Enriching Protein Structure Visualizations with Mutation Annotations
Obtained by Text Mining Protein Engineering Literature

Christopher J. O. Baker and Rerg Witte
Department of Computer Science and Software Engineering
Concordia University, Mon&al, Canada

Abstract along with information about their improved performance

under precisely defined conditions. Coupled with a larger
Protein structure visualization tools render im- number of protein structures, more sophisticated alignment
ages that allow the user to explore structural fea-  algorithms, like Fugue [15] or Muscle [9], and structure an-
tures of a protein. Context specific information notation tools [10], further improvements could be made to
relating to a particular protein or protein family is the collation, mapping, and rendering of mutant sequence

not easily integrated and must be uploaded from information. Some structure visualization tools allow the
databases or provided through manual curation mapping of existing sequences to structures primarily to

of input files. We describe a mixed natural lan- enable overlay of sequence features stored in databases to
guage processing and sequence analysis based ap- structures [10, 14]. Our aim is to employ language tech-
proach for the retrieval of mutation specific anno- nology to improve access to annotations concerning the im-
tations from full text articles for rendering with pacts of mutations and apply these to 3D structures of pro-
protein structures. teins. To do this we have developed a mixed NLP and se-

guence analysis approach that combines retrieval and anal-
ysis of protein sequences described in selected texts with
the extraction of specific sentences from the same texts that
describe mutations made to the protein sequences and their
1 INTRODUCTION impact on protein function. Our architecture facilitates a
mapping of mutations and legitimate annotations to a struc-
Natural language processing (NLP) techniques are progres#al homolog in a format readable by structure visualiza-
sively being applied to support bioinformatic database curdion tools (see Figure 1).
tion projects as funding for manual expert curation cannot  The remainder of this paper is structured as follows: In
continue indefinitely [4]. Challenges exist however boththe next section we discuss the system architecture with its
in the definition of specific bioinformatic requirements andindividual components. Section 3 describes a case study
the capabilities of information retrieval techniques. using the xylanase protein family. The last section summa-
As a case study for integrating information retrieval andrizes our findings and outlines future work.
knowledge extraction with bioinformatic applications we
selected the annotation of protein structures with segment2 SYSTEM ARCHITECTURE
of literature detailing the consequences of specific muta-
tions. For protein engineers, understanding the impact of system capable of extracting experimentally introduced
all mutations carried out on a protein family requires a commutations from full-text papers and linking them to pro-
plex mapping of sequence mutants to a common structurtgin structure visualizations must be able to integrate doc-
Currently the protein mutation database (PMD) [11] andument retrieval, NLP-based text analysis, protein sequence
associated visualization tools provide this capability. Thedatabase access, protein sequence analysis, and output for-
content of this database is limited however by the speed anat generation within a single architecture. For this, we
which newly published papers can be processed. In 199@esigned a multi-tier information system based on the ar-
the PMD authors reported a three-year backlog of unprcshitecture discussed in [18]. Figure 2 shows the main com-
cessed publications. Since the arrival of high-throughpuponents, organized by tier.
sequence modification techniques, such as directed evolu- Users interact with the system using a standard web
tion, a greater number of mutant sequences are producedient (tier 1). A web server (tier 2) receives a query (e.g.,
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the most widely used NLP tools. As it has been designed as
a component-based architecture, individual analysis com-
T pongr_lts (callegbrocessing resourcgsan be easily added,

Mutated modified, or removed from the system. GATE is also be-
ing used by other biomedical systems, most notably Bio-
RAT [5].

A full text or abstract, once retrieved and converted
into a suitable input format, is run through a so-called pro-
cessing pipeline of NLP components, which we describe in
more detail below.
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Annotation Sorting
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Preprocessing and Gazetteering. After dividing the in-

Data_ put stream into individual tokens in thiekenizationstep,
Integration . g .
Format a lookup phase identifies words and expressions based on
1 a number of precompiled lists. This includes lists like
Structure Visualization person names, dates, locations, companies, measurements,

and, most importantly for our task, biomedical-related lists,
_ like chemicals, drugs, genetic structures, or protein names.
Figure 1: Data Flow Based on these lists, Gazetteercomponent annotates
words with a major and minor type, which forms a two-
. . . . level hi hy, simil impl logy. F
for a protein family) and dispatches it to an IR subsyster'r}eve \erarchy, simrar o a'(very simple) qnto ogy. For
. : 4 he non-biomedical information, we rely on lists developed
(tier 3), which retrieves relevant texts from the Web (e.g.b he CLaC for th icle d inM 3
NCBI's PubMed) or a local database (tier 4) y_t e CLaC group fort © hewspaper ar_tlce oma_m[ 3]
. ' .which are based on the ANNIE information extraction sys-
Retrieved abstracts or full-length papers (where avail;

able) are then run through the NLP subsystem (tier 3) tc}em that comes with GATE. Biomedical lists use the same

. . . ) . T r he BioRAT m ri in [5]: |i f
identify mutations and extract relevant information. This esources as the Bio system described in [S]: lists o

: o : ntri Xtr from the MeSH hierarchy and SwissPr
information is then used by another tier 3 component toe tries extracted from the MeSH hierarchy and SwissProt,

searchEntreZ in order to identify protein accessions and :305909?06(; Qﬁtlg;lg more than five million words in roughly
retrieve protein sequences in FASTA format [13]. Mutated ™’ '
residues located on eligible sequences are then combingghmeq Entity Recognition. In the next phase, sev-
with the information extracted from the documents and cong4| finjte-state transducers combine individual tokens into
verted into tool-specific out_put f(_)rmats (t_ier 2). The usermore complex named entities (NE), based on regular-
can then access the combined information through a preypression grammars, which are run over the annotations
tein visualization tool like ProSAT. _ _ generated by the previous step. Examples for entities we
Within this paper, we do not discuss the information getect argpersong(containing a first name, last name, and
retrieval (IR) part of the design. Many of the challenges,qssiply initials), protein expressionsor database acces-

in do.cument ret.rieval and gopversion, as well as p?SSibl%ion identifiers At this stage we also identifynutation ex-
solutions, are discussed within the context of the B'ORATpressionswhich can occur in many different formats.

system [5].

Sentence Splitting and POS Tagging. The next two

2.1 NLP Subsystem components split the input text into individual sentences
The NLP step needs to identify the proteins being mutateéind then for each sentence annotate each word wipiaits

so that the corresponding amino acid sequence can be ksf=speech tagfor example, verb, adjective, or noun. For
trieved from a database. To do this the retrieved documentgis, we use the CLaC sentence splitter (an enhanced ver-
are run through an NLP subsystem that extracts proteinsijon of the ANNIE sentence splitter) and the Hepple tagger
host organisms, mutations, their interrelations, as well aghat comes with the GATE system.

provided accession numbers.

Our NLP component is based on the GA{General NP Chunking. Another JAPE (finite-state transducer)
Architecture for Text Engineerindgdamework [6,7], one of grammar analyses the text and builds up more complex
. ] grammatical structures, so-calledun phraseswhich in-

Entrezis the integrated, text-based search and retrieval Sy%ude determiners, modifiers, and head nouns. For example,
tem used at NCBI for the major databases, including PubMe ’ o AR . -
Nucleotide and Protein Sequences, Protein Structures, Comple e quds The specific enzyme "’_‘Ct'Y'twv'” be identified
Genomes, Taxonomy, and others. Seg://www.ncbi. as a single noun phrase (NP) with its words marked up as
nlm.nih.gov/Database/index.html “The/DET specific/MOD enzyme/MOD activity/HEAD”


http://www.ncbi.nlm.nih.gov/Database/index.html
http://www.ncbi.nlm.nih.gov/Database/index.html
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Figure 2: System Architecture

Another grammar stage then joins basic NPs that a@mple, in the sentencéWild-type and mutated xylanase
pear within certain grammatical structures, like prepositl proteins (termed E210D and E210S) were expressed in S.
tions or conjunctions. ThislP chunkingallows us to locate  cerevisiae grown in liquid culturewe identify two muta-
important entities more precisely, for example, in the sertions, E210D and E210S, and one protein expression,
tence“The specific enzyme activity of mutant E210D waslanase |l proteins, which we then assume is the protein be-
0.8%.." we can identify the whole phrase up to E210D asing mutated. As this approach is quite simplistic, it might
a single (complex) noun phrase and thus determine that it ifail in a number of cases, especially when more than one
really the activity that is 0.8%, not the “E210D" (as a naive protein mutation is described within a single paper. How-
approach might infer based on location). ever, since we only extract those mutations where we can

Another important feature of our NP chunker is its abil-identify a corresponding host organism, this approach has
ity to incorporate the named entities detected above in addpeen shown to work reliably within our case study on se-
tion to using POS tags. This allows us to alleviate some ofected xylanase papers.
the problems that result from using standard POS taggers, For extracting the second (protein-host) relation we use
which are statistically trained on more general domains likea template-based approach that matches certain NP-NP pat-
newspaper articles, for biomedical documents. This typiterns where one noun phrase contains the protein expres-
cally results in a number of mis-tagged words, which insion identified as the one being mutated (exglanase 1),
turn degrades NP precision. with NPs containing an expression marked as an organism

(e.g., algae or fungi).
Relation Detection. The last (and currently most prob- We plan to enhance this step in the future with a more
lematic) step is the correct identification and interpretationdetailed linguistic analysis that first performs a complete
of relations between entities. For our task, we need to b&yntactical analysis (a full parse) of the sentences and then
able to identify two kinds of relations: betweg@moteins  extracts predicate-argument structures from the parse trees,
and mutations, that is, which protein has been mutated however, this is still under development.
within the described experiment; and betwemioteins
andtaxonomic originwhich we need to correctly retrieve 2.2 Protein Sequence Retrieval and Analysis
amino acid sequences from protein sequence databases. The protein sequence retrieval and analysis component at-

For the protein-mutation identification, we currently ex-tempts to identify protein sequence accessions based on the
tract all sentences that contain mutation expressions as idggrotein and host organism names obtained in the NLP sys-
tified by the corresponding NE grammar. We then scartem. It then retrieves formatted protein sequences and ana-
these sentences for the protein expression, making the sitgzes them for similarity. Outlying sequences are removed,
ple assumption that the protein mentioned together with th@roducing a list of sequences for which protein mutation
mutations must be the one that has been mutated. For exanotations will be retrieved.



<menue>
<status=on>
<label>
Journal of Biotechnology 88 (2001) 37,46 Ossi Turunen etal
</label>
<item>
<range>110:A 110:A, 154:A 154:A</range>
<color=yellow> <status=on>
<label>Mutations at three positions were introduced to the
XYNIl mutant containing a disulfide bridge (S110C:N154C)
in the alpha—helix. The disulfide bridge increased the
half—life of XYNII from less than 1 min to 14 min at 65 C
<llabel>
<litem>
<item>
<range>162:A 162:A</range>
<color=red> <status=on>
<label>An additional mutation at the C-terminus of the
alpha—helix (Q162H or Q162Y) increased the half—life
to 63 min. Mutations Q162H and Q162Y alone had a
stabilizing effect at 55 C but not at 65 C
<llabel>
<litem>
<item>
<range>11:A 11:A, 38:A 38:A </range> e |
<color=red> <status=on> ‘ ‘
<label>The mutations N11D and N38E increased the
:walfl—life to about 100 min. Figure 4: ProSAT showing annotations extracted through
<,§érﬁie ” text mining (enlarge electronic version for details)
</menue>

Figure 3 Template with extracted information used forin the structural homolog to receive annotations described
9 g npia in a text. A local sequence homology is calculated for the
ProSAT visualization . : . . ) .
region covering the mutated residue and five amino acids
up and downstream to evaluate the legitimacy of the anno-

To achieve this, a protein name and originating organ.t-at'on transfer. A threshold of conservation is applied to

ism obtained by NLP analysis is used as inputtdrezfor infer legitimacy.
retrieval of protein sequence accession and the sequengez Qutput Template Generation
The FASTA formatted sequence of the top hit is obtained

and the identity of the amino acid at the position describedAﬁer.Sequence analy3|s has Ieg|t|m|z§d the transfer of an-
notations from a particular text to a residue on the structural

as mutated in the publication is checked. Further evaly- . : .
P L\1omolog, sorting and formatting of sentences is necessary.

ation of domain complexity on the sequence using CDD . ; .
. . . Formatted annotations are produced depending on the input
(Conserved Domain Databassgarch tools [12] is carried : X o
format for a particular visualization tool.

out. Where the retrieved sequences contain multiple do- . .
mains the non-target protein sequence is removed while Here, only the ProSAT template [10] with additional

maintaining the original residue numbering. The degree of r%\gflggn:guﬁ?ggsaagaséairg:)?}ﬁlitr'fgsvlvshifemgtlﬁé/??o(oﬁsr_
sequence identity between all retrieved sequences is detdP | '

. . ; . could be enhanced for this purpose as well.
mined by producing multiple sequence alignments (MSA)

with CLUSTAL W [16], which are then statistically scored der:gr;%tatﬂgn;rarst ug?aﬂfgotlg tht(;zros:\ ; ?,32&;2?%{2?:
usingalistat [8] to determine the overall similarity of the uct 9 U9 !

sequences. The most distant sequence in the alignmentﬁ%ce' Coloured mutated residues are highlighted in struc-

calculated by finding the maximum pairwise identity (bestture and described in a corresponding annotation panel.
relative) for all sequences, then finding the minimum of:[,> CASE STUDY

these numbers and hence, the most outlying sequence. [t-

eratively, the most outlying sequence is removed and th@o demonstrate the feasibility of our approach for annota-
alignment remade and rescored watlistat until the most  tion of a protein structure with useful mutation annotations
outlying sequence is within a specific threshold. A conwe selected xylanases as a protein family of interest to us.
sensus sequence is generated and a BLASBIc Local Xylanase (EC 3.2.1.8) is a family of enzymes that can de-
Alignment Search Tool)l] search is used to identify the polymerise the hemicellulose and plant cell wall compo-
closest structural homolog. Each of the sequences in theent xylan to simple sugars. Many industrial applications
MSA is then aligned, pairwise, with the sequence of theexist for this fibre modifying enzyme and numerous publi-
closest structural homolog using BLAST. Residue align€ations describe mutations made to xylanases in order to
ment is recorded for identification of the equivalent residueimprove their properties.



PMID Entrez Protein Accession Found Accession Protein Name Organism Fam. #M Abst. Trim

8855954 0i|121856|sp|P07986| GUX_CELFI Yes None CEX xylanase Cellulomonas fimi 10 3 Yes Yes
1359880 0i|1351447|sp|P00694|XYNA_BACPU Yes None Xylanase Bacillus pumilus 11 3 Yes No
8019418 gi|139865|sp|P09850|XYNA_BACCI Yes None Xylanase Bacillus circulans 11 2 Yes No
10220321  gi|139865|sp|P09850|XYNA_BACCI Yes 1bwv, 2bv Xylanase Bacillus circulans 11 1 Yes No
10860737 gi|139865|sp|P09850|XYNA_BACCI Yes 1C5H, 1C5l Xylanase Bacillus circulans 11 1 Yes No
11601976  gi|139886|sp|P10478|XYNZ_CLOTM Yes None Xylanase Z Clostridium thermocellum 10 1 Yes Yes
10752608  gi|17942986|pdb|1HIX|B No None Xyl1 Streptomyces Sp. S38 11 5 No No
9930661 0i[465492|sp|P33557|XYN3_ASPKA Yes None Xylanase C Aspergillus kawachii 11 1 Yes No
8376336 gi|533366|gb|M97882.1 TEOENDXYLA No M97882 Xylanase T. saccharolyticum 11 3 Yes No
11377763  @i|549461|sp|P36217|XYN2_TRIRE Yes None Xylanase Il Trichoderma reesei 11 3 Yes No
11917150  @i|549461|sp|P36217|XYN2_TRIRE Yes None Xylanase Il Trichoderma reesei 11 11 Yes No
15129722  ¢i|549461|sp|P36217|XYN2_TRIRE Yes None Xylanase Il Trichoderma reesei 11 2 Yes No
15260499  gi|549461|sp|P36217|XYN2_TRIRE Yes P36217,P362  Xylanase Il Trichoderma reesei 11 3 Yes No
15278768  gi|549461|sp|P36217|XYN2_TRIRE Yes None Xylanase Il Trichoderma reesei 11 3 Yes No
7764794 0i|6226911|sp|P26514|XYNA_STRLI Yes None Xylanase A Streptomyces lividans 10 3 Yes Yes
9201919 0i[6226911|sp|P26514|XYNA_STRLI Yes None Xylanase A Streptomyces lividans 10 2 Yes Yes
9681873 0i/6226911|sp|P26514|XYNA_STRLI Yes None Xylanase A Streptomyces lividans 10 1 Yes Yes
10235626  @i|6226911|sp|P26514|XYNA_STRLI Yes None Xylanase A Streptomyces lividans 10 4 Yes Yes
9731776 gi|640242|pdb|1BCX| No None B-1,4-glycosidase  Cex 11 2 Yes No

Table 1:Entrezprotein accessions for xylanases using protein names and taxonomic origins extracted from full text articles

In the current study we retrieved 20 texts describing mumutations on these sequences were analyzed and the NLP
tations to xylanase proteins using keyword searches. Wannotations extracted and sorted with a relevance score.
wished to retrieve the protein sequences corresponding to The structure-sequence residues equivalent to those in
these papers. In the majority of papers the database accesdtated sequences were written along with the highest scor-
sion identifiers for the xylanase proteins were absent. Théng text annotations into the ProSAT structural visualiza-
NLP subsystem was able to identify protein names and taxion template as shown in Figure 3. Together the 20 papers
onomic origins, which were then used to search the proteimvaluated in this case study describe 54 amino acid residues
sequence databag&mtrezfor the protein accession identi- that had been mutated, 14 on family 10 and 40 on fam-
fiers. Table 1 summarizes our case study’s main results, ifly 11 xylanases. Figure 4 shows a screenshot of ProSAT
cluding the PubMed IDs (PMID) for the abstracts of eachrendering 1REF (family 11 structure-sequence) with five
article investigated and thEntrez protein accessions re- mutated residues highlighted and additional annotations de-
trieved. Additionally, column “#M” in the table shows the rived from [17], which describe the impact of mutations on
number of mutations described in each paper. xylanase thermostability through the introduction of new

disulphide bridges.

Due to missing entries in the Gazetteer lists our system
failed to mark upThermoanaerobacteriurar pimulusas 4 CONCLUSIONS AND FUTURE WORK
genera and species, respectively, preventing the automated
retrieval of the protein identifier and sequences. Multipleln this paper we present a system architecture capable of au-
papers referred to the same proteins reducing the overdipmatically extracting mutation information from protein
number of sequences retrieved. Three protein sequencé®gineering literature for enriching the information pro-
also included non-xylanase domains, which we trimmedvided by visualization tools. Our system relies to a large ex-
out by using CDD to find the coordinates of the xylanase dotent on components and resources that are available already,
mains. These sequences are highlighted in column “Trimbut have never before been integrated within a single archi-
To review the overall similarity of the sequences a multipletecture for the purpose of protein structure visualization.
sequence alignment of the retrieved sequences was carried While our system is still in its early stages of develop-
out (see Figure 5 in the appendix). Here we can see theent and more rigorous evaluations are needed, we nev-
degree of sequence divergence between xylanases of differtheless believe it to be important to show how the vast
ent subfamilies, both family 11 and family 10 xylanasesamount of information available online today can be ex-
were represented (compare with column “Fam.”). The finalploited in an automatic fashion for the bioengineer.

MSA contained only family 11 xylanases and Hiistat sta- One of our main contributions, therefore, is to highlight
tistical scoring of these sequences identified them as havingpe challenges involved in integrating literature-derived an-
greater than 70% similarity to each other. This was the minaotations with in-silico biology and to consider the extent
imum similarity threshold for NLP extraction and mapping to which the integration of text mining systems with tools
of mutation specific annotations to proceed. Mapping ofand databases already available can provide additional in-
sequences to the structural homolog was achieved by pasight to structural biology and protein engineering. While
wise alignment with structure-sequence 1REF, representinhLP-based approaches cannot retrieve 100% of all relevant
the xylanase Il fromTrichoderma reeseiTexts describing protein accessions and their annotations, even a recall rate



of 25%—-50% would be a vast improvement over the cur-[6] H. Cunningham. GATE, a General Architecture for Text
rently available rate of ca. 5% accessible through manually

curated databases. Protein engineers get immediate access
to current and historical research results, without a need for[7]

time-consuming, manual literature search.

Our next step will be the development of a larger cor-
pus of test documents in order to obtain precision and recall
measures for our system and to aid in detecting shortcom-
ings for further developments. We also plan on collaborat-[8]

ing with visualization tool developers to allow for display-

ing more complex annotations that can be tied directly with
our text analysis component, thus allowing for a more struc-
tured and flexible view than it is possible through simple [©]

sentence extraction.

In the future, a system as described here could also
be integrated with full-text databases like PubMed Central10]
(PMC), enabling automatic extraction of relevant informa-

tion from newly submitted documents and their delivery,
in the form of a web service, to various clients, including

structural visualization tools.
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Appendix

CLUSTAL W (1.82) multiple sequence alignment

10 20 30 40 50
——————————— MFKFKKNFLVGL-------SAALMSTSLFSATASAASTD
—————————————————————————————————————————————— ASTD
et DTVITTNQTETNNGY

----MNLRKLRLLFVMCIGLTLILTAVPAHARTITNNEMENHSGY

gi1139865|sp|P09850 | XYNA_BACCI
gi1640242|pdb|1BCX|Xylanase
gi117942986 | pdb | 1HIX|BChain
gi|1351447|sp|P00694 | XYNA_BACP

1 -- MVSFTSLLAASPPSRASCRPAAEVESVAVEKRQTIQPGTHYNNGY  gi|549461|sp|P36217|XYN2TRIRE
1 - MKVTAASAGLLGHAFAAPVPQPVLVSRSA[IN---  gi|465492|sp|P33557 | XYN3_ASPKA
1 MKWDATEPSQNSFSFGAGDRVASYAADTGKELYGHTLVWHSQLPDWAKN-  gi|121856|sp|P07986|GUX_CELFI
1 MKIDATEPQRGQFNFSSADRVYNWAVQNGKQVRGHTLAWHSQQPEWMQS- gil6226911|sp|P26514|XYNA_STRL
1 MKFDALQPRQNVFDFSKGDQLLAFAERNGMQMRGHTLIWHNQNPSWLTNG gi|139886|sp|P10478|XYNZ_CLOTM
60 100
33 YWQN[ITp NAVN GG VN[ ——T \UGK] g11139865|sp|P09850 | XYNA_BACCI
5 JUNAVNGS(e[eN VNS——T GK gi1640242|pdb| 1BCX | Xylanase
16 SMNL SEESHGTSUTN--C GKG g1117942986 | pdb | 1HIX|BChain
42  DYEL{JKDY| N TSMTLNN[EEAFFIAGNN - - I[E\ALFRIGEK - gi11351447|sp|P00694 | XYNA_BACP
46 FYSY[NDEHEGTY TNEPEEQFEVN|ISL--S [HGKG 211549461 |sp|P36217 | XYN2TRIRE
33 YVQNYNGNLADFTYDESA[&-TFEMY|IIEDGVSSDIQYVEL gi1465492|sp|P33557 | XYN3_ASPKA
50 -LNGSAFESHMNHVTKVADHFEGKVASWDVVJEAF DDGPPQDSAFQQ gi1121856|sp|P07986 | GUX_CELFI
50 -LSGSALRQ MIDHIN.VM.H KGKIVQWDVV\\EAFADESSGARRDSNLQ gil6226911|sp|P26514|XYNA_STRL
51 NWNRDSLL| VMKNHITTVMTH KGKIVEWDVHEIECMDDSGNGLRSSIWRN  gi|139886|sp|P10478|XYNZ_CLOTM
110 130 140
71 TT[ESPFRTEAINN-INGVWAZ GN TLi¢ ---- DSW giI139865|spIPOQBSOIXYNA_BACCI
43 TTESPFRTESINN -[NG VW AISN(GVIG)AT L (e ————I V\/DSWENY  gi|640242|pdb|1BCX|Xylanase
54  AN[¢-ARRTV)N--S@SFN)ZSEAVSRT Lyqe ————V T\UDNWENy gi|17942986|pdb|1HIX|BChain
86 HHQLGNISERN{--NASFN|ZGEUS)EECV(E TQS————A TUDSWENY gi|1351447|sp|P00694|XYNA_BACP
84 QPETKNKVESF--S@SYNZN[ES)eRS VyeliSRNIE----41 I\JENF(B gi|549461|sp|P36217|XYN2TRIRE
72 TT[€-SSNARSKS- EYSASGSSS AVHELVNY)E----QA I|JEDY{D  gil465492|sp|P33557 | XYN3_ASPKA
99 KL{ENGYIETAFRAINRAAD LEINDYNVEEIN-AKSNSLYDL|YKDFKA gi|121856|sp|P07986|GUX_CELFI
99 RS[ENDWIEVAFRT/ISRAAD S KL YNDYNVENWTWAKTQAMPNM|RDFKQ  gil6226911|sp|P26514|XYNA_STRL
101 VI[QDYLDYAFRY[MREAD|SDBLLFYNDYNIEDLG-PKSNAVFNMIKSMKE gil139886|sp|P10478|XYNZ_CLOTM
180 200
116 A ID RT g11139865|sp|P09850 | XYNA_BACCI
88 NEAP S TGRS TFINQYWS gi1640242|pdb| 1BCX | Xylanase
97 g1117942986 | pdb| 1HIX|BChain
130 gi11351447|sp|P00694 | XYNA_BACP
128 TNRUQEAVIQIZFRITE- - T AN YNGTENAIRN  gi|549461|sp|P36217 | XYN2TRIRE
116 YEINESHNQVETDERITINEIERIT(6- - TST(RNFSBIES  gi|465492|sp|P33557 | XYN3_ASPKA
148 gi1121856|sp|P07986 | GUX_CELFI
149 RE@VPIDEVGFQSHFNSES--PYNSNFTTLQNFABLGVDVAITELDIQG- gi|6226911|sp|P26514|XYNA_STRL
150 RE@VPIDGVGFQEHFINEMSPEYLASIDQYIKRYAEIGVIVSFTEIDIFIP gil139886|sp|P10478|XYNZ_CLOTM
210 240 250
163 K [(SNATIN VNA[] KSH UNL[G SNWA ——————————— gi1139865|sp|P09850 | XYNA_BACCI
135 ([SNATIpN VNA|JKSH[ENINLESNWANY g11640242|pdb|1BCX|Xylanase
143 ES---TIpy FDA ARY[QUPL[ESFNY) MIM g1117942986 | pdb | 1HIX|BChain
176 K T———V EFRK[ESL| PM -KMYETAF 2111351447 |sp|P00694 | XYNA_BACP
176 H SSS———VNTFNAAQQ LTL - TMD|{ QIVV gi1549461|sp|P36217 | XYN2TRIRE
164 TRITS[ET-- -V VISEIFNF|{/AQHEFGNS-DF N} MV ——————————— g11465492|sp|P33557 | XYN3_ASPKA
195 TPSD-ATKLAWQELIADYKKVVQAC QVTRCQGVT ITDKYSWVPDVFPG  gi|121856|sp|P07986|GUX_CELFI
196 ---------- API\STYANVTNDCLAVSRCLGIT|WEVRDSDSWRSEQTP- gi|6226911|sp|P26514|XYNA_STRL
200 QSENPATAFQVQLYINYKELMKICLANPNCNTFVMWE@FTDKYTWIPGTFPG gi|139886|sp|P10478|XYNZ_CLOTM
202 ------ SNVTVW —————— g11139865|sp|P09850 | XYNA_BACCI
174 ------ QSNVTVW —————— gi1640242|pdb| 1BCX |Xylanase
179 ------ MQEE[ERISSISVS - ----- g1117942986 | pdb | 1HIX|BChain
211 -YQEEESANVMTNQLFIGN  gil1351447|sp|P00694 | XYNA_BACP
211 —MFEEESASITVS - - ---- gi1549461|sp|P36217 | XYN2TRIRE
199 ------ WSGA[ESASVTISS---~-~ gi1465492|sp|P33557 | XYN3_ASPKA
244 EGAALVWDAFYAKKPAYAAV----  gi|121856|sp|P07986|GUX_CELFI
235 ----LLFNND[SKKAAYWAV----  gi|6226911|sp|P26514|XYNA_STRL
250 YGNPLIfDENYNPKPAYNAI----  gi|139886|sp|P10478|XYNZ_CLOTM
m non conserved
' similar
J{ conserved
B all match

Figure 5: Alignment of xylanase sequences retrieved fEmtrezusing protein names and organisms obtained by NLP analysis
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