown.
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A
AK-01 AssAl 453: NAMHWH-----—- GHPLEEARTWVHQACMSPCPTTKHG-V
AK-01 AssA2 452: NCMNWH--—---——- GHPVEEARTWVHQACMSPCPTTKNG-V

T.DNT-1 BssA 465: QMKEYAKFSLNGNGATDEEAHNWVNVLCMSPGIHGRRK—T
M.TS6 BssA 461: QMLEYGAYSLTGNGATPEEAHNWVNVL@MSPGLAGRRK—T
A.T. BssA 465: QMKEYAKFSLNGNGATDEEAHNWVNVLQMSPGLHGRRK*T
TA Tl BssA 465: QMKEYAKFSLNGNGATDEEAHNWVNVLQMSPGIHGRRK*T
A. EbN1 BssA 462: QLLEMAKYSRNGNGVTPEEAHYWVNVLCMAPGVAGRRK-A
G. GS15 BssA 463: QLKYYSQFSKNNNGATDDEAHYWGLVLEMSPGVCGRRK-T
TA K172 BssA 462: QMLEMAKYSRNGNGATPEEAHYWVNVL@MAPGLAGRRK A

EC K12 Pfl 409: DF———————————————= NNDDYAIACCV%PMIVGKQM—w

HI Pfl 411: DF———————————————— NNDDYAIACCVSPMIVGKQM**

CpP Pfl 396: IY———————————————- G- DDYAIACC‘VSAMRVGKDM——
%%k

B

AK-01 AssAl 783: FNMVSDETLRAAQKDPEKYSEVIVRVAGYSAHFVDISRKT
AK-01 AssA2 782: FNMVSDKTLRAAQKDPEKYQEVIVRVAGYSAHFVDISRKT
T.DNT-1 BssA 801: FNVVSTDEMRAAQREBEKHHDLIVRVSGYSARFVDIPTYG
M.TS6 BssA 797: FNVVSTEEMRAAQRE%EKHHDLIVRVSdYSARFVDIPTYG
A.T. BssA 801: FNVVSTDEMRAAQREPEKHSDLIVRVSGYSARFVDLPTYG
TA Tl BssA 801: FNVVSTDEMRAAQREPEKHHDLIVRVSGYSARFVDIPTYG
A. EbN1 BssA 798: FNVV%TEEMKAAQREPEKHQDLIVRVSGFSARFVDIPTYG
G. GS15 BssA 799: FNCVSTAEMKAAQKEPEKHQDLIVRVSGFSARFVDIPTYG
TA K172 BssA 798: FHVVSTEEMKAAQREPEKHQDLIVRVSGFSARFVDIPTYG
EC K12 Pfl 708: VNVMNREMLLDAMENPEKYPQLTIRVSGYAVRFNSLTKEQ

HI Pfl 720: VNVLNREMLLDAMENP‘DKYPQLTIRVSQYAVRFNSLTKEQ
Cp Pfl 688: VNVLNRETLIDAMNNBDKYPTLTIRVSGYAVNENRLSKDH
*

Fig. 2. Partial sequence alignments of AssAl and AssA2 and other known and predicted catalytic subunits of glycyl radical enzymes. (A) Alignment of the
region containing the conserved cysteine residue. (B) Alignment of the region containing the conserved glycine residue. Conserved regions are shaded,;
numbers refer to the amino acid positions. The abbreviated names are as follows: 7. DNT-1, Thauera sp DNT-1 (BAC05501); M. TS6, Magnetospirillum
sp. TS6 (BAD42366); A.T., Azoarcus sp. strain T (AAKS0372); TA T1, Thauera aromatica T1 (AAC38454); A. EbN1, Azoarcus sp. strain EbNI
(YP_158060); G. GS15, Geobacter metallireducens GS-15 (EAM79462); TA K172, Thauera aromatica K172 (CAA05052); EC K12, Escherichia coli K12
(NP_415423); HI, Haemophilus influenzaec (AAX87237), and CP, Clostridium pasteurianum (CAA63748).
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Fig. 3. Gene organization of the benzylsuccinate synthase operons in Azoarcus sp. EbN1 (bss operon) and Thauera aromatica (tut operon) in comparison
with the two AK-01 alkylsuccinate synthase (ass) operons. Genes in AK-01 were labeled based on similarity to and gene organization in Azoarcus sp.
EbN1. Shading and patterns indicate genes encoding similar proteins. The operon containing assA4/ also includes genes encoding proteins similar to long-
chain fatty acid CoA-ligases (assK) and enoyl-CoA hydratases (assJ/) not found in any of the other known glycyl radical enzyme operons.

additional ORFs with strong ribosome binding sites, but  gene encoding a protein similar to BssF (AssF; 30%
their predicted amino acid sequences are all <8% identical =~ amino acid identity). In addition, this operon contains
to BssB. The operon containing assA/ also contains a  genes encoding two enzymes involved in beta-oxidation:
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a long-chain fatty acid CoA-ligase (AssK is 37% identical
to this protein in Ralstonia eutropha) and an enoyl-CoA
hydratase (AssJ is 36% identical to this protein in Bdell-
ovibrio bacteriovorus). The operon of assA2 contains two
genes (labeled assD2A4 and assD2B) encoding proteins
similar to the activating enzyme of benzylsuccinate syn-
thase (BssD, 33% and 29% amino acid identity, respec-
tively). All predicted AssD protein sequences of AK-01
(D1, D2A, and D2B) contain two cysteine clusters match-
ing the ferredoxin consensus sequence CxxCxxCxxxC.
This feature is unique to alkyl- and benzylsuccinate syn-
thases and is not found in the related activating enzymes
of pyruvate formate lyase and anaerobic ribonucleotide
reductase [25].

Proteomic analysis

A prominent protein band was identified in the SDS
PAGE gel of protein extracts from strain AK-01 grown
on n-hexadecane that was not observed in extracts from
hexadecanoate-grown cells (data not shown). Tryptic
digestion and LC-MS/MS analysis of this ~95 kDa pro-
tein resulted in the identification of several significant
matches to predicted tryptic fragments of AssAl and
AssA2. The MASCOT software was used to identify
MS/MS peptide signatures and match the data to internal
peptide fragments of the AssAl and AssA2 proteins
(Fig. 4). In general, a MASCOT MS/MS ion score greater
than 49 is considered a significant match (p <0.05). For
AssAl, four MS/MS signatures matched predicted tryptic
fragments with a score above 49, fourteen matched with a
score between 25 and 49, and one matched with a score
less than 25. For AssA2, two MS/MS signatures matched
with a score above 49 (both peptide fragments are identi-
cal to the AssAl matches), eight matched with a score
between 25 and 49 (4 identical and 4 similar to AssAl
matches), and two matched with a score below 25. AssAl
thus had more unique matches with higher scores than
AssA2. The only matches with significant scores for
AssA2 are also identical to AssAl. These data clearly
show that AssAl is produced by strain AK-01 during
growth on hexadecane. However, the identification of
AssA2 is inconclusive.

Discussion

Here we report the identification of two complete
operons in strain AK-01 that encode glycyl radical-type
enzymes. The predicted molecular weights of their
encoded alpha subunits (AssAl and AssA2) are consis-
tent with a 95-kDa protein band that is observed when
AK-01 is grown on hexadecane, but is not seen in hex-
adecanoate-grown cells. Proteomic analysis of this 95-
kDA protein band indicates that AssAl is produced by
cells growing on hexadecane. Analysis of the assAl-con-
taining operon indicates the presence of genes encoding a
long-chain fatty acid CoA-ligase and an enoyl-CoA

hydratase. The encoded enzymes are directly involved
in the activation and hydration of fatty acids during
beta-oxidation, providing further support for the inter-
pretation that the ass41 operon is involved in the activa-
tion of hexadecane and further metabolism of the first
metabolite, methylpentadecylsuccinate. The operon con-
taining ass42 does not contain genes involved in beta-
oxidation, and AssA2 is not implicated by proteomic
analysis. These data suggest that the assA2 operon is
likely involved in the activation of a substrate other than
hexadecane.

Although the function of assA42 remains unclear, multi-
ple genes of related glycyl radical enzymes in a single
organism are not uncommon. Examples have been found
in the complete genome sequences of Desulfovibrio desulfu-
ricans strain G20 (NC_007519), Desulfovibrio vulgaris
(NC_002937), and Escherichia coli K12 (NC_000913).
Although the biochemical functions of related glycyl radi-
cal enzymes in a single organism have yet to be fully eluci-
dated, several hypotheses can be proposed. For example,
differential expression of multiple catabolic gene copies
for alkane degradation has been observed in aerobic organ-
isms and has been attributed to different substrate ranges
and growth conditions [26-29]. The expression of assA4l
and assA2 in strain AK-01 may thus be governed by several
factors. Strain AK-01 utilizes C13—C;g alkanes, alkenes (Cy5
and Cy¢), 1-alkanols (Cy5 and C¢), and fatty acids [16]. It is
possible that expression of assA42 is linked to an alkane
substrate other than hexadecane or is linked to a different
point in the growth phase.

Phylogenetic analysis, based on the catalytic subunits,
indicates that AssAl and AssA2 form a distinct and sep-
arate cluster when compared to other catalytic subunits of
glycyl radical enzymes (Fig. 1). We conclude, therefore,
that the Ass enzymes belong to a novel class of glycyl rad-
ical enzymes. The conserved cysteine and glycine motifs
that have been shown to be involved in catalysis in other
glycyl radical enzymes [8-10] are observed in both AssAl
and AssA2. Except for PFL and TdcE, which contain
neighboring cysteine residues [22], all other characterized
glycyl radical enzymes have only one conserved cysteine
residue (including AssAl and AssA2). The locations of
the conserved motifs in AssAl and AssA2 are consistent
with the sequences of other glycyl radical enzymes whose
tertiary structures have been solved and in which the cys-
teine and glycine conserved motifs are in close proximity
to each other, allowing the transfer of the radical [8-
10,30].

To our knowledge, this is the first report of a gene
involved in anaerobic n-alkane biodegradation for a sul-
fate-reducer. We provide evidence of a previously
unknown class of glycyl radical enzyme involved in anaer-
obic alkane metabolism. The identification of this new
glycyl radical enzyme provides significant insight into
enzymes governing anaerobic alkane degradation and will
serve as a basis for studying other anaerobic alkane
degraders.
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20 10
AssAl: MEMVAEPAQ-DQSVQELEDKQEWWWVAEKKRSKRLDYLRKSIWKK| : 49
AssA2: .—-T....KL.V.L..H.EN..... A Av... : 48
60 80 100
AssAl: DLECATLFTDMWKFWKYDPIMMRRAKATAHVLDKKTIFITDH : 99
AssA2: GPK...... N...F...I...... L...F.NIS...... : 98
120 140
AssAl: AQLVGYFGSLPNTIMWRVDGASMVNEEAYNEPGIMPEPENESLQKVAELN :149
ASSA2: S.I...W..A.H..S5....... B AP PO E...R....I. :148
160 180 200
AssAl: DYWAGQTAVDKVARILDPEDAVKFLSGATGWGAPSSAYGYSGKDYEYLFA :199
ASSAZ r P T L . e e e m e m Teeeeeen N...YLK :198
220 240
AssAl: GRRGFEDIIEEINAAIEKAEDKTVGVPGPEILDIYDRLONWDAMILVLEA :249
AssA2: .E....... AD.EDH.AE..E..I.T...D..P....I...E...T.... :248
260 280 300
AssAl: GIRHAKRYARLARTMAENMETDEKRREELLKIAETCERVPARAPRNLOES :299
AssA2: A..F.vrerinnnnnns HL...... KiveeRevvnnnnnnn Kevevennn 1298
320 340
AssAl: LQYDHFIQIFARTEAHEGAWPARPDYYHGPYYDKDVNVDKTLTKEDALDL :349
AsSSA2: F.M.ML..TMC.F..8. . uccuuuennnnn F.E...LQ.....E.E.T.. :348
360 380 400
AssAl: VGE.FMII_\IAREGLQGITGTWVWTLGGVNKDGSDACNDLTV :399
BSSAZ2: T....vevureveeGanuonnn Moooooonn.n T...KP....... A..T :398
420 440
AssAl: AE‘LQAARLVRqWHP KDEVLRECFEC IRQHGLGYPSMRNDPL :449
AssA2: ...RT...I.......A. ..0uuun s...H.| .............. INH..I :448
460 480 500
AssAl: LIQNAMHWHGHPLEEARTWVHQACMSPCPTTKHGVQPMRMASATANCAKM :499
AssA2: .VA.C.N..... R P L [ O :498
520 540
AssAl: VEYALHNGYDHVVGMOMGPETGDAAKFHDFEDLFQAWVKQMEWLTSLLVR :549
ASSAZI tirnrrianaenana Q....RT.T...Q..D..TR..Q..L..... 1548
560 580 600
AssAl: TVNLGRYKDPEFFGRPFLSGMSERSVESGLDVVSPVGDRGNCWVTAFTWV :599
ASSA2: ......... A..Y...L...IT..A..R.I.A.N.E.E..... I.G.... :598
620 640
AssAl: ENIDSLAAVKKLVEFDDKKYTMEQLLTALKANWDGYEEMRLDFVNNAPKWG :649
ASSA2: .. A..iieiiinanrnnaaann D..I...ES...... Qvennnnn Kovuwo 1648
660 680 700
AssAl: NDDDYVDDIMLRCLRETARHSRVMKCPSGNSWPILPENVSGNIHYASIVG :699
BSSA2: tuiiiiiinninainn TL.K.uuuo R.T.N.Te..S.Quuuvnnnn S.V.. :698
720 740
AssAl: ALPNGRRCGDALYDGGISPGPGLDKKGPSAVLKSCGKIDHVSDGRAFLLN :749
AssA2: ....... P, T e et e eeeeenn G. . .. 2748
760 780 800
AssAl: QRLSPTQLAGEKGYQLWKAYIRTWADLGLDHVQFNMVSDETLRAAQKDPE :799
ASSA2: ....... Mevuwinnnn ReoMooivinnns N K. .. 5een 1798

AssAl: KYSEVT KTODNTTQRTVOGT- :834

AssA2: ..Q..... R - - - - - - ccee e - :833
Fig. 4. Amino acid sequence alignment of AssAl and AssA2. The periods designate identical amino acids and the dashes designate gaps. MASCOT ion
scores greater than 49 are shown in dark gray; scores between 25 and 49 are shown in light gray; scores below 25 are shown in clear boxes.
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