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e James (or Jaime, but not Jamie or
Jim) Fraser - he/him pronouns

» Background in Protein Biophysics
and Evolutionary Biology

* Ph.D. in Molecular and Cell
Biology from UC Berkeley

* I've run a lab at UCSF since 2011

* |f you have additional questions:
- emall: [fraser@fraserlab.com
* twitter: @fraser_lab

 office hours by appointment:
Mission Bay GH S472E
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Who are you"”?



Class information - https://fraserlab.com/inquiry/

* Today Jan 6: Kinase and Phosphatase Drug Discovery

 Tuesday Jan 7: Crystallography 101, Practical in Crystallography Lab (Liam
McKay)

 \Wednesday Jan 8: ChimeraX and VR demos (Tom Goddard)
 Thursday Jan 9: Docking, what works and what doesn’t (John Irwin)

 Tuesday Jan 14: Computational Protein Design/Rosetta and Biologics (Tanja
Kortemme)

 Wednesday Jan 15: New topics, CryoEM lab tour (David Bulkley)


https://fraserlab.com/inquiry/

Forces and approximate affinities 101 -
whiteboard



Why Is It so hard to design new small
molecule drugs?

Academic Industry
CRO
Description of activities

Target identification Medicinal chemistry,

and validation (basic biology/ SAR, improve potency,

biochemistry/functional in vivo testing in rodents,

develop screening assay, exploratory toxicology. safety, tolerability, PK. studies: 1000-3000

X-ray crystallography Compound selection 20-80 subjects exposed subjects exposed
Complete assay Complete toxicology Clinical proof of principle, Submission of dossier
development, HTS, identify (safety studies in animals), dose-range finding, to regulatory agency.
hits, X-ray crystallography, process chemistry early side-effect profile: Manufacturing. Post-
medicinal chemistry to scale up, IND, formulation, 200-300 subjects exposed launch trial (Phase V)
improve potency of hits, batch manufacture
confirm robustness of lead

Process for competitively selected projects
| |

Exploratory Lead Lead Preclinical . .
early discovery identification optimization transition 7P(I)1;se | :g;se . ggsse i :Ses/;lstratlon
0 0 o) o) 0 0 0 (o}
30% 65% 55% 55% success rate success rate success rate success rate
success rate success rate success rate success rate
Basic science Discovery Development Regulatory

Nwaka S and Ridley RG Nature Reviews Drug Discovery 2, 919-928 (2003)



Kinases have become one of the major drug
target classes over the past 20 years

THERE IS NEW AMMUNITION [Nj

IN THE WAR AGAINST N,
CANCER. [RENR .y

THESE ARE THE BULLETS. N

Revolutionary new pills like GLIVEC

combat cancer by targeting only the

diseased cells. Is this the breakthrough =
we've been waiting for? .




Kinases are enzymes that
control cellular inftormation ﬂow
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Control many growth/cell cycle signals
Antagonized by phosphatases
(to which there are no inhibitors in the clinic)




Receptor Kinases transmit signals from outside
the cell, often through ligand-induced dimerization




Therapeutic antibodies block extracellular
dimerization, often using a distinct set of interactions

More on antibodies from Prof. Kortemme (hext Tuesday)




Kinases switch between active
and Inactive conformations

Phosphorylated Protein
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Hyperactive kinases
are a common
cause of cancer




Drugs targeting enzymes
(like kinase intracellular domain)
tend to look like natural substrates (like ATP)

Serine attack and cleavage
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Target: DHFR Target: HCV Protease



Kinase inhibitors mimic AIP anao
compete for the same binding site

Areas that can be optimized
from common scaffold
(more on scaffold and
selectivity tomorrow)

Large medicinal chemistry eftorts to “tune” selectivity tor
an individual kinases' AIP binding site
Keep in mind - nucleosides (base and ribose)
are relatively hydrophobic




The kinase active site Is highly conservea
and optimized for ATP binding

Description CHKI CDK2 SRC ABL EGFR RAF MEK .
Ribose/hydrophobic pocket LIS 110 1273 L1248 L718 1463 L74 Al WS C
Gl6 GIl G274 G249 G719 G464 GT5 LS . \\\/ 2 "/
(.._ N 7 STE
“Roof” of adenine pocket V23 VIS V281 V256 V726 V471 V82 l /A ’/.,Qﬁ
Glu-Lys ion pair K38 K33 K205 K271 K745 K483 KO7 NN~ =N
ESS ESI  E30 E28 E762 ES01 Ell4 e O
N CK1
Gatekeeper residue L84 F80 T338 T315 T790 TS29 MI43

C N
NI X
NE

Only the “gatekeeper” residue
IS variable eeg ¥

Catalytic aspartate DI3 DI27 D386 D363 D837 D576 DI190 " s because Of thIS
Phosphate binding region NI3S NI32 N391 N368 NB42 NS81 NI9S klnases We re

“Floor” of adenine pocket L137 LiI34 L3093 1370 L8844 F583 L1197 .
considered
‘undruggable”



Fortunately two things help : 1) conservation
'S reduced away from the binding site,
2) kinases are structurally plastic
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How Does a Drug Molecule Find Its Target Binding Site?
Yibing Shant, Eric T. Kim*, Michael P. Eastwood®, Ron O. Drort, Markus A. SeeligerS and David E. Shaw™t#

Conservation, Variability and the Modeling of Active Protein
Kinases View Author Information
i in Qian, David Baker, Rashmi Kothary [=]

@ Cite this: J. Am. Chem. Soc. 2011, 133, 24,9181-

9183



Kinases switch between active
and Inactive conformations

Phosphorylated Protein
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Hyperactive kinases
are a common
cause of cancer




Binding of Gleevec to Abl exploits

the active-inactive equiliorium

AD|
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HCk Inactive

Abl

mm RK
| substrate

Structural Mechanism for STI-571 Inhibition of Abelson
Tyrosine Kinase

Thomas Schindler', William Bornmann?, Patricia Pellicena*, W. Todd Miller*, Bayard Clarkson?, John Kuriyan'-2"*
+ See all authors and affiliations
Science 15 Sep 2000:

Vol. 289, Issue 5486, pp. 1938-1942
DOI: 10.1126/science.289.5486.1938




While Kinase inhibitors maintain overlap
with the adenine ring of ATP, the search for
specificity goes elsewhere

2GS7 All EGFR ligands



Key "hinge” hydrogen bonds are a major
design element in kinase inhibitors, but
other areas provide specificity
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Clinical introduction of potent kinase
inhibitors Is closely followed by resistance

A 38-year-old man with BRAF-mutant melanoma and subcutaneous metastatic
deposits. Photographs were taken (A) betfore initiation of PLX4032, (B) after 15 weeks of
therapy with PLX4032, and (C) after relapse, after 23 weeks of therapy.



1he common resistance
mechanisms for small molecules

over-expression+other signaling

degradation of inhibitor



Active site mutations directly
alter interactions with drugs

WILD-TYPE T3151 MUTANT (MODEL)

Mutation at variable
“gatekeeper” residue



Protein modeling and structural biology
play a large role In compating resistance

e X-ray crystallography of mutant P
proteins <X ¢

e [rimming the molecule to avoid V(A
clashes caused by small-to- , /‘* \
Large mutations gr}g‘/‘\ imatinib

eConformational changes are 57+ AP24534

difficult to predict (molecular

dynamics simulations can help)
O’Hare...Clackson

Cancer Cell 2009



Dissecting Therapeutic Resistance to RAF Inhibition in

Melanoma by Tumor Genomic Profiling

Nikhil Wagle, Caroline Emery, Michael F. Berger, Matthew ]. Davis, Allison Sawyer, Panisa Pochanard,
Sarah M. Kehoe, Cory M. Johannessen, Laura E. MacConaill, William C. Hahn, Matthew Meyerson,

and Levi A. Garraway

Table 2. Exemplary Mechanisms of Acquired Resistance to Kinase Inhibitors

VOLUME 29 - NUMBER 22 - AUGUST 1 2011

JOURNAL OF CLINICAL ONCOLOGY

Targeted Agent

Target Gene

Acquired Resistance via Secondary
Mutation, Amplification, or

Activation of Target

Acquired Resistance via Bypass

Acquired Resistance
via Downstream Mutation

Imatinib

Gefitinib or erlotinib

Trastuzumab
Lapatinib
PKC412
AZD6044

PLX4032

Crizotinib

ABL

KIT

PDGFRA
EGFR

HERZ
HERZ/EGFR
FLTS3

FGFR

MEK1

BRAF

ALK/MET

1315l

Y253F/H
E255K/V

ABL amplification
1670l

V654A
D816A/G/H/N
D820A/E/G/Y
Y823D

KIT amplification
1674

T790M

D761Y

L747S

T854A

EGFR amplification™

NG676K

MEK1T P124L
BRAF amplification™
NRAS Q61K

L1196M
C1156Y
F1174L

IGF1R amplification
AXL overexpression™t

MET amplification

HGF overexpression™t
IGFBP3 loss™f

COT overexpressiont
PDGFRB overexpressiont
CRAF overexpression™t
AXL overexpression™t
HER2 overexpression™t

MEK1T C121S

tNongenetic mechanisms.

Abbreviations: IGF1R, insulin-like growth factor 1 receptor; HGF, hepatocyte growth factor; IGFBP3, insulin-like growth factor receptor binding protein-3; PDGFR}S,
platelet-derived growth factor B; HER2, human epidermal growth factor receptor 2.
“Mechanisms that have been described in vitro.




Small

HoN XCOOH HoN COOH
Glycine (Gly, G) Alanine (Ala, A)
MW: 57.05 MW:71.09

Hydrophobic
HgNj\/COOH ﬁ:OH
Valine (Val, V) Leucine (Leu, L)
MW: 99.14 MW: 113.16
Aromatic
HoN COOH HoN COOH
Phenylalanine (Phe, F) Tyrosine (Tyr, Y)
MW: 147.18 MW: 163.18
Amide
O
NH
HsN COOH HoN COOH

Asparagine (Asn, N)
MW: 114.11

Glutamine (Gln, Q)
MW: 128.14

Nucleophilic

MW: 87.08, pK5 ~ 16

MW: 137.14, pK ;= 6.04

OH
1 X
HoN” ~COOH H,N~ ~COOH

Serine (Ser, S) Threonine (Thr, T)
MW: 101.11, pK4 ~ 16

/
S
HN™  COOH H,N~ ~COOH
Isoleucine (lle, I) Methionine (Met, M)
MW: 113.16 MW: 131.19
H Acidic
N
| fL
H,N~ ~COOH COOH
Tryptophan (Trp, W) Aspartic Acid (Asp, D)
MW: 186.21 MW: 115.09,pK 3= 3.9
Basic

HN ’\\
~
COOH

H,N~ “COOH

Histidine (His, H) Lysine (Lys, K)

MW: 128.17, pK 3= 10.79

SH

¢

H,N~ ~COOH

Cysteine (Cys, C)
MW: 103.15, pK 5= 8.35

<L

H

Proline (Pro, P)
MW: 97.12

COOH

H,N~ ~COOH

Glutamic Acid (Glu, E)
MW: 129.12, pK 5 = 4.07

Y

NH

HoN . NH,*

H,N~ ~COOH

Arginine (Arg, R)
MW: 156.19, pK 5= 12.48



Compensatory chemical changes in
drugs can target resistance mutations
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Small c o
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oor exploiting
solvent
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The cycle of compensatory changes
- an evolutionary arms race!

€ '\ imatinib

/ - AP24534
.

More common to have many cycles of this race for
anti-virals and anti-bacterials than anti-cancer






Mutant kinase profiling and sequencing
studies will enable rapid teedback
pbetween drugs
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Keep in mind - nucleosides (base and ribose)
are relatively hydrophobic

>200 small molecules tested in humans
>30 approved inhibitors

serine ADP

threonine -+ PROTEIN KINASE
or tyrosine -

side ---.._.\. } (I)

OH ():} 00— F"—O
Protein L 0O
PROTEIN PHOSPHATASE Phosphorylated
‘ Protein

Pi

...but none against phosphatases
(a phosphopeptide is very charged!)



The disease biology of phosphatases is, perhaps,

Chen, Dixon, Manning
Science Signalling, 2017

Gene symbol Fold Family Subfamily Disease(s) Cancer gene
CDKN3 ca DSP CDKN3 Hepatocellular carcinoma Yes

DUSP6 .............. C C1DSP ................ Dspe ....................................................... Hypogonado"oplchypogonadlsm ......................................................................
Dusp76 ............. c c1Dsp ................ Dsps .................................................................... T umorsuppressorYes ........
Lafonn .............. C C‘IDSP ............... Laform ...................................................................... Laforad|sease ......................................................................................
MTM, ............... C C‘IMyotubulannMTMR1CancerdnversevereXImkedmyotubularmyopathyYes ........
MTMRZ ............. C ClMyowaIamMTMm ........................................................... C harcotMar|eToothd|sease ..........................................................................
MTMRM ........... c C‘IMyotubulannMTMR‘MMyopathy .........................................................................................
SBFI .................. c OMyombu'amMTMRs .......................................................... C harcotMar|eToothd|sease ..........................................................................
SBF2 ................. c C]MyotubulannMTMRS .......................................................... C harcotManeToothdlsease ..........................................................................
DNAJC6 ............. c C1PTEN .............. AuxlllnParklnsonsdlsease ..................................................................................
PTEN ................. c c1PTEN ............... PTEN .................................................................... T umorsuppressorYes ........
PTPN1 ............... C C1 ............ P TPPTPN1 .............................................................. Dlabetesmellltustype2 ..............................................................................
PTPN22 ............. c C1 ............ P TPPTPN12 ....................................... Dlabetesmelhtustype1rheumatoldarthntlslupus ........................................................
PTPN13 ............. C C1 ............ P TPPTPN13 ...................................................................... C ancerdnverYes ........
PTPN14 ............. C C1 ............ P TPPTPN14ChoanalatreslaandIymphedema ......................................................................
PNITcl PP PTRNG Shcogens, LEOPARD prckorme 1, meachondromatost

PTPRB ............... C O ............ P TPPTPRB ................................................................... TumorsuppressorYes ........

PTPRO ............... c C1 ............ P TPPTPRB ................................................................. Nephrotlcsyndrome .................................................................................

PTPRO ............... c c1 ............ P TPPTPRB .......................................................................... Deafness ..........................................................................................

PTPRC ............... c c1 ............ P TPPTPRC ..................................... Tumorsuppressorseverecombmed|mmunodeﬁc|encyYes ........

PTPRF ............... c C1 ............ P TPPTPRD .............................................. Breastsand/ormpplesaplas|aorhypoplas|a ..............................................................

PTPR21 .............. C C1 ............ P TPPTPRG .............................................. Suscept|b|lltytoHellcobacterpylon|nfect|on ..............................................................

PTPRK ............... c O ............ P TPPTPRK ....................................................................... CancergeneYes ........

FIG4 .................. c C1 ............ Sac ................. FIG4 ......... Y un|sVaron5yndromeCharcotMane—ToothdlseaseamyotrophlclateralscIer05|5polymlcrogyrla ........................

SYNJI ................ c C1 ............ Sac .......... SynaptqamnParkmsondusease ...................................................................................
EYA]HADEYAEYAMelmckFrasersyndromeotofac|ocerv|calsyndromebranch|oot|csyndrome ....................................
EYA4HADEYAEYADeafnessd||atedcard|omyopathy ......................................................................
Du”ardHADFCP ............. DULLARD .................................................................... CancergenEYes ........
FCP]HADFCPFCP‘I ..................................... Congemtalcataractsfac|a|dysmorph|smandneuropathy ...................................................
CECR5HAD ......... NagD ............... CUT ......................................................................... CancergeneYes ........
BPGM ................. H PHP1PGAM .................................................. B|sphosphoglyceratemutasedeﬁqency ..................................................................
PGAM2 ............... H PHP1PGAM ............................................................. Glycogenstoragedlsease .............................................................................
ACP2 .................. H PHP2 ................ ACP2Ac|dphosphatasedeﬁc|ency ..........................................................................
MINPP1 .............. H PHP2 .............. MINPP1Thyro|dcancerYes ........
PDPIPPM .......... PPM ............... PDPcPyruvatedehydrogenasephosphatasedeﬁqency ..........................................................
PPM,DPPM .......... PPM .............. P Pmm .................................................... Cancergenefam|||a|breastcancerYes ........
PPM,KPPM .......... PPM .............. PPM“(Maplesyrupunnedlsease ............................................................................
ACPS ................ PPPLPAP ................ ACPS ........................................................... Spondyloenchondrodysplas|a ..........................................................................
PPP6C .............. PPPLPPPPPPsC ......................................................................... OncogeneYes ........
ALPL .................. A P ............ AP ................... AP ...................................................................... Hypophosphatasla ...................................................................................

no less compelling than kinases

Table 3. Disease-related protein phosphatases. Each row shows a human protein phosphatase gene, its classification, disease(s), and whether it is a cancer gene.

nature

cell biology

PTP1B controls non-mitochondrial oxygen
consumption by regulating RNF213 to promote
tumour survival during hypoxia

Robert S. Banh"*’, Caterina Iorio™'', Richard Marcotte™'', Yang Xu"**'', Dan Cojocari"’, Anas Abdel Rahman®’,
Judy Pawling’, Wei Zhang®, Ankit Sinha'?, Christopher M. Rose’, Marta Isasa’, Shuang Zhang’, Ronald Wu'?,
Carl Virtanen’, Toshiaki Hitomi®, Toshiyuki Habu’, Sachdev S. Sidhu®, Akio Koizumi®, Sarah E. Wilkins"’,
Thomas Kislinger'?, Steven P. Gygi’, Christopher J. Schofield'’, James W. Dennis*, Bradly G. Wouters"’

and Benjamin G. Neel>*"



The highly charged active sites of protein tyrosine phosphatases
exemplify the difficulties of active site drug discovery

Non-transmembrane PTPs
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open open open atypical open atypical
N1(PTP1B) NI1{(PTP1B) N2(TCPTP) N6(SHP1)  N11(SHP2) N9(MEG2) N12(PEST) NI18(BDP1) N22(LYP)
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Receptor PTPs

R1

osed open

open

RC(CD45) RF(LAR) RS(PTPRo)

RD(PTPRS)

RU(RPTPA)

RM(RPTPu)

RK(RPTPX)

open open closed atypical

EXL YL L1

atypical

RH(SAP1) RB(RPTPf) RJ(IDEP1) RQ(PTPS31)

RO(GLEPP1)

intermediate atypical

e

closed

open

open

RG(RPTPY)

RR(PCPTP1) NS(STEP)

RZ(RPTPL)

N7(HEPTP)

open

RA(RPTPx)

RE(RPTPe)

R8 - y
CESE c%osed

RN(IA2) RN2(IA2[3)

RT(RPTPp)

peptide with
negatively charged
p Tyr substrate

...Knapp, Cell, 2009



Phosphatase inhibitors with good potency had been
developed, but none were bioavailable
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A new screening strategy for SHP2

Blocked active site

Free active site

HO
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non fluocrescent fluorescent



100,000 molecules screened 3 followup assays

a b ©Screening hits e Validated allosteric inhibitor © Inactive C
T\ 2P-IRS-1 o SHP2PTP
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Contrast with active site inhibitor

SHP836 - is a published ion channel inhibitor!



SHP2 brings new optimism for allosterically
targeting phosphatases

Novartis: SHP099

Chen...Fortin
Nature, 2016




Both kinases and phosphates can be inhibited by
targeting specific inactive conformations




Tomorrow

Chemical space (100,000 molecules is nothing)
Starting with a scaffold
(development of PLX4032/Vemurafenib)
and how crystallography is useful for getting all these
structures in the first place



Install ChimeraX:

https://www.rbvi.ucsf.edu/chimerax/download.html

e0e <X ChimeraX

C____© (LG Molecule Display  Nucleotides  Graphics  Map  Right Mouse
. AR ws ‘S VoL [l FE LM
UCSF ChimeraX Early Access 9 e

608 acidic ribosomal protein PO

60S ribosomal protein L28

Cs Ct | 60S acidic ribosomal protein P1
Cv | 60S acidic ribosomal protein P2
z | 60S ribosomal protein L10a

UCSF ChimeraX is the next-generation visualization program from the Resource for Biocomputing, Visualization, and Informatics at UC San Francisco, following UCSF Chimera.

Features

) Close
Hide

Compared to Chimera, ChimeraX has a more modern user interface, better graphics, and much faster handling of large structures. For more information, see: ) ke AR o

1
hydrogen bonds 1.
missing structure 1

JUQ e

e ChimeraX Advantages, User Guide, Documentation Index, Change Log
Command: lighting soft w

e UCSF ChimeraX: Meeting Modern Challenges in Visualization and Analysis. (Goddard et al., Prot Sci. 2018) =
o Integrative Modeling Demo (2016) -
o Structures at the Experimental Forefront (2016)
o Next-Generation Graphics (2015)

Although similar in many aspects, ChimeraX is not backward compatible with Chimera and does not read Chimera session files.

Missing Features

While ChimeraX has several completely new features and other advantages, it will not substantially replace Chimera for some time. Current capabilities are somewhat limited and mostly implemented as commands only (not yet as graphical interfaces). Missing features relative
to Chimera include calculation of axes/planes/centroids, dock prep, “worms” to show residue attributes, custom attributes, label by attribute, color key, 2D label GUI, per-model clipping, trajectory analysis other than simple playback, structure building, loop modeling, and many
others. Chimera capabilities grew significantly over several years, and likewise, ChimeraX will contain more and more of these important features as development proceeds.

Downloads

e Download is free for academic, government, nonprofit, and personal use; commercial users, please see licensing.
e Using a newer computer (< 3 years old) is recommended for ChimeraX because it employs graphics features that require or work best on a recent system.
e ChimeraX commands and their syntax may change.

Daily Builds
Production Releases
Platform Notes
Virtual Reality Notes

Daily Builds

Daily builds are generated automatically each night from the development source code (see the change log). While a given build may have unforeseen problems, these are often fixed by the next day.

Operating System Distribution Notes
chimerax-daily.exe
built: 2020-01-05 02:26:23 PST Download is a Windows installer.
Windows 10 64-bit committed: 2020-01-03 16:01:37 PST Tested on Windows 10.
size: 433.8 MiB See Windows notes below.

md5: c83061d877049be05d0a74b8aaff490d

chimerax-daily.dmg
hnilt: 2020-01-05 02:4R-36 PST




