
T(d Ii 
)

2

i0

m0

d1

i1

m1

d2

i2

m2

d3

i3

m3

i4

m4 m5

1

T(d Id )2 1

T (d
 Im

 )
2

1

T(m
 Id )
3

2

T(m Ii )3 2

T(m Im )3 2

T(i Id )4 4

T(i Im )4 4

d4

T(i Ii )4 4

Figure �� The model�

��



HMM  1

BEGIN END

HMM  2

HMM  w

Figure �� HMM architecture for discovering subfamilies�
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Figure �� HMM architecture for modeling domains�
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Helix AAAAAAAAAAAAAAAA BBBBBBBBBBBBBBBBCCCCCCCCCCC DDDDDDDEE

HBA�HUMAN ���������VLSPADKTNVKAAWGKVGA��HAGEYGAEALERMFLSFPTTKTYFPHF�DLS�����HGSA

HBB�HUMAN ��������VHLTPEEKSAVTALWGKV����NVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMGNP

MYG�PHYCA ���������VLSEGEWQLVLHVWAKVEA��DVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASE

GLB��CHITP ����������LSADQISTVQASFDKVKG������DPVGILYAVFKADPSIMAKFTQFAG�KDLESIKGTA

GLB��PETMA PIVDTGSVAPLSAAEKTKIRSAWAPVYS��TYETSGVDILVKFFTSTPAAQEFFPKFKGLTTADQLKKSA

LGB��LUPLU ��������GALTESQAALVKSSWEEFNA��NIPKHTHRFFILVLEIAPAAKDLFS�FLK�GTSEVPQNNP

GLB��GLYDI ���������GLSAAQRQVIAATWKDIAGADNGAGVGKDCLIKFLSAHPQMAAVFG�FSG����AS���DP

Helix EEEEEEEEEEEEEEEEEEE FFFFFFFFFFFF FFGGGGGGGGGGGGGGGGGGG

HBA�HUMAN QVKGHGKKVADALTNAVAHV���D��DMPNALSALSDLHAHKL��RVDPVNFKLLSHCLLVTLAAHLPAE

HBB�HUMAN KVKAHGKKVLGAFSDGLAHL���D��NLKGTFATLSELHCDKL��HVDPENFRLLGNVLVCVLAHHFGKE

MYG�PHYCA DLKKHGVTVLTALGAILKK����K�GHHEAELKPLAQSHATKH��KIPIKYLEFISEAIIHVLHSRHPGD

GLB��CHITP PFETHANRIVGFFSKIIGEL��P���NIEADVNTFVASHKPRG���VTHDQLNNFRAGFVSYMKAHT��D

GLB��PETMA DVRWHAERIINAVNDAVASM��DDTEKMSMKLRDLSGKHAKSF��QVDPQYFKVLAAVIADTVAAG����

LGB��LUPLU ELQAHAGKVFKLVYEAAIQLQVTGVVVTDATLKNLGSVHVSKG���VADAHFPVVKEAILKTIKEVVGAK

GLB��GLYDI GVAALGAKVLAQIGVAVSHL��GDEGKMVAQMKAVGVRHKGYGNKHIKAQYFEPLGASLLSAMEHRIGGK

Helix HHHHHHHHHHHHHHHHHHHHHHHHHH

HBA�HUMAN FTPAVHASLDKFLASVSTVLTSKYR������

HBB�HUMAN FTPPVQAAYQKVVAGVANALAHKYH������

MYG�PHYCA FGADAQGAMNKALELFRKDIAAKYKELGYQG

GLB��CHITP FA�GAEAAWGATLDTFFGMIFSKM�������

GLB��PETMA �����DAGFEKLMSMICILLRSAY�������

LGB��LUPLU WSEELNSAWTIAYDELAIVIKKEMNDAA���

GLB��GLYDI MNAAAKDAWAAAYADISGALISGLQS�����

Figure 	� Seven representative globin sequences of known structure and their alignment taken
from Bashford et al� 
������ The letters A to H in 
Helix� denote the � di�erent ��helices�
Some regions� especially CD� D� and FG� are not well de�ned� The sequences and their
SWISS�PROT identi�ers are Human � 
HBA HUMAN�� human � 
HBB HUMAN�� sperm
whale myoglobin 
MYG PHYCA�� larval chironomous thummi globin 
GLB� CHITP�� sea
lamprey globin 
GLB� PETMA�� lupinus luteus leghemoglobin 
LGB� LUPLU�� and blood�
worm globin 
GLB� GLYDI�� 
In SWISS�PROT �� a 
�� is used instead of an 
 � in the
identi�ers��

��



Helix AAAAAAAAAAAAAAAA BBBBBBBBBBBBBBBBCCCCCCCCCCC DDDDDDDEE

���������������� ��������������������������� �

HBA�HUMAN V									LSPADKTNVKAAWGKVGA		HAGEYGAEALERMFLSFPTTKTYFPHF�DLSHGSAQ����

HBB�HUMAN Vh								LTPEEKSAVTALWGKV��		NVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVMGNP

MYG�PHYCA V									LSEGEWQLVLHVWAKVEA		DVAGHGQDILIRLFKSHPETLEKFDRFKHLKTEAEMKASE

GLB��CHITP �									LSADQISTVQASFDKV��		KGDPVG��ILYAVFKADPSIMAKFTQF�AGKDLESIKGTA

GLB��PETMA PivdtgsvapLSAAEKTKIRSAWAPVYS		TYETSGVDILVKFFTSTPAAQEFFPKFKGLTTADQLKKSA

LGB��LUPLU Ga								LTESQAALVKSSWEEFNA		NIPKHTHRFFILVLEIAPAAKDLF�SFLKGTSEVPQ�NNP

GLB��GLYDI G									LSAAQRQVIAATWKDIAGadNGAGVGKDCLIKFLSAHPQMAAVF�GF����SGASD���P

Helix EEEEEEEEEEEEEEEEEEE FFFFFFFFF FFFFFGGG GGGGGGGGGGGGGGGG

������������������� ��������� ����������������

HBA�HUMAN �VKGHGKKVADALTNAVAHVDD					MPNALSALSDLHA			HKLRVDPV	NFKLLSHCLLVTLAAHLP

HBB�HUMAN KVKAHGKKVLGAFSDGLAHLDN					LKGTFATLSELHC			DKLHVDPE	NFRLLGNVLVCVLAHHFG

MYG�PHYCA DLKKHGVTVLTALGAILKKKGH					HEAELKPLAQSHA			TK�HKIPIkYLEFISEAIIHVLHSRHP

GLB��CHITP PFETHANRIVGFFSKIIGELPN					IEADVNTFVASHK			PR�GVTHD	QLNNFRAGFVSYMKAH��

GLB��PETMA DVRWHAERIINAVNDAVASMDDtek		MSMKLRDLSGKHA			KSFQVDPQ	YFKVLAAVIADTVAA���

LGB��LUPLU ELQAHAGKVFKLVYEAAIQLQVtgvvvTDATLKNLGSVHV			SK�GVADA	HFPVVKEAILKTIKEVVG

GLB��GLYDI GVAALGAKVLAQIGVAVSHLGDegk		MVAQMKAVGVRHKgygNK�HIKAQ	YFEPLGASLLSAMEHRIG

Helix HHHHHHHHHHHHHHHHHHHHHHHHHH

�����������������������

HBA�HUMAN AEFTPAVHASLDKFLASVSTVLTSKY						R

HBB�HUMAN KEFTPPVQAAYQKVVAGVANALAHKY						H

MYG�PHYCA GDFGADAQGAMNKALELFRKDIAAKYkelgyqG

GLB��CHITP TDF�AGAEAAWGATLDTFFGMIFSKM						�

GLB��PETMA GD������AGFEKLMSMICILLRSAY						�

LGB��LUPLU AKWSEELNSAWTIAYDELAIVIKKEMnda			A

GLB��GLYDI GKMNAAAKDAWAAAYADISGALISGLq					S

Figure �� The alignment of the same seven globins as in �gure 	� as obtained from our model
trained on 	�� randomly chosen globin sequences� The capital letters represent amino acids
aligned to the main line of the model� 
�� to deletions in the model� and lower�case letters
to amino acids treated as insertions by the model� The 
�� is used as �ll character to
accommodate insertions� No attempt has been made to align the insertion regions� In the
line above the alignments 
�� indicates complete agreement of a column with the structural
alignment 
Figure 	� and 
�� denotes a minor deviation 
the only accepted di�erence is
a reasonable displacements of a gap�� The regions between the helices are not checked
in this way� The training set contained �ve of the seven globins� not HBA HUMAN and
GLB� PETMA�
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Figure �� Plot of NLL�score vs� sequence length for globins and non�globins� All sequences
of length less than ��� from the SWISS�PROT �� database are shown� including partial
sequences and three 
false� globins from the globin �le� and sequences from the database
containing many Xs�
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Figure �� Histogram showing the
number of sequences with a cer�
tain Z�score� The training set of
��� globins� the test set of ���
globins� and the rest of the se�
quences from SWISS�PROT ��
after 
�ltering� are shown� The
insert shows a expansion of the
region around a Z�score of ��
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Figure �� Parts of the �nal globin model� The position numbers are shown in the delete
states�
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Figure �� Scatter plot of NLL�score versus length for sequences in SWISS�PROT using the
Kinase HMM�

		



Figure ��� Histogram showing
the number of sequences with a
certain Z�score relative to the ki�
nase model�
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Figure ���

A� Multiple sequence alignment generated by our kinase HMM of some of the sequences
used to train the HMM 
����� and 
test� sequences from the SWISS�PROT �� database

������ 
see Section ����� Numerals appearing in the alignments indicate the number of
amino acids to be inserted at that point� otherwise the notation follows the convention of
Figure ��

In Subdomain� the Roman numerals and 
�� refer to the subdomains and residues
conserved across �� serine�threonine kinases given in Hanks and Quinn 
������ 
A� and

B� in PROSITE refer to the ATP binding and catalytic regions respectively used to create
two di�erent signature patterns for kinases� X�ray identi�es the location of the ��helices
AA�AI and ��strands B��B� 
read vertically� derived from the ����Acrystal structure of the
catalytic subunit of cAMP�dependent protein kinase 
sequence �� 
Knighton et al�� ������

Sequences ���� are representative kinases taken from the March ���� Protein Kinase
Catalytic Domain Database 
Hanks � Quinn� ������ These are� CAPK�ALPHA� cAMP�
dependent protein kinase catalytic subunit� ��form� WEE��� 
reduced size at division�
mutant wild type allele gene product� TIK� mouse serine�threonine kinase� SPK�� S� cere�
visiae kinase cloned with anti�p�tyr antibodies� RSK��N� amino domain of type � ribosomal
protein S� kinase� PYT� putative serine�threonine kinase cloned with anti�p�tyr antibod�
ies� PKC�ALPHA� protein kinase C� ��form� PDGFR�B� platelet�derived growth factor
receptor B type� PBS�� polymixin B antibiotic resistance gene product� MIK�� S� pombe
mik� acts redundantly with wee��� MCK�� S� cerevisiae protein kinase� INS�R� insulin re�
ceptor� HSVK� Herpes simplex virus�US� gene product� ERK�� rat insulin�stimulated pro�
tein kinase� EGFR� epidermal growth factor receptor 
cellular homolog of v�erbB�� ECK�
receptor�like tyrosine kinase detected in epithelial cells�DPYK�� developmentally regulated
tyrosine kinase in D� discoideum� CLK� mouse serine�threonine�tyrosine kinase� CDC�HS�
human functional homolog of yeast cdc���CDC��� CAMII�ALPHA� calcium�calmodulin�
dependent protein kinase II� ��subunit� C�SRC� cellular homolog of v�src� and C�RAF�
cellular homolog of v�raf�mil� Sequences ��	� �� ��� ��� �	� �� and �� are the candidate
dual�speci�city protein kinases as de�ned by Lindberg 
Lindberg et al�� ������

Sequences ���	� are the SWISS�PROT �� sequences designated as kinases by our HMM

Z�score � ���� but not by all three other methods� PROSITE� PROFILESEARCH and the
keyword search� Sequences 	���� are the top �� sequences below our cuto� of ��� and 	��	�
and ����� are sequences that were not classi�ed as kinases by the HMM but were so by one
or more 
but not all� of the three other methods� Note that sequences identi�ed as kinases
by all four methods are not shown� All sequences that are less than ��� residues in length
have been removed�
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B� Details on sequences ����� shown in the alignment 
arranged in order of decreasing Z�
score�� NLL�score and Z�score are measures of how well the kinase HMM �ts these SWISS�
PROT �� 
test� sequence that were not present in the training set 
see Section ��� for more
details�� In HMM� PROFILESEARCH and Keyword� 
�� denotes sequences that are
classi�ed as containing a kinase domain and 
�� those that do not� For PROFILESEARCH�

��� identi�es sequences that do not appear in the results obtained from searching SWISS�
PROT �� 
not �� as in HMM� Keyword and PROSITE� provided to us by M� Gribskov

personal communication��

Two PROSITE signature patterns for eucaryotic protein kinases have been derived and
these are labelled 
A� and 
B� in the alignment� 
A� is the region believed to be involved in
ATP binding 
PROSITE entry PROTEIN KINASE ATP� while 
B�� and 
B�� indicate the
area important for catalytic activity in serine�threonine kinases 
PROTEIN KINASE ST�
and tyrosine kinases 
PROTEIN KINASE TYR� respectively� In all instances� 
T� signi�es
a true positive� 
N� a false negative 
a sequence which belongs to the set under consideration
but which is not picked up by the pattern�� 
P� a 
potential� hit 
a sequence that belongs
to the set but which is not picked up because the region that contains the pattern is not yet
available in the data bank i�e� a partial sequence�� and 
�� an unknown 
a sequence which
possibly could belong to the set�� 
�� indicates SWISS�PROT �les which contain a cross
reference to the speci�ed PROSITE pattern� but these PROSITE entries do not contain a
corresponding pointer to the SWISS�PROT �le� 
�� signi�es sequences that do not satisfy
the kinase patterns and those followed by 
�� denote particulate forms of guanylyl cyclase
receptors which contain an intracellular protein kinase�like domain but which have not been
shown to possess kinase activity to date 
reviewed in 
Garbers� �������

��



ID Length NLL�score Z�score HMM PROFILE� Keyword PROSITE
SEARCH A B� B�

�� KLSK HUMAN ��� ����	��� 
�	��� � � � T � T
�
 KLSK MOUSE ��� ����	�
� 

	�
� � � � T � T
�� ARKB HUMAN ��� ����	��� ��	
�� � � � � � �
�� ARKB BOVIN ��� ���
	��
 ��	
�� � � � � � �
�
 BYR� SCHPO �
� ���	��� �
	�
� � � � N T �
�� CYGR ARBPU ��� ����	��� ��	��� � � � � � �
�� ANPA RAT ���
 ����	��
 ��	
�� � � � � � �

�� ANPA HUMAN ���� ��
�	��� ��	��� � � � � � �
�� NPB HUMAN ��

 ����	��� ��	��� � � � � � �
�� ANPA MOUSE ���
 ����	��� ��	�
� � � � � � �
�� ANPB RAT ��

 ����	��� ��	��� � � � � � �

�
 CYGS STRPU ���� ��

	��� ��	

� � � � � � �
�� VPSF YEAST �
�
 
���	�
� �
	��� � � � N T �
�� HSER RAT ��
� ��
�	��� �
	��� � � � � � �

�
 HSER HUMAN ��
� ����	��� �
	��� � � � � � �
�� KR� VZVD ��� ����	��
 �	��� � � � N T �
�� KR� HSV�� ��� ��
�	�
� �	�
� � � � N � �

� KR� HSVI� ��� 
��	

� �	

� � � � N T �

� KR� EBV 
�� ����	
�� 
	��� � � � T � T


� KRB� VACCV ��� ���	��� 
	�
� � � � N N �

� KRB� VACCC ��� ���	
�� 
	��� � � � N N �


 AK� ECOLI 

� ����	
�� �	��� � � � � � �

� PSP MOUSE ��� 
�
	�
� �	��
 � � � � � �

� DHOM BACSU 
�� ��
�	
�� �	
�� � � � � � �


 FLIG BACSU ��� ����	��� �	��� � � � � � �

� CALQ RABIT ��� ����	��� �	
�
 � � � � � �

� NU�M PODAN ��� ��
�	
�� �	
�� � � � � � �
�� RUVA ECOLI ��� ��
	��� �	
�� � � � � � �
�� U��R HSV�U ��� �
��	

� �	�
� � � � T � T
�� KRF� VACCC 
�� ����	��� �	��� � � � N T �
�� UL�
 HCMVA 
�
 ����	��� �	��
 � � � N � T
�
 KKA� ACIBA ��� ���	
�� �	�
� � � � � � T
�� KKA� ECOLI �
� ���	�
� �	��� � � � � � T
�� KGPB BOVIN ��� ���	
�� �	��
 � � � P P �
�
 EGFR CHICK 
�� ��
�	
�� �	��� � � � P � P
�� KKA� ECOLI �
� ���	
�� ��	
�
 � � � � T �
�� KDTK DROME 
�� ���
	
�� ��	��� � � � N � N
�� KPCG HUMAN ��� ����	��� ��	
�� � � � P P �

��
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Figure ��� Histogram showing the number of sequences with a certain Z�score relative to the
EF�hand model�
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Figure ���

A� Multiple sequence alignment generated by our EF�hand HMM of some of the sequences
used to train the HMM 
����� and 
test� sequences from the SWISS�PROT �� database 
���
���� 
see Section �����

In Structure� 
H� and 
L� denote residues in an ��helical or loop conformation based
upon EF�hands of known structure 
Nakayama et al�� ������ PROSITE denotes the posi�
tions used to generate the pattern 
EF�HAND�� Ca�binding identi�es the EF�hand motif
sequence preferences at di�erent positions for most domains known to bind calcium� 
E��
glu� 
n�� hydrophobic� 
��� variable� 
G�� gly� 
I�� ile� leu or val 
Nakayama et al�� ������
The six residues involved in octahedrally coordinating the calcium ion are denoted by 
X��

Y�� 
Z�� 
x�� 
z� and 
y� and the �rst �ve are usually Asx 
D or N�� Glx 
E or Q�� Ser

T�� Thr 
T�� Cys 
C� or Gly� The oxygen atom at position 
y� comes from the main chain
and so can be supplied by any amino acid�

Sequences ���� are representatives of the various EF�hand subgroups in the June ����
database of EF�hand sequences maintained by Kretsinger and co�workers 
Nakayama et al��
������ These sequences are� CAMHS� Homo sapiens calmodulin� aACTGG� Gallus gal�
lus ��actinin� VISININ� G� gallus visinin� TPP��CF� Canis familiaris p�	 thyroid pro�
tein� TPHUCS� H� sapiens skeletal troponin�C� TPAP�� Astacus pontasticus troponin�C�
�� TCBP��� Tetrahymena thermophila TCBP���� SPEC�A� Strongylocentrotus purpuratus
spec�a� SCBPBL�� Branchiostoma lanceolatum SARC�� QUIDLN� Loligo pealei squidulin�
MOHSCR� H� sapiens myosin 
RLC�ventricle�� MOHSA�� H� sapiens myosin 
ELC�
L��skeletal�� LPS�A� Lytechinus pictus ��Lps�� LAV�� Physarum polycephalum LAV����
EFH�� Trypanosoma brucei putative calcium binding protein� CVP� B� lanceolatum calcium
vector protein� CRGHS� H� sapiens calmodulin�related gene� CMSE� Saccharopolyspora
erythraea bacterial�CAM� CDPK� Glycine max calcium dependent protein kinase� CDC���
Saccharomyces cerevisiae cell division control protein ��� CALPLHS� H� sapiens calpain

light�� CALCIB� Bos taurus calcineurin�B� CALBNGG� G� gallus calbindin� CAL�CE�
Caenorhabditis elegans cal � gene� BCHS� H� sapiens � S���� protein� AEQAV�� Aequorea
victoria aequorin��� and �F	� Trypanosoma cruzi �agellar calcium binding protein�

����� are the SWISS�PROT �� sequences designated as EF�hands by our HMM 
Z�score
� 	���� but not by all three other methods� PROSITE� PROFILESEARCH and the keyword
search Note that sequences identi�ed as EF�hands by all four methods are not shown� ���
��� are the top �� sequences below our cuto� of 	���� ������� are sequences that were not
classi�ed as EF�hands by the HMM but were so by one or more 
but not all� of the three
other methods�

��
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B� Details on sequences ������ shown in the alignment 
arranged in order of decreasing
Z�score�� NLL�score and Z�score are measures of how well the EF�hand HMM �ts these
database 
test� sequence that were not present in the training set 
see Section ��� for more
details�� In HMM� PROFILESEARCH� Keyword and PROSITE 
�� and 
�� denote
sequences that are and are not� respectively� classi�ed as containing an EF�hand motif by the
four speci�ed methods� For PROFILESEARCH� 
Gribskov� and 
HMM� indicate results
based upon pro�les generated from four EF�hand sequences and our HMM alignments� 
T��

N�� 
P� and 
�� in PROSITE have the same meaning as in Figure ��� 


��



ID Length NLL�score Z�score HMM PROFILESEARCH Keyword Prosite
Gribskov HMM

�� CALM ASPNI �
� ���	��� ��	�
� � � � � T
�� MLE� HUMAN ��� �
�	��
 ��	��� � � � � �
�� MLE� RABIT ��� ��
	��� ��	��� � � � � �
�� MLEV HUMAN ��
 �
�	��
 ��	��� � � � � �
�� MLEC CHICK ��� �
�	��� ��	��� � � � � �
�� MLEV RAT ��� ���	��
 ��	��� � � � � �
�
 MLE� CHICK ��� ��
	�
� ��	��� � � � � �
�� MLE� RAT ��� ���	��� ��	��� � � � � �

�� MLE� MOUSE ��
 ���	��� ��	��
 � � � � �
�
 MLEF HUMAN ��� ��
	��� ��	��� � � � � �
�� MLEF RAT ��� �
�	��� ��	��� � � � � �

�� MLEF MOUSE ��� �
�	��� ��	��� � � � � �

� MLEX CHICK ��� ���	
�
 ��	�
� � � � � �

� MLE� HUMAN �
� 
��	��� ��	��� � � � � �

� MLEY HUMAN ��� ���	�

 ��	��
 � � � � �

� MLE� RABIT �
� 
��	�
� ��	�

 � � � � �


 MLE� RAT �
� 
��	��
 ��	��� � � � � �


� MLE� MOUSE �
� 
��	��� ��	��� � � � � �

� MLE� CHICK �
� 
��	��� ��	��� � � � � �


 AACT HUMAN ��� ��
�	��
 �	��
 � � � � T

� MLE HALRO ��� 
��	
�
 �	��� � � � � �

� MLES HUMAN ��� 
��	��
 �	�
� � � � � �
�� MLEN HUMAN ��� 
��	��
 �	�
� � � � � �
�� MLEN CHICK ��� 
��	��� �	
�� � � � � �
�� MLEM CHICK ��� 
��	��� �	
�� � � � � �
�� MLEG HUMAN �
 �
�	
�� �	
�� � � � � �
�
 MLE PATYE ��� 
��	
�� �	��� � � � � �
�� MLE AEQIR ��� 
��	
�� �	��� � � � � �

�� AACT DROME ��� ����	��� �	��� � � � � T
�
 RECO CHICK ��� �
�	��� �	�
� � � � � T
�� MLE DICDI ��� 
��	�
� �	��
 � � � � T

�� SPCA DROME �
�� 
���	��� �	
�
 � � � � T
�� MLR DICDI ��� 
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� � � � � �
�� MLE TODPA ��� 
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� SP�D STRPU �
� ��
	��� �	��� � � � � �
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� CAP� HUMAN 
�� ��

	
�� �	��� � � � � T
�� KDGL PIG 
�
 ��
�	
�� �	��� � � � � T
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ID Length NLL�score Z�score HMM PROFILESEARCH Keyword Prosite
Gribskov HMM
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� � � � � T
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� �	��
 � � � � T
�� IPYR ARATH ��� 
��	�
� �	��� � � � � �
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 AROA KLEPN 
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 ���
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	��� � � � � �
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� � � � � �
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	��� � � � � �
��� DP�X ECOLI �
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	��� � � � � �
��� AROA SALTY 
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 ���
	
�� 
	��� � � � � �
��� ANX� CAVCU �
� ����	��
 
	�
� � � � � �
��� CICC RAT ���� �
��	
�� 
	��� � � � � �
��� CICC RABIT ��
� �
�
	
�� 
	��� � � � � �
��� LACA LACLA �
� 
�
	��
 �	��� � � � � �
��
 AROA BORPE 

� ����	

� �	��� � � � � �
��� AROA SALTI 
�
 ����	��� �	�
� � � � � �
��� AROA SALGL 
�
 ����	��� �	�
� � � � � �
��
 CAP� CHICK 
�
 ����	��� �	��� � � � � T
��� PR�� CAVPO �� ��
	
�� �	��� � � � � P
��� SC� RAT ��
 ����	��� �	��� � � � � T

��� QR� COTJA �
� ����	

� �	�
� � � � � T
��� RS�
 NEUCR 
� ���	��� �	
�� � � � � �
��� YTR� SPIAU �
� 
��	�

 �	
�� � � � � �
��� SPCB HUMAN �

 ��
	��� �	��� � � � � �
��
 OTNC MOUSE ��� ���	

� �	�
� � � � � T
��� CALG RABIT �� ���	�
� �	��� � � � � P
��� SPCA MOUSE ��� 
��	
�� �	��� � � � � �
��
 OTNC HUMAN ��� ���	��
 �	��� � � � � T
��� OTNC BOVIN ��
 ���	��� �	��� � � � � T
��� Y
�� BPT
 ��� ���	��
 �	��� � � � � �

��� KDGL ECOLI ��� ���	��
 �	�

 � � � � �
��� SPCA HUMAN ��� �

�	��
 �	��� � � � � �
��� IMMC ECOLI �� ��
	��� �	��� � � � � �
��� DGAL ECOLI ��� ���	
�
 ��	��� � � � � �
��
 SPCB MOUSE ��� 
��	��� ��	��� � � � � �
��� SP�� YEAST ��� �
�	��
 ��	��� � � � � �
��� SRCH HUMAN ��� ����	��� ��	��� � � � � �
��
 SRCH RABIT ��� ����	
�� ��	�
� � � � � �

��
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Figure �	� Average NLL scores for test and train sets for models with training sets of size
�� ��� ��� 	�� ��� ���� ���� and 	��� Error bars represent one standard deviation�
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Figure ��� EF�hand database search false positives for models trained with �� ��� ��� 	�� ���
���� ���� 	��� and ��� sequences�
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