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Genetic variation contributes to drug
response

e Over 10 million common variants in the
human genome

e ~0.1% difference between two humans

e ~1.5% difference between a human and | e 8
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e Three widely prescribed drugs now have :
FDA ‘black box’ labels advising genetic

testing

http://pharmacogenetics.ucsf.edu

http://www.hapmap.org/
http://www.sciencemag.org/cgi/content/full/308/5720/362
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Commonly prescribed drugs where
genetics affect response

e Warfarin: anticoagulant prescribed to about "
two million patients in the US annually. °

Warfarin
e Narrow therapeutic range, dosage needs to

be carefully monitored

e Variants in CYP2(C9 linked to differential
response

e Irinotecan: cancer therapy

o

e Membrane-bound UGT1A1 affects drug Q

toxicity

Higashi MK,Veenstra DL, Kondo LM, Wittkowsky AK, Srinouanprachanh SL, Farin FM, Rettie AE.
Association between CYP2C9 genetic variants and anticoagulation-related outcomes during warfarin therapy.

Irinotecan
JAMA. 2002 Apr 3;287(13):1690-8.
Fujita K, Sasaki Y.

Pharmacogenomics in drug-metabolizing enzymes catalyzing anticancer drugs for personalized cancer chemotherapy.
Curr Drug Metab. 2007 Aug;8(6):554-62. Review.


http://www.ncbi.nlm.nih.gov/pubmed/17691917?ordinalpos=6&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17691917?ordinalpos=6&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
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How genetic variation in membrane
transporters contributes to variable
drug response

What is the genetic variation in the genes encoding
membrane transporters in ethnically diverse human
populations?

What is the functional significance of the variant

transporters in heterologous expression systems or model
organisms?

What does the structure and evolutionary history of
membrane transporters tell us about function?

How does genetic variation in membrane transporters affect
clinical drug response?




Our collaborators let us tackle this
problem from multiple perspectives

Structure
determination
Franklin Hayes Robert §troud. lab and
Franz Gruswitz CSMP investigators

Kathy Glacomini and
Deanna Kroetz labs
PMT Project

SNP discovery and
experimental
characterization of
function

Modeling structure
and predicting
function

Andrej Sali lab
CSMP/PMT projects
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Using structure and evolutionary analysis to
functionally characterize membrane proteins

e The impact of human genetic variation
on membrane transporters

e Domain interfaces and disease-
associated mutants in ABC
transporters

Predicting the effects of point
mutations

e Membrane protein evolution

e Taxonomy of membrane protein
families

¢ Domain organization and evolution of
ABC transporters

e Target selection for structural
characterization of yeast membrane
proteins
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ABC transporters play roles in
disease and drug response

Human ABC

Function Disease
transporter

ABCC7 (CFTR) Chloride ion transporter Cystic fibrosis

Likely a very long chain fatty acid

ABCDI (ALD) transporter

Adrenoleukodystrophy

Retinitis pigmentosa, AMD

ABCA4 (ABCR) Retinoids TCD

Organic anions, multidrug resistance-

ABCC2 .
associated

Dubin-Johnson syndrome

e >1,000 clinically characterized disease-associated point mutants
in human ABC transporters

e Functional analysis of mutations is lacking




ABC transporters are membrane
proteins that bind a wide range of
substrates

In humans, ABC transporters
are active export pumps

Substrate binds in
transmembrane domains
(TMDs), ATP binds in
nhucleotide binding domains
(NBDs)

ATP binding, hydrolysis and
release are coupled to
substrate transport

Structure of the E. coli BtuCD transporter. (Locher et al, 2002)
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There is a lot of non-synonymous
variation in ABC transporters

Number of non-synonymous
variations
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Computational methods allow rapid
examination of large numbers of
mutations

You can’t experimentally characterize all SNPs in proteins of
interest at all levels you are interested in

Some proteins and systems are difficult to get functional
data for; data for 10s of SNPs but not 100s or more

Computational analyses of point mutations can be used to:

e predict the effects of large numbers of clinically relevant
mutants

e suggesting a smaller set of experiments
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Using structures and models to
examine variation and disease in ABC
transporters

e The overall fold of the
NBDs is highly conserved
across organisms

e This enables us to model
human NBDs and nsSNPs
based on homologs with

known structure Match distance (A)

y

(INBDY)  model of NBDI, human MDRI




Examining genetic variation at the
interfaces in ABC transporters

e Does residue level conservation
vary at domain interfaces?

Might surface conservation
suggest unidentified interaction
sites?

Could some disease-associated
mutants be affecting domain
interactions?

TMD interface

: : ATP-binding site

@i B re-sindig
. NBD interface

@

Kelly L, Karchin R, Sali A.

Protein interactions and disease phenotypes in the ABC transporter superfamily.
Pac Symp Biocomput. 2007;:51-63.

from M. jannaschii



http://www.ncbi.nlm.nih.gov/pubmed/17990484?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/17990484?ordinalpos=1&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum

Does sequence conservation vary at
ABC transporter domain interfaces?

e Automatic multiple sequence alignment profiles for each of six
structures and for the NBDs of each human ABC transporter

e We calculate a measure of entropy in the alignment

20
H = —Eaa=1Paa log 2Paa
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Sequence conservation varies
between the three interfaces

less
conserved
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interface was moderately conserved even when
ATP binding residues were excluded.

* Incontrast, @&§ and ol (| interfaces not conserved at all




Some disease-associated mutants
affect domain interactions

conserved

. disease

Human cystic fibrosis-
associated transproter CFTR
NBD1 interface surface

G480 - CFTRS, & a8 " “J Y
G529 -ABCDI W - . conserved

. disease

Exposed surface of bacterial
ABC transporter NBD

D614 - CFTR
T668 - ABCD|
D1099 - ABCAI




We found 68 disease-associated
positions at putative interfaces

10 transporters from four out of seven ABC subfamilies
are represented

38 were at the interface

30 were at the interface

| am working on characterizing experimentally
characterizing analogous interface residues in the human
ABC transporter MRP4 to examine the functional effects of

point mutants at the TMD/NBD interface




Do disease-associated mutations
hint at common mechanisms?
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Common conservation patterns
across all human NBDs suggest
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ABCB1_2ff7_392_618_1.0_renumber.pdbA/1-227
ABCB1 2ixe_1028_1271_1.0_renumber.pdbA/1-244
ABCB2 1y7 494_742_1.0_renumber.pdbA/1-249
ABCB3_1y7_457_681_1.0_renumber.pdbA/1-225
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ABCB4 2ghi_377_633_1.0_renumber.pdbA/1-257
ABCB5_2hyd_564_807_1.0_renumber.pdbA/1-244
ABCBE_2hyd_576_822_1.0_renumber.pdbAj1-244
ABCB7 2ghi_472_706_1.0_renumber.pdbA/1-235
ABCB8_2hyd_464_706_1.0_renumber.pdbA;1-243
ABCBS 2ixe_504_730_1.0_renumber.pdbA/1-227

ABCB10_ 2hyd 489 _731_1.0_renumber.pdbA;/1-243
ABCB11 2ghi_1074_1313_1.0_renumber.pdbA/1-240
ABCB11 2hyd 413 653_1.0_renumber.pdbA/1-241
ABCB1_2ff7_392_618_1.0_renumber.pdbA/1-227
ABCB1 2ixe_1028_1271_1.0_renumber.pdbA/1-244
ABCB2 1y7.494_742_1.0_renumber.pdbA;/1-245
ABCB3 1y7 457 _681_1.0_renumber.pdbA/1-225
ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-244
ABCB4 2ghi_377_633_1.0_renumber.pdbA/1-257
ABCB5_2hyd_564_807_1.0_renumber.pdbA/1-244
ABCB6_2hyd_576_822_1.0_renumber.pdbA/1-244
ABCB7 2ghi_472_706_1.0_renumber.pdbA;1-235
ABCB8 2hyd_464_706_1.0_renumber.pdbA;1-243
ABCBSY 2ixe_504_730_1.0_renumber.pdbA;1-227

ABCB10_2hyd_489_731_1.0_renumber.pdbA/1-243
ABCB11 2ghi_1074_1313_1.0_renumber.pdbA/1-240
ABCB11 2hyd 413 653_1.0_renumber.pdbA/1-241
ABCB1_2ff7_352_618_1.0_renumber.pdbA;1-227
ABCB1 2ixe_1028_1271_1.0_renumber.pdbA/1-244
ABCB2_1)7 494_742_1.0_renumber.pdbA/1-249
ABCB3_1y7 457 681_1.0_renumber.pdbA/1-225
ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-244
ABCB4 2ghi_377_633_1.0_renumber.pdbA;/1-257
ABCB5_2hyd_564_807_1.0_renumber.pdbA/1-244
ABCB6_2hyd_576_822_1.0_renumber.pdbA/1-244
ABCB7 2ghi_472_706_1.0_renumber.pdbA/1-235
ABCB8 2hyd_464_706_1.0_renumber.pdbA/1-243
ABCBSY 2ixe_504_730_1.0_renumber.pdbA;1-227

functional residues

79ﬂsx-| T
BORSN-1GI
83RDQ- IG!
76 REI-1GV
83 RAH- LG I
85 HRQ-VAA
87 HSQ-VVS
szﬂAQ-Lgl
93 REI-I1GV
82RsSQ- 1Al
85 RSH- 1GV
74 RRA-VGV
84 RCQVVGF |

76 HRV- I SLM

K NMIH
VDCK
HN
RN
GE
D
D
NE
ND
RE
EN
DN
N
EN

VMUV TV ZEE>ZnI >

AE

DSQV
EVK |
EVK |
DIPV
DVLV
PDRPV
ANVPV
ANVK |
PDVF I
AD--GRET
| - - EGQKV

Eclﬂcrev
RTRPHTQV

MWWV TVTOVVTVVOVOO
Mn-—zZZAunuvnwvi
WOV X VOO

EVP I FQDFSLSIPS

NGLSVSISP
NDHNMVIKP
KGLNLKVQS
GLSLEVKK
GHTFTLRP
KGLTFTLRP
GLSLEVKK
KFUNLKVQS
RGLSLSIER
DVSFTVMP
SGISFEVPA
KDFTLTLPP
NVSFSLSP

MD
AE
AE
AE
GRSLQE
SGSVRN
DCSHAE
STTHAE
NCSIHAE
NDTIAD

DNT-KEIPMERVIA
RE---DATMEDIVQ
RE---NVTMDE I EK
DNS-RVVSQEEIVR
-LT-QKPTMEEITA
-L--QSCEDDKVMA
DNS—RVVSQDFIVS
RG---NVTMDFIKK
DNS-RVVPLDFIKE

HNT
CTT
ARS

YLVQEA
KTVQVA
AMVQEV
AVVQVA
KVVQEA

ANSQLQVEQL

- --VQCEQA
KVVQEA
AEVQAA
KquHb
RAIQAS

YY
ME
TD

,_
ND DN EE>DE>D>00X D> AN T ITwnI<wnrwm<I-

DR~-~-LMDG
DK--AREG
SK--1QHG
DK--ARKG
DKAREG- -
YESPERYS
DWNSRCD
DK--ARECG
DK--AREG
DK--ARTG
AK--VCAN

ETILGAMKD- - VVKH
RV@QEP.DR--ASAG

YLIQQAIHGNLQK--H

H

wv

czcun—dnN-HnNn=<n-d—n<
S rrEdunas<=s

m==

r*
]

e ™ o= [ = — ——

RV---TAGNDEVEA
NI---SASPEEVYAVAKL
KL---EASDEEVYT
-LP-TVP-FEMVVE

NMVAVLDQ

AVMAQ
IGFEH
AGFDD
VM FQN
LFLEG
LVLQE
VMFQN
AGFED
VM LHN
LM I KD
I¥LDQ
VVMAD
VMLDK

OOTWLVLVVONZ DT

LAl A alalalu i Nalal el

A A A2 A A

HDIRQLNPV
HDSKKVNVQF
HDIRSLNIQ
DIRTINVRF
KEILKRLNVQ
KPLPQYEHRY
EKPIISQYEHCY
EAKKLNVQ
DIRNFNVNY
VDAKELNVQ
DI SQVTQAS
NIQDVSLES
RDLRTLDPS

RVLLDGKPISAYDHKY

“Ea“i]
000 O

AT XRXKXXRXN

2|
COOOO

—— e ——

=

MA-QKGAYYKL
LERK-GVYFTL

ﬂsxpnglﬂRKLMN_--,

EAQ-KElmFSMV
MEK - KGCY¥WAMVQA- - -

ﬂA-QKElﬂFSMVS----

MK-KEGVYFKLVNMQTS
RNR-DI¥FKLVN----
SRG-GVYADMW
ANPHS | ¥ S EMWH- - - -
KKG-GLYAEL




Common conservation patterns
across all human NBDs suggest

ABCB10_2hyd_489_731_1.0_renumber.pdbA;/1-243
ABCB11 2ghi_1074_1313_1.0_renumber.pdbA/1-240
ABCB11 2hyd 413 653 _1.0_renumber.pdbA/1-241
ABCB1_2ff7_392_618_1.0_renumber.pdbA/1-227
ABCB1 2ixe_1028_1271_1.0_renumber.pdbA/1-244
ABCB2 1y7 494_742_1.0_renumber.pdbA/1-249
ABCB3_1y7_457_681_1.0_renumber.pdbA/1-225
ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-244
ABCB4 2ghi_377_633_1.0_renumber.pdbA/1-257
ABCB5_2hyd_564_807_1.0_renumber.pdbA/1-244
ABCBE_2hyd_576_822_1.0_renumber.pdbAj1-244
ABCB7 2ghi_472_706_1.0_renumber.pdbA/1-235
ABCB8_2hyd_464_706_1.0_renumber.pdbA;1-243
ABCBS 2ixe_504_730_1.0_renumber.pdbA/1-227

ABCB10_ 2hyd 489 _731_1.0_renumber.pdbA;/1-243
ABCB11 2ghi_1074_1313_1.0_renumber.pdbA/1-240
ABCB11 2hyd 413 653_1.0_renumber.pdbA/1-241
ABCB1_2ff7_392_618_1.0_renumber.pdbA/1-227
ABCB1 2ixe_1028_1271_1.0_renumber.pdbA/1-244
ABCB2 1y7.494_742_1.0_renumber.pdbA;/1-245
ABCB3_ 1y7 457 _681_1.0_renumber.pdbA/1-225
ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-244
ABCB4 2ghi_377_633_1.0_renumber.pdbA/1-257
ABCB5_2hyd_564_807_1.0_renumber. pdbA/ 1-244
ABCBE_2hyd_576_822_1.0_renumber.p
ABCB7 2ghi_472_706_1.0_renumber.pq

ABCBS 2ixe_504_730_1.0_renumber.pi

| QGALERKNMHEANMPARPEVP | Wa”(erA LMGPSGs
| FQGK I DEVDCKETH¥P SRPDSQV L FME SSGC
l1----LDRI====~~ KGE | EEHNMTEHYP SRPEVK | INDENMV T KP LMGP SGA
| e e - - LEFRNMHESY¥P SRKEVK | EBEKGLNLKVQS LMGNSGC
1---=-PNTL-==---- EGNVTEGEMVIENYP TRPD I PVIEQGLSLEVKK LMGSSGC
1--LTPLHL-=~~-~- EGLVQFQDMSIEAYP NRPDVLVIEQGLTFTLRP LMGP NG S
1GTLAPTTL-=~~~~ QGVVKFQDMSFA¥P NRPDRPVIEKGLTFTLRP LMGP NG S
| s DKFEGN I TENEMVIENEP TRANVPVIBQGLSLEVKK LMGsSGcC
1 IDSFSERGHKPDS IKGNLEENDMHESH¥P SRANVK | EKGLNLKVQS LMGSSGC
l1-----DTC--~-~-~- EGNLEFREMSEFYPCRPDVF I ERGLSLS | ER FMG SSGC
1 GAGPLRFQ--~--- KGR | EFENMHES¥AD- - GRETHQDVS FTVMP LMGP SGA
| e - -VAFDNMHEEN | - - EGQKVIESGISFEVPA | MGGCSE S
l1---PKEQL------ RESVTEQNMCESYPCRPCGFEVIEKDFTLTLPP L G
| e R VDEENMTETMRTRPHTQVIEQNVSFSLSP L S
79RSK-1GT A

B0RSN-IGI

83 RDQ-IGI RE---DATMEDIVQ
76 REI-IGV RE--~-NVTMDE I EK
83 RAH- LG DNS-RVVSQEEIVR
85 HRQ-VAA ~-LT-QKPTMEEITA

87 HSQ-VVS

82 RAQ- LG DNS-RVVSQDEIVS
@3 REI-IGV RG-~--NVTMDE | KK
82 RSQ- 1Al DNS-RVVPLDEIKE

H-1GV RV---TACNDEVEA

A-VEGV

ABCBS_2hyd_464_706_1.0_renumber.p Walker B QVVGFI

ABCB10_2hyd_489_731_1.0_renumber.pdbA/1-243
ABCB11 2ghi_1074_1313_1.0_renumber.pdbA/1-240
ABCB11 2hyd 413 653_1.0_renumber.pdbA/1-241
ABCB1_2ff7_352_618_1.0_renumber.pdbA;1-227
ABCB1 2ixe_1028_1271_1.0_renumber.pdbA/1-244
ABCB2_1)7 494_742_1.0_renumber.pdbA/1-249
ABCB3_1y7 457 681_1.0_renumber.pdbA/1-225
ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-244
ABCB4 2ghi_377_633_1.0_renumber.pdbA;/1-257
ABCB5_2hyd_564_807_1.0_renumber.pdbA/1-244
ABCB6_2hyd_576_822_1.0_renumber.pdbA/1-244
ABCB7 2ghi_472_706_1.0_renumber.pdbA/1-235
ABCB8 2hyd_464_706_1.0_renumber.pdbA/1-243
ABCBSY 2ixe_504_730_1.0_renumber.pdbA;1-227

170
170

171
164
173
174
175
172
181
172
173
162
173
164

functional residues

DNT-KEIPMERVIA

-L--QSCEDDKVMA

KL--~-EASDEEVYT

-1SLM -LP-TVP-FEMVVE

NMVAV LDQEK | TEY@K

DI MAVMAQEVV | EKET

DT ICFEHGTAVERGT

DVIAGFDDEV | VEEKEN

DLVV FQNGRVKEHET

DHULFLEGEA I RECET

DK--AREG DLEVVFQNEBRVK T
DK--AREG DVWAGFEDEV I V S
DK--ARTG DLEVVLHNGK | K T
AK--VCAN DQILV I KDEC | VERGR

ET I LGAMKD- - VVKH DEN I VLDQEKVAERGT
RVVQEAMDR--ASAG HClVMMA DGR VWEAGT
YLIQQA | HGNLQK- - HEVL I HLBVMLDKERVVQQET

AS

L

VNILENFMP LEGBRVLL

LSK

- — - — —

PNGI¥RKLMN- -~ -

MA-QKGAYYKL-~-~-~~~

LER

LAQ-
MEK -
HQELIEQERKLQ-----cccccccccccccccccnas

K-GV¥FTL--~-~~~

KGI¥FSMV- -~~~
KGCYWAMVQA- - -

CA-QKG I¥FSMVS----

MK-KEGVY FKLVNMQTS

LRN
LSR
LAN
LKK

R-DI¥FKLVN----
G-GVYADMW- - - - -
PHS I¥SEMWH- - - -
G-HLMAEL------

HDIRQLNP vWll 78
HDSKKVNVQFE 79
HDIR SLN I QWi 82
DIRTINVRFIE 75
KELKRLNVQWE 82
KPLPQYEHRY|L 84

EKPISQYEHCYl 86

EAKKLNVQ g1
DIRNFNVNYE 92

VDAKELNVQ 81

DISQVTQAS|E 84
NIQDVSLESHE 73
RDLRTLDP SWHl 83
KPISAYDHKY 75

DM I X

Ll = = [ =




Common conservation patterns
across all human NBDs suggest
functional residues

less more

conserved 9 conserved
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The context of structure: disease
mutants at a putative communication
hetwork

NBD1

ABCC6_ SL
ABCCT_SL
ABCC2_SL
ABCC5_SL
ABCC7_SL
ABCC4_ NL
ABCCY_ CV
ABCC8_ SV
ABCB7_ A |
ABCB5_A |
ABCB3_A |
ABCB4_A |
ABCB2_ AL
ABCBS_A |
ABCB10 A |
ABCB11A |
ABCB1_A |
ABCC3_SL
ABCF3_ AL
ABCBI_ AN
ABCF2_ AL
ABCF1_SL

—

MM NERIE m e e S S s

NBD2

ABCBT1T a |
ABCC6_ gL
ABCCI10 gL
ABCB4_ A
ABCBT_ A |
ABCC1Z gy
ABCCY_ gL
ABCC3_ gL
ABCC11 g
ABCC5_ g
ABCC8_ gL
ABCCT_ gL
ABCC4_ gL

m

m
mE<FEEE<E<-FE<

e Well conserved motif at the
TMD/NBD interface

e15 disease associated mutations

Blue: transmembrane domain
Red: ARA
Purple: Q-loop



Developing a general tool to
integrate variant data

Define a general set of features that distinguish between
nheutral and deleterious point mutants

Use Random Forests (RF), a supervised learning algorithm,
to combine the features for prediction

Karchin R, Diekhans M, Kelly L,Thomas D], Pieper U, Eswar N, Haussler D, Sali A.
LS-SNP: large-scale annotation of coding non-synonymous SNPs based on multiple information sources.
Bioinformatics. 2005 Jun 15;21(12):2814-20. Epub 2005 Apr 12.

Karchin R, Kelly L, Sali A.
Improving functional annotation of non-synonomous SNPs with information theory.
Pac Symp Biocomput. 2005;:397-408.



http://www.ncbi.nlm.nih.gov/pubmed/15827081?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15827081?ordinalpos=5&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15759645?ordinalpos=6&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum
http://www.ncbi.nlm.nih.gov/pubmed/15759645?ordinalpos=6&itool=EntrezSystem2.PEntrez.Pubmed.Pubmed_ResultsPanel.Pubmed_RVDocSum

Using supervised learning to

predict the effect of point mutants

e Vector of sequence, structure, and evolutionary features

representing mutated residues

| 1 1

|

MUT

Delt-
Res-
Chrg

Delt-
Res-Vol

Delt-
Res-Pol

Granth.
score

Buried-
charge

Al364V

0

-1.71

64

A455E

-1.66

9.8

A559T

0

-0.92

0.4




Using supervised learning to
predict the effect of point mutants

e Vector of sequence, structure, and evolutionary features
representing mutated residues

| 1 11 !

MUT

ASA-
MUT

RSA-
MUT

ASA-
WT

RSA-WT

Delt-
Res-Vol

Delt-
Res-Pol

Granth.
score

Buried-
charge

Al364V

6

0.04

6

0.06

-1.71

64

A455E

0

0

0

0

-1.66

9.8

A559T

0

0

0

0

-0.92
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Using supervised learning to

predict the effect of point mutants

e Vector of sequence, structure, and evolutionary features

representing mutated residues

MUT

Delt-
Res-Vol

Delt-
Res-Pol

Pos-

cons-
score

!

Entropy

Granth.
score

Buried-
charge

Al364V

-1.71

-8.97

|.14

64

A455E

-1.66

9.8

-8.27

A559T

-0.92

0.4

-5.4




Using supervised learning to
predict the effect of point mutants

e Vector of sequence, structure, and evolutionary features
representing mutated residues

e Binary prediction of effect

MUT EFFECT

Al364V DISEASE

A455E DISEASE

A559T DISEASE




A supervised learner “learns”
classes of data

TRAINING SET

Supervised Prediction
learner engine
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A supervised learner “learns”
classes of data

TRAINING SET

Supervised Prediction
learner engine

Prediction Prediction of Estimate of
——»>
engine effect accuracy

Prediction Prediction of
engine effect




We use independent training and
test sets to validate our predictions

‘Experimental’ training set ‘Clinical’ training set

© Effect ©® Disease
@ No effect @ Neutral

ABC transporter test set Cystic fibrosis test set

©® Disease ©® Disease
@ Neutral @ Neutral




The clinical-trained algorithm is
the best performing classifier

The clinical RF is 86%
accurate on our cystic
fibrosis test set.

Now let’s try it out on
some unknown
variants...
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Clinical

Experimental

ABC

Random
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False positive rate




Experimental functional analysis of ABC
transporters

e Yeast - transport assays, cytotoxicity

Reference S1141T

e Mammalian cells - transport assays, cytotoxicity,
promoter assays, mRNA expression, mRNA and

protein expression

Cell count

" 10 100 1000
Calcein fluorescence

e Drosophila - live visualization of transport across
membranes

_ L 48 .
hsGAL4/UAS-RNAI |hsGAL4/UAS-RNAI |hsGAL4/UAS-RNAI




Validation of MRP4 predictions

Transfected HEK cells,
radiolabeled
nucleoside/nucleotide

analog

l

m AZT

Variant Prediction = PMEA

G487E Disease ¢/
K498E Neutral ¢/

v1071l Neutral ¢

Intracellular Accumulation
(% of MRP4 reference)

Reference

Nada Abla and Deanna Kroetz




Validation of P-gp predictions: FACS analysis,
yeast assays

Variant _ Prediction B|0d'ipy_'pa+(|:|5i|t<a§x;3|T I
YT —— ‘/ accumulation in celis

transiently transfected with
51141T Disease X P-gp reference and variants

V12511 Neutral V

<
G

1

1

1

1

1

1

1

:
AN NS NN NN NNNN

1

Kea
AN NN NN NNNN

1

1

1

%

AN NN NN NNNNS

Reference S1141T W1108R

b
120

Calcein accumulation
(relative to reference)

90

*

SSSSSSSSE
KSSSSSSSSSSE
ASSSSSSN
LSSSSSSESRNSSE
SSSSSSSSSESE
SSSSSSSSN
LSSSSSSSSk

60

Cell count

30

0- - .
1 10 100 1000
Calcein fluorescence

g

Jason Gow and Deanna Kroetz



Towards predicting substrate
specificity for membrane
transporters

I FAMILY NAME \ ‘ |
GENES TOPOLOGY

ABCA
all

ABCB
2,3,57-10

ABCB
1,4,6, 11

ABCC
1-3, 6, 8-10

ABCC

4,5,7,11,12

ABCD
all

ABCG
all

Substrates bind in the
transmembrane domains

Overlapping substrate
specificity

@_ R ‘ N e Multidrug resistance

Not easily alignable

e Extremely diverse in
sequence



Towards predicting substrate
specificity for membrane
transporters

FAMILY NAME
GENES TOPOLOGY

ABCA
all

ABCB ol | We excise all TMDs and

2,3,57-10 create sequence profiles for

ABCB L AR N, \ each
1,4,6, 11 N O

ABCC AN AN Each profile is scanned
s N against a large database of

ABCC N | A AN membrane protein profiles
45,7,11,12 / ' \

ABCD RN Profiles that align well with

al A each other are considered
(11 b b

ABCG ) connected

all
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INPUT:
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sequences

N

INPUT:
Genome
seqgences
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Taxonomy
pipeline

helices

v —

N extract 3+
|

v , \ OUTPUT:
extract Pfam ids Pfam membrane
] . and indicies from Protein families
INPUT: MODBASE for
Membrane protein each hit in profile /
structures / ) I
Y / X Y
generate database of
membrane protein
profiles

v

scan each profile
against the database

for significant hits [ match hits to PEAM

Identify membrane
sequences in 29 genomes

build sequence
profile for each
TMH protein J

sal|iwey uoud sueiquisw V44 duyag

()]

assign genome
sequence to
Pfam family

Ajlwey uiyoud
03 9duanbas udissy

Template based
modeling runs

\
OUTPUT:
Membrane protein
| structure models )

00
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B
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o
a
o
S
(0]
)

membrane proteins

Y
OUTPUT:
membrane protein
families in genome

Define relationships
between membrane proteins

OUTPUT:
connected
membrane

proteins

Create sequence profiles for all alpha-helical membrane
proteins with three or more helices in 34 organisms

Use the sequence profiles to identify Pfam families in each
genome and to define new families




Extending the
analysis to
whole genomes

We selected:

model species

Plasmodium vivax
Plasmodium falciparum
Toxoplasma gondii
Cryptosporidium parvum
Trypanosoma cruzi
Trypanosoma brucei
Leishmania major

Mus musculus

Homo sapiens
Drosophila melanogaster
Saccharomyces cerevisiae

pathogenic species
complete genomes

genomic DNA
available

http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi

Nanoarcnaeum equitans
Aeropyrum pernix
Pyrobaculum aerophilum
Sulfolobus solfataricus
Methanopyrus kandleri
Picrophilus torridus
Thermoplasma volcanium
Thermoplasma acidophilum
Pyrococcus furiosus
Archaeoglobus fulgidus
Methanocaldococcus jannaschii

Mycobacterium tuberculosis
Mycobacterium leprae
Mycoplasma pneumoniae
Clostridium tetani
Bacillus subtilis
Streptococcus pyogenes
Burkholderia mallei
Rickettsia prowazekii
Yersinia pestis
Escherichia coli
Pseudomonas aeruginosa

Eukaryotes

Archaea

Bacteria



http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi
http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi

ldentifying the
membrane proteome
of organisms

598 membrane protein families in
Pfam

How many times does each appear
In a given organism?

Can we find additional unidentified
families?

membrane protein family
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ldentifying the
membrane proteome p——
of organisms

W

598 membrane protein families in
Pfam

How many times does each appear
In a given organism?

Can we find additional unidentified
families?

membrane protein family

N

Human Mouse Yeast



Family content
reveals a clear split
between prokaryotes
and eukaryotes

Binning to compensate for
large range in the number of
family members per genome

Clusters of familes that tend
to travel together

Clusters of families that
appear in specific organisms

membrane protein families




We create a large database of
membrane protein profiles and use
it to scan for similarity

protein 1 protein 2

Multiple sequence alignment
of protein 1

Multiple sequence alignment
of protein 2

ASLBIU Jnya &85 731 _1.U_renumber.pODA/l~245

ABCEI1 29hi 1074 1313 1.0_renumber.pdbA/1-220

ABCB11 2hyd 413 653_1.0_renumber.pdbA/l1-241
ABCB1 2ff7_352 618 1.0 renumber.pdbA/1-227

ABCE1 2ixe_1028_1271_1.0_renumber.pdbA/1-244

ABCB2 1y7 494 742 1.0 renumber.pdbA/1-249
ABCB3_1y7 457 681 _1.0_renumber.pdbA/1-225

ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-234

ABCB4 2ghi_377_633_1.0_renumber.pdbA/1-257
ABCBS_2hyd_564_807_1.0_renumber.pdbA/1-244
ABCBE_2hyd_579_822_1.0_renumber.pdbA/1-244
ABCE7 2ghi_472_706_1.0_renumber.pdbA/1-235

/fSE>K-TRI
S8ORSN-IG!I
83 RDQ- 1G]
76 REI-IGV
83 RAH- LG
85 HRQ-VAA
87 HSQ-VVS
82 RAQ- LG
93 RE! - IGV
82 RSQ- 1A
8S RSH- IGV
74 RRA-VEGV

v

|

—

ASLBIU Jhya &85 731 _1.U_renumber. pODA/LI~245

ABCEI1 29 1074 1313 1.0_renumber.pdbA/1-240

ABCB11 2hyd 413 653 _1.0_renumber.pdbA/l1-241
ABCE1 2ff7_352 618 1.0 renumber.pdbA/1-227

ABCE1 2ixe_1028_1271_1.0_renumber.pdbA/1-244

ABCB2 1y7 494 742 1.0 renumber.pdbA/1-245
ABCB3_1y7 457 681 _1.0_renumber.pdbA/1-225

ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-234

ABCB4 2ghi_377_633_1.0_renumber.pdbA/1-257
ABCES_2hyd 564_807_1.0_renumber.pdbA/1-244
ABCBE_2hyd_579_822_1.0_renumber.pdbA/1-244
ABCB7 2ghi_472_706_1.0_renumber.pdbA/1-235

/Y ESK-TNI
S8ORSN-IGI
S3RDQ- 1G]
76 REI-IGV
83 RAH- LG
85 HRQ-VAA
87 HSQ-VVS
82 RAQ- LG
93 RE! - IGV
82 RSQ- 1A
8S RSH- IGV
74 RRA-VEGV

|

v
v
v

—

84 RCQVVEGF I S
76 HRV- I SLEIS

I
ABCBS 2hyd_464_706_1.0_renumber.pdbA/1-243 u 84 RCQVVEF | § u
ASCBY Jixe_504_730_1.0_renumber.pdbA/1-227 76 HRV- 1 SLEY

ABCEBS 2hyd_464_706_1.0_renumber.pdbA/1-243
ABCES_ 2ixe_50¢_730_1.0_renumber.pdbA/1-227

R Hab BB B U
R Halb B B B U

e Each membrane protein profile can be represented as a
hode




We create a large database of
membrane protein profiles and use
it to scan for similarity

protein 1 protein 2

Multiple sequence alignment Multiple sequence alignment
of protein 1 of protein 2

ASLBIU_ZNy0_48Y_751_1.U_renumber.pobA; 1243 [RSK- T
ASBCS11 29hi_1074_1313_1.0_renumber.pdbA/1-230 SO RSN-I1GI
ABCEB11 2hyd 413 653 1.0 _renumber.pdbA/l-241 83 ROQ- 16!
A8CB1 2ff7_ 352 618_1.0_renumber.pdbA/1-227 76 REI-1GV
ABCE1 2ixe_1028_1271_1.0_renumber.pdbA/1-244 83 RAH- LG
ABCB2 1y7 494 742 1.0 renumber.pdbA/1-249 85 HRQ-VAA
ABCB3_1y7 457 681_1.0_renumber.pdbA/1-225 87 H5Q-VVS
ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-234 82 RAQ- LG
ABCB4_2ghi_377_633_1.0_renumber.pdbA/1-257 93 RE!I - IGV
ABCBS_2hyd_564_807_1.0_renumber.pdbA/1-244 2RSQ- 1A
ABCBSE_2hyd_579_822_1.0_renumber.pdbA/1-244 8S RSH-IGV
ABCB7 2ghi_472_706_1.0_renumber.pdbA/1-235 74 RRA-VECVNP
ABCBS 2hyd_464_706_1.0_renumber.pdbA/1-243 84 RCQVVEF | §
ASCBY_2ixe_504_730_1.0_renumber.pdbA/1-227 76 HRV- I SLEIS

ABLEBIU Jhya &89 _731_1.U_renumber. pabAjl~245 /S E>K-TNI]
ABCB11 29hi_1074_1313_1.0.renumber.pdbA/1-230 SO RSN-I1GI
ABCBI1 2hyd 413 653 _1.0_renumber.pdbA/l1-241 83 ROQ- 16!
ABCE1 2ff7_352 618 1.0 renumber.pdbA/1-227 76 REI - 16V
ABCEI 2ixe 1028 1271 1.0 _renumber.pdbA/1-244 83 RAH- LG
ABCB2 1y7 454 732 1.0 renumber.pdbA/1-249 85 HRQ-VAA
ABCB3_1y7 457 681_1.0_renumber.pdbA/1-225 87 H5Q-VVS
ABCB4 2ghi_1028_1278_1.0_renumber.pdbA/1-234 82 RAQ- LG
ABCB4_2ghi_377_633_1.0_renumber.pdbA/1-257 93 REI - IGV
ABCBS_2hyd_564_807_1.0_renumber.pdbA/1-244 2RSQ- 1Al
ABCBS_2hyd 579 822_1.0_renumber.pdbA/1-244 8S RSH-IGV
ABCB7 2ghi_472_706_1.0_renumber.pdbA/1-235 JARRA-VEVEP
ABCBS_2hyd_464_706_1.0_renumber.pdbA/1-243 84 RCQVVEF I §
ASCBY_2ixe_504_730_1.0_renumber.pdbA/1-227 76 HRV- I SLEIS

R P Halb B D o
Rk P Halb BB D R

e Each membrane protein profile can be represented as a node

e If two profiles are significantly similar they are “connected”
with a line




ABC transporters with similar
substrates cluster toge

.
.
.
.

ABCB,C,DTMDI/2

® The clusters reproduce
evolutionary trees
based on the NBDs

NBD/TMD domains o li | a ABCATMDI/2
evolved together

e ABCA, with no archaeal
hits and few bacterial
hits, may be the most
recently evolved
transporter family




This analysis can also be used to
guide target selection
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e Select a set of three or more xx-helical membrane proteins
in the yeast genome

e represent all families and clusters
e two members per family




Comparative modeling of a human Rh factor protein based
on a bacterial template

® NeRH is an ammonia transporter from the bacterium
Nitrosomonas Europaea. The structure was recently solved by
Franz Gruswitz in Robert Stroud’s lab.

® 40% sequence identical to the human Rh gene hRhBG,
alignment is good outside of one long loop in the human
protein (~25 residues).

hRhBG/1-352 1 -ADNEFYFR PSFQDVH.VF-—ILQ—-SVCFIFILAIFAIQWST VQGFLH- /eeccccccccaccna
NeRH/1-351 1 INEARLVAQENYSINIL - - ATTG PLY IIHLR-ANGI /

hRhBG/1-352 GHIHVG ESMI ID CAGAV -KTGPTI I. VL- rcllw HLLG VR 122
NeRH/1-351 FGHALTPHSMDAV AVATG RLRVF PV-YLL DNASGLTEGFQ 131
hRhBG/1-352 123 IAC.MT T- RVIYRPQLEKSKHRQC VYH. I I ITIF. - ILTA—LCACQHRIAL. 199
NeRH/1-351 132 BSA | ABTTAAQRAQP DAT SMV IVP--FEQMPQRE IV 205
hRhBG/1-352 2oovvsIA .cl -VGED R LDM HIQ- ITSSEMMLT LAAI II ITL YKEFTR | 277
NeRH/1-351 206 LLAIECCATLATY F FH-KEGBKAS | MDMA AIBSVCN- I1VG FVI vVvEBFVE I QBM 281
hRhBG/1-352 278 FIVQ_M.V.ALLCVIVAC LAQAMH.FIL FV.MFIS .c LCI I . FLDSPPDSIH.Q 352
NeRH/1-351 282 AKT | LPGLEGGFSAIRIVPGIA-VAQLETE IGITLALALIGEY I A GTTKQA S 351

With Franz Gruswitz and llya Chorny, Robert Stroud lab



RMSD{Angstroms)

The homology model equilibrates!

Nitrosomonas Rh
Factor Template

5000 10000 15000
Time{ps)

20000
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Human Rh Factor
Homology Model

o
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2000

4000 6000 8000 10000 12000 14000
Time({ps)

Equilibration is monitored by the protein RMSD(t)

Figures from llya Chorny




>
C
| -
o
L
@)
)
>
=
o
| -
y—_
(O]
| -
>
D
L




Characterizing genetic variation in
human transporters

Comparative modeling of all human ABC tranpsorter NBDs
and 300+ point mutants

Located 68 disease-associated mutations at putative
interfaces in 10 human ABC transporters

Developed a general tool for predicting the impact of point
mutations on protein function

e Correctly predicted the in vitro function of five out of six

previously uncharacterized ABC transporter variants
found in a healthy population




A taxonomic profile of the
membrane protein universe

e Identified ~20,000 membrane proteins in 34 organisms
and created a database of sequence profiles

e Human ABC transporter NBDs and TMDs likely
evolved together on a single polypeptide chain

Identified ~300 multidrug-resistance family members
in pathogenic organisms

e Added to current estimates of ~600 membrane protein
families with the identification of 51 putative new
membrane protein families

Target selection for the structural genomics of integral
membrane proteins in yeast




Future Directions

Atomic level modeling of membrane proteins and
substrates

e NeRH and human RH factor proteins
More genomes
Better alignments of membrane proteins

Organismal transport-omes




It takes a village

Andrej Sali lab, UCSF
Ursula Pieper
Eashwar Narayanan
Min-Yi Shen

David Eramian

Rachel Karchin, JHU

e Mark Breidenbach, Carolyn
Bertozzi lab, Berkeley

Deanna Kroetz lab, UCSF
Leslie Chinn

Hisayo Fukushima
Jason Gow

Nada Abla

Kathy Giacomini, UCSF

Robert Stroud lab, UCSF
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Franz Gruswitz




