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National Institute of Allergy and Infectious Diseases
National Institute of Health

Category A, B & C Priority Bacterial Pathogens

Category A Category B

Clostridium botulinum : Brucella species (brucellosis)
Bacillus anthracis (anthrax) . Burkhoderia pseudomallei
Francisella tularensis (tularemia) : Burkholderia mallei (glanders)
Yersinia pestis . Campylobacter jejuni
Clostridium perfringens (epsilon
toxin)
Coxiella burnetti (Q fever)
: Escherichia coli (diarrheagenic)
Category C . Listeria monocytogenes
Rickettsia prowazekii (typhus fever)
1. Mycobacterium tuberculosis . Salmonella

(multiple drug resistant) . Shigella species
2. Rickettsias (other) . Staphylococcus aureus (enterotoxin

B)
Vibrios (pathogenic)
Yersinia enterocolitica

Genomes of all above organisms have been sequenced




Number of Fully Sequenced Genomes of Eubacteria: 145 {178} (From 1995)
Number of Fully Sequenced Genomes During Last 12 Months: 55 {68}

Prokaryotic Ongoing Genome Projects: 489 {528}
Archaeal: 28 {27} Bacterial: 461 {499}

Example of Ongoing Genome Projects

Bacillus anthracis A1055 (Group C)

Bacillus anthracis Ames Ancestor

Bacillus anthracis Ames Florida

Bacillus anthracis Austrailia 94 (GT55, Group A3a)
Bacillus anthracis CNEVA-9066 (GT79 Group B2)
Bacillus anthracis Kruger B (GT87 Group B1)

Bacillus anthracis Vollum (GT77 Group A4)

Bacillus anthracis Western N. America (GT3 Group Ala)
Bacillus anthracis STN

Bacillus anthracis ZK




First, some terminology...

Taxonomy : the science of naming and classifying organisms;

Classification

placement of an organism within a scheme relating
different groups of organisms;

ldentification the determination of whether an organism should be
placed within a group of organisms known to fit within
some classification scheme;

(the practical use of classification criteria)

Phylogenetics

focuses on evolutionary relationships between
organisms or genes/proteins

Phylogenetic Approach

The ideal means of identifying and classifying bacteria would be to compare
each gene sequence in a given strain with the gene sequences for every
known species.



Taxonomy of Bacteria
(Linnaean System)

Examples: Bacillus subtilis & Escherichia coli

Kingdom
Phylum
Class
Order
Family
Genus
Species

Bacteria
Firmicutes
Bacilli
Bacillales
Bacillaceae
Bacillus

Bacillus subtilis

Bacteria
Proteobacteria
v-Proteobacteria
Enterobacteriales
Enterobacteriaceae
Escherichia
Escherichia coli




Universal Phylogenetic Tree of Bacteria
Based on SSU rRNA Sequences

Deinococgus-Thermus

Spirochaetes

Bacteroidetes/Chlorobi

Proteobacteria : Planctomycetes

Fusobacteria

Cyanobacteria
Firmicutes

Actinobacteria

Termotogae

Reepresentatives of
Marked Phylogenetic -
Divisions (Phyla) of Aquificae

Bacteria Are Included Archaea, Eucarya
in the Database

0.1 base substitution per nucleotide




Approach: (1) Bacterial Sample Processin
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CCTGAGCCA  ATTGATGAA
|
transcription

CCUGAGCCA  AUUGAUGAA

|
”ansiat'on l The relation between the
sequence of bases in DNA and
the sequence of amino acids in
a protein

Protein P=P 1DE




Approach: (2) Tandem Mass Spectrometry of Peptide lons

Electrospray lonization Mass Spectrometry
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Approach: (3) Sequencing of Peptide lons

MS/MS Spectra of Peptide lons

Intensity

PEP IDE
PEP |
E PP PEP ID
P PP PEP ID
I I I
m, m, m,; m, mg Mg m,
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@ _
Unknown Bacterium
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Approach: (4) Matching of Identified Tryptic Peptides to
Theoretical Peptides of Database Bacterial Proteomes

Database

Unknown Bacterium B. anthracis Y. pestis V. cholerae

P #1 P #1
R -] L
Matching
P #3 P #3 P #3




Virtual Array of Peptide Sequences

Bacterial Proteomes

Tryptic
Peptides
X XoXq. . Koot

0]e)

¥
Translated Protein Sequences

ORF m
Matching ™ m =500 to 7,500

00 000D

Total Number of Protein Coding Sequences: 500,000




Classification and Identification of Unknown Bacterium

Matrix of Assignments

Bacterial Proteomes

Tryptic peptides U bl b2 b3 b4 b5
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Screen Capture Image Displaying Raw LC-MS/MS Data

Discriminant Analysis Parameters Filters

§ Differential Analysis Parameters
File Name| Xeorr:| 0405751 —{ Delta Cn:[ 4511534 | ‘
Sr.Mo | File Mame | Hy | em]| con| oo sp R3p | Reference [ mo| Peptids | Mo of aa | DF | A Sp:| 0.000018 | LN(RSP):| -0.165270 ﬂ
1 FALL_A_7_OUT_FOR_SAMIR|L-.., 13527 0,249 01160 1,453 4590 000000 %AR0_306 1 - LORALLABARYR - 13 0 Sonstant:] 0968339 —| DeltaM:[ -0,4z3194 Export ‘
2 FALL_A_Z_OUT_FOR_SAMIRML-., 20303 14280 00000 0000 0485 000693 BIAP_USDA1L0 1 - EHPEQWLYWLHRRWR. - 14 0 J —if
3 FALL_A Z OUT FOR_SAMIRML-,., 1954.2 0.3462 0.0630 0,675  102.9 000,000 LINT Se601 1 - EIQNWQIQYWHRFK, - 14 0 Threshold: e | o
4 FALL_A_z OUT_FOR_SAMIR\LL-., 1689.9 1,285 0,1230 1,597 4217 000,000 LLAC 1 - YGLTEMEVTDEVFR. - 14 0 W Show Raur Rostlts Granh? — BT
5 FALL_A_7_OUT_FOR_SAMIRALL- 13025 05575 0.0530 1.024 1035 003.989 YPES_KIM 1 - LABLGATYHHRR. - 12 i (LR A R =
& FALL_A_Z_ OUT_FOR_SAMIRML-... 19530 10413 00930 0,697 0383 002303 LMON_EDGE 1 - DMWHDTEERDFFWIR. - 14 0 I apply Filter-1 (DF%)-| 90 < e
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Sr.ho HOUC_3500] HINF_RDKY[HHAL_NRC1|HHEP_ATCC/HPYL_26695] HPYL 199  |LJOH_NCCE|LPLA_WCFS|LLAC LINT_FIQCR|LINT 56601 LINN LMON_EGDE| MLOT_MAFF| MIAN_DSMZ| MMAR 52 | MKAN_AY19| MACE_C2A | MMAZ_GOE:| MTHE_DELT. MAYI_K: A
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Screen Capture Image Displaying Accepted Peptide Assignments
(P = 90%)

Differential Analysis Parameters

File Name| Xeorr:| 0403751 | Delta Cn:[ 4311534 | ‘
Sr.Ma | File Mame | memy]  em|  Acn| seor Sp RSp | Referance | Mol Peptide | Mo.ofaa| DF| A Sp:| 0.000018 j Ln(RSP):| -0, 165270 <=
1 FALL_A_7 OUT_FOR_SAMIRILL-.. 13527 0.2498 0.1160 1453  459.0 000.000 XAXO_306 1 - LORALLAAAAVYR, - 13 0 Constant:| 0.965339 | DeltaM:[ -0.423194 T | Export ‘
2 FilL_A_7_OUT_FOR_SAMIRILL-.. 2030,3 14288 0.0000 0.000 0485 000,653 BIAP_USDALLO 1 - EHPEQWLWLHRRWR, - 14 0 i %
3 ALL_A_Z OUT_FOR_SAMIRILL-.. 19542 03462 00630 0,675 1023 000,000 LINT_S6601 1 - EIQHWQIQTWHRFK - 14 0 Threshold:| 15 e
4 L_AZ OUT_FOR_SAMIRILL-.. 1689.9 1.255 01230 1,597 421.7 000,000 LLAC 1 - YGLTEMEVTDEVFR. - 14 0 [ Show Raw Results Graph? 20
5 L_A_Z OUT_FOR_SAMIRILL-.. 13025 0.55/5 0.0530 1024 1035 003,989 YPES_KIM 1 - LABLGATYHHRR - 12 0 ;
& L_A_Z OUT_FOR_SAMIRILL-.., 19531 L0413 0.0330 0.697 036.3 002303 LMON_EDGE 1 - DWHDTEERDFFWIR. - 14 0 I apply Filter-1 (DF%)-| 90 | Close
7 _Z_OUT_FOR_SAMIRALL-.. 18991 02713 0.2540 0735 040.8 002,303 SPNE_TIGR4 1 - NRYIVDIRDYSYEK. - 14 0 I Apply Filter - 2 =
8 _Z_OUT_FOR_SAMIRILL-... 14396 05629 04080 3653 6706 000.000 LLAC 1 - MSPLLGFTFDQSK - 13 1 i
9 _Z_OUT_FOR_SAMIRALL-.. 18441 03434 0.0490 1118 080.7 003401 AAEQ_VFS 1 - LYY THLSYLRMPFR. - 14 0
10 _Z_OUT_FOR_SAMIRALL-... 18460 07233 0.0330 1503 0807 003.296 WWUL_CMCPS|WUL_YIOLE 2 - FRDNFWDGEFRVEK, - 14 0 t
11 _Z_OUT_FOR_SAMIRALL-.. 19573 00537 01890 0538 0156 001603 WGLO 1 - MM INFYKKEFHR. - 14 0
12 _Z_OUT_FOR_SAMIRALL-.. 17110 01139 0.0560 1,045 1620 003466 EFAE V563 1 - FMTKEEAEQLYKEK. - 14 0
13 A7 OUT_FOR_SAMIRILL-.. 17560 11425 0370 1,208 2236 000.683 MGAL_RIBANT_AZ012[BA... 3 - YLOFSGOEKYYHKK - 14 0y
Sr.blo | HDUC_3500 | HINF_RDKM: HHAL_NRC1 | HHER_ATCC| HRYL 26895 HPYL_199 | LIOH_NCCS LPLA_WCFS | LLAC LINT_FIOCR| LINT_56601 LINM LMON_EGDE| MLOT_MAFF| MIAN_DSMZ| MMAR_52 | MKAN_AY13| MACE_C2A  MMAZ_GOE:| MTHE_DELT, MAVI_K: A
702 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 [
3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Screen Capture Image Displaying Accepted Peptide Assignments
After Removal of Degenerate Peptide Sequences

Differential Analysis Parameters

He Namel Xeore: [ pam3751 = Delta Cn:[ 4 31153+ kA
Sr.bio | File Name: | e |  om|  ~cn| ®eor | Sp|  RSp| Reference | mo| Peptide | Mo, ofaa|  DF| A Sp:| 0.000015 Ln(RSP):[ -0, 165270 —
1 FALL_A_7_OUT_FOR_SAMIRMLL-... 13527 02498 O0.1160 1453 459.0 DOD.0DD RARO_306 1 - LORALLAAAAYYR, - 13 0 Constant:| -0,963339 DeltaM:] -0.423194 Export
2 FALL A 2 OUT FOR SAMIR\LL-.., 2030.3 14288 0.0000 0.000 (485 000,693 BIAP USDALID 1 - EHPEQHLWLHRRWWR, - 14 0 = -
3 FALL_f_7_OUT_FOR_SAMIR\LL-,., 19542 03462 0,0630 0675 1029 000.000 LINT 56601 1 ~ EIQMWQIGVWHRFE - 14 0 Threshold: i _—
4 FALL A 7 OUT_FOR SAMIRMLL-... 1689.9 1,255 0.1230 1.597 4217 000,000 LLAC 1 - YGLTEMEYTDEYFR. - 14 0 % Show Raw Results Graph? Erin
5 FALL_A_7_OUT_FOR_SAMIR\LL-.., 13025 05575 0.0530 1.024 1035 003.989 YPES KIM 1 - LAALGATYHHRR, - 12 0 :
& FALL_A_7_OUT FOR_SAMIR\LL-.., 19531 1.0413 0.0330 0697 0383 002,303 LMON_EDGE 1 - DWHDTEERDFFWIR. - 14 0 ¥ Apply Filter-1 (DF%)-[ o0 = i
7 FALL A 7 OUT_FOR SAMIRMLL-... 1899 02713 02540 0738 (408 D02.303 SPHE_TIGR4 1 - NRYTYDIRDYSYEK - 14 0 7 Appl =
g FALL_A_7 OUT_FOR_SAMIR\LL-,., 1439.6 05629 04080 3.653 G706 000,000 LLAC 1 - WSPLLGFTFOQSK, - 13 1
) FALL_A 7 OUT_FOR_SAMIRALL-.., 18441 03434 0.0490 1,118 0607 003,401 ARED VFS 1 - LYYTHLSYLRMPFR, - 14 0
10 FALL A 2 OUT FOR SAMIRMLL-.. 18460 07233 0.0330 1503 0607 DO03.29 WYUL CMCRS|vYUL Y016 2 - FRDNFWDGEFRYEK - 14 0 o ‘
11 FALL_A 7 OUT_FOR_SAMIRYLL-.. 19573 00537 01890 0,838 0158 001609 WGLO 1 — MMHINEYKKEFHR, - 14 0
12 FALL_A_7 OUT FOR_SAMIR\LL-.. 1711.0 0.139 0.050 1.045 1820 005.466 EFAE Y583 1 - FMTKEEAEQLYKEK, - 14 0
13 FALL A 7 OUT FOR SAMIRMLL-.. 17560 11425 01370 1,203 2236 DOD.693 MGAL RIBANT AZ012[BA... 3 - HLOFSGOERYTHEK, - 14 5t
Sr. Mo HDUIC_3500] HINF_RDKM] HHAL_NRCA|HHEP_ATCC|HPYL_2669% HPYL_199 | LIOH_NCCS | LPLA_WCFS | LLAC LINT_FIOCR| LINT_G6601 | LINM LMON_EGDE| MLOT_MAFF| MIAN_DSME MMAR 52 | MKAN_AV13 MACE_CZA | MMAZ_GOE: MTHE_DELT, MAVI_K: A
782 0 0 0 o [ [ 0 0 ) 0 0 0 0 0 0 0 0 [ [ 0
753 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
754 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
785 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
786 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
787 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
788 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
759 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
790 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
a1 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
792, 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
793 0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
0 0 0 o ] ] 0 0 ) 0 0 0 0 0 0 0 0 ] ] 0
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0 0 0 0 0 0 i i 124 1] 3 1] 1] 1] 1] 1] 0 ] ] 0
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Identification of Bacteria Using o Y RTLBVEL
Phylogenetic Relationships Revealed -
by MS/MS Sequencing of Tryptic
Peptides
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Analysis of Bacterial Mixture
[E. coli (K-12) and B. subtilis (2:1), w:w]
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Identification of Bacteria Using
Phylogenetic Relationships Revealed
by MS/MS Sequencing of Tryptic
Peptides

(Bacillus cereus)
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Principal Component Analysis
of Peptide Assighments

“cereus v Unknows
ATCC 14789

0.6

0.4

B. subtilis/
other Bacilli

0.0

-0.2 0.00

-0.4

Representation of the database Bacillaceae species and unknown organism

in the principal component space (PC 1, PC 2, PC 3) reflecting 80 % of the total
information included in the assignment matrix of 125 amino acid peptide
sequences to bacterial proteomes.



Cluster Analysis of Peptide Assignments

Unknown 17

B. cereus ATCC14579 4 e
o i Errer
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J o0 o
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Linkage Distance

Hierarchical clustering of Bacillaceae species in 125-dimensional space of peptide sequences.
(Complete linkage; squared Euclidean distances)



Differences in Proteome Composition Between an Unknown
Sample and Database Bacteria
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Product lon Mass Spectrum of a Peptide lon

Amino Acid Sequence Information Obtained in Less than 1 second
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Discriminative Power of DNA and Protein Sequences

cid-Soluble Spore Proteins
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Selected Peptide Sequences Discriminating

Between an Unknown and Database Bacteria

Peptide #

@ 8
12

19
29
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O

Sequence

IEDALNSTR

DVNEHTLEEEELPVNIEAYK

ESYAAVQADTASK

GDTLTAVDNDLSAWFWDEK

KQPNFDDSSNFAK
TGDAALGSISNILLR
TNTPMLLQVLEDEVFK

STDTLGAQILGNTMEGLYR
EYEVPITAAQADQIVLLMK

LVSLAEQQLGGYQK

VGSPQPGDLVFFQGTYK

Protein

60 kDa chaperonin GROEL

Hypothetical protein BC0479

Putative transcriptional regulator

Spore coat-associated protein N

Hypothetical protein BA 3347 [Bacillus anthracis Ames]
Flagellin

Propionyl-CoA carboxylase biotin-containing subunit
Oligopeptide-binding protein oppA

IG hypothetical 17696

Small acid-soluble spore protein
N-acetylmuramoyl-L-alanine amidase



Protein length (number of codons)
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CONCLUSIONS

The results demonstrate that mass spectrometry-based
proteomics approach allows for :

e High confidence level classification and identification
of bacteria based on genome traceable, proteomic similarities

and differences between an analyzed microorganism and
reference bacteria;

e |dentification of pure cultures as well as mixtures of
microorganisms.







