EHEEMS S F TR
Special Lecture on
Bioactive Molecular Engineering

AERMTZER IE—
Kazuaki Kudo,
Institute of Industrial Science

Mechanisms of Drug Resistance

Wt 1%

1. Altered drug uptake - exclusion of drug from site of action by blocking uptake
of drug - altered membrane with more + or — charges ZEYIDEYIAH DL

2. Overproduction of the target enzyme - gene induced EE3RDBEIHIR

3. Altered target enzyme (mutation of amino acid residues at the active site) -
drug binds poorly to altered form of the enzyme BEZRDZER

4. Production of a drug-destroying enzyme - a new enzyme is formed that
destroys the drug EWI N EEERDEE




Mechanisms of Drug Resistance (cont’d)

5. Deletion of a prodrug-activating enzyme - the enzyme needed to activate a

prodrug is missing FARSYY EBMHLBERDEX

6. Overproduction of the substrate for the target enzyme - blocks inhibitor
binding ZMBROELEDBEE 4EE

7. New metabolic pathway for formation of the product of the target enzyme -
bypass effect of inhibiting the enzyme BI7XEER D RIGIZ& S E £ E

8. Efflux pump - protein that transports molecules out of the cell
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Vancomycin — another inhibitor for bacterial cell wall formation
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Examples for antibiotic resistance 14 ¥)'E ~ O Z= Wi 14 D51
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Resistance mechanism

Bacteria manufacture protein pumps that pump
the antibiotic out so that it does not accumulate
to a high enough internal concentration to block
protein synthesis
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Antidote for Drug Resistance
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1. Inhibition of a drug-destroying enzyme ZE¥) 5 fEEER DAE (cf. p-
lactamase inhibitor)

2. Sequential blocking - inhibition of two or more consecutive steps in a

metabolic pathway - &t 9 SEBERRIEDEE

3. Inhibition of enzymes in different metabolic pathways- fthd L
—rEELTLBEROEE

4. Efflux pump inhibitors E#HFHARL T2V IBDHEE

5. Use of multiple drugs for same target — D DIZIEEZRIZ2FELEDE
=

Examples...
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Developing drug resistance of antibiotics i & HIRE THDEH

Ceftaroline-R Staphylococcus 201

ANTIBIOTIC RESISTANCE ANTIBIOTIC
IDENTIFIED INTRODUCED
Penicillin-R Staphylococcus 1940 —=  //
—— 1943 Penicillin
—— 1950 Tetracycline
—— 1953  Erythromycin
Tetracycline-R Shigalla —
y 7 1959 = 1960 Methicillin
Methicillin-R Staphylococcus 1962 -@
Penicillin-R pneumococcus 1965 —-
Erythromycin-R Streptococcus 1968 — 1967  Gentamicin
— 1972 Vancomycin
—— 1972  Vancomycin
Gentamicin-R Enterococcus 1979 —-
1985 Imipenem and
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Ceftazidime-R Enterobacteriaceae 1987 — ceftazidime F O“
Vancomycin-R Enterococcus 1988 - @:N
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Imipenem-R Enterobacteriaceae 1998 =— ] jN S
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XDR tuberculosis 2000 ———=— inezoli No Q
Linezolid-R Staphylococcus 2001 L _K_uy
Vancomycin-R Staphylococcus 2002 — .
PDR-Acinetobacter and Pseudomonas 2004/5 — 2003 Daptomycin
Ceftriaxone-R Neisseria gonorrhoeae 2009 — ) "+ Iy
PDR-Enterobacteriaceae %? 2010 Cenf:alrnolrfﬁ_x {\:_,}"




Resistance for Sulfa-drug
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dihydropteroate
synthase

Part of biosynthesis of folic acid

dihydrofolate

Example for another type of antibiotic (sulfa drug)
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Drug Resistance

» overproduction of PABA B4 i

« formation of a dihydropteroate synthase that binds PABA
normally, but binds sulfonamides thousands of times less tightly

HEEICIHETINEDIHEELEVERICER
» altered permeability of sulfonamides EYIDIRBBEEDZE L

Drug Synergism ZFEY)HHFE/EH

- used in treatment of malaria
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inhibits synthesis of dihydrofolate inhibits dihydrofolate reductase
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cf. uracil in RNA

5-Fluorouracil

- Antitumor Agent -
q F
I
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5-fluorouracil
antimetabolite of uracil

Cancer - abnormal and uncontrolled cell division

Antimetabolite design - structures related to pyrimidines and purines
interfere with biosynthetic pathways of metabolites by enzyme
inhibition or by incorporation into proteins or DNA. (3t A AHI 9 F
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5-Fluoro-2'-deoxyuridylate is not active,
but is metabolized to the 2'-
deoxynucleotide.

F
dR-1-P H H I ¢|\ |
H N N ATP ADP o

A,
uﬁgsmﬁo lase "o 0, thymidine O o
phosphory kinase
5-fluorouracil
HO HO

dUMP-analog

5-Fluoro-2'-deoxyuridylate is not active, but is metabolized
to the 2'-deoxynucleotide.
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Mechanism of Thymidylate _k HR
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DNA interactive drugs

DNA-+35120DOLtT4—
EEHEODNAEA VH#IAODNAT, {EZEMENIHT M

— DNAZA—7yhETHEI—RITEUNSLS, AUGEE
MEEMNT LOIEHEIUDAALLND,

11



MAMRE

EEMN ORI DIEE

EiREHE

« NAMIRAIZ LS5 FDEBRIERY A A% FI A

(2 DNADZDRHIERAZE XK

- BEHRBOEIZRLD

53738 ERHRIAT DNABSHE B B8 /OB (LT 5
D S CODNAB R B G

i, M@ OHE, 7

[¢) ~ = -
Rh—Y XA
o 5 ]
DNA D& —_—
?
H
0—-P=0 /
d CHy Q-H—N, Ny m
thvmi S‘CIH, 5 ) T p\)_:\st OH
S e S
e}
S‘IO . (6] /CH; 5
el d
OO’P 0 N N "
: !
cytosine " B / WeroH=N G )N o
N— =N ¢
o] H—I 5
30 H T (o] FH; 5
T /
A PR o)
. O=p=0 fN . 0=p-0"
guanine c? a4 §<N—” """"" N;_C\ é
5'CH N=< N.
0. /N—H o |
H
*F H 2 CH, s
o—f:o G Jrfhe=Q P 7
. 0 N/ AN\ ) \S O=p=0
AW H=N T [ O
adenine it \:3Y) 4 /\f

i
;

cf. uracil in RNA

12



RIS KR D K FEHE S (Watson-Crick Base Pair) o
FEER D DA E B LOE RFBIELDI DT TIEALY,

major groove major groove

minor groove minor groove

Duplex (double-
stranded) B-DNA

BliE

Minor groove

Base pairs

I ;% : Sugar-phosphate
< backbone

Major groove
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Classes of DNA-Interactive Drugs

1) AHAEE S 9 FReversible binders
- MHEERLAHRY

2) FILXJLIEH Alkylators
—~DNAIBE LK FHEEMA

3) SHYIEHE Strand breakers
—-SVNIVERKEL, RIYXYLAFREEDINR

1) TALHEE S %9 FReversible binders

DNALAI#HEEE R FEDHEEER
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External electrostatic ~ Groove binder Intercalator

=
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L
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Ethidium bromide
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DNA Intercalators

dactinomycin (R =R'= D-Val)

Actinomycins

doxorubicin (X = OH)
daunorubicin (X = H)

Anthracyclines

Crystal Stucture of an Actinomycin Analog Bound to a DNA

@ 5. 3 pentapeptide

o~

dactinomycin — antitumor$i f& 5 %=
from Streptomyces
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2) FILFIVIEH Alkylators

Nitrogen mustards

Lead discovery
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Lead Modification

sulfur mustard — nitrogen mustard
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(for advanced Hodgkin’s diseaserh F 1) 7\ [&)
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72%, regioselectivity =97 : 3
Raney-Ni W2 "Bu  "Bu
—

EOH,a  Me b

66%
K. Kudo, K. Saigo, Y. Hashimoto, K. Saito, and M. Hasegawa, Chem. Lett., 1449 (1992).

Me_ nBu Me nBu

nBu nBu
PhS ® OH PhSg OH

Me nBu ) more favorable

nBu  ewis (stabilization by neighboring
PhS' Ho  OH acid group participation)
\ Me nBu
nBu

less favorable
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Chemistry of Alkylating Agents

1 Nu
A)  Alkyl-X =—=> Alkyl' X' —» Alkyl-Nu

Nu” i}
B) Alkyl—X _s:’z Alkyl=Nu + X

Reactivity of Nu-in general:
RS-> RNH, > ROPO;~> RCOO-

Where is the nucleophile in DNA?
N7 of G> N3 of A> N7 of A > other parts

Purines Pyrimidines
A/G T/C
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More stable
Slows rate of aziridinium formation

R=COOH too stable, but soluble
R =(CH,);COOH  chlorambucil
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Nitrogen Mustard ™~ D EBALF (T &

NHCH& NHCHé NHCH&)— poly(Z-Glu)

spacer
arm

water—solubihzmg

Ig

\ antibody from rabbit

C /\/N\/\Cl antiserum against mouse
lymphoma )2/ &
cells

All 5 mice tested were alive and tumor free after 60 days (all controls died).

Also, therapeutic index greatly enhanced (40 fold).
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2
Cyclopropane-Containing Alkylators N)‘ 0
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A-THEEICHEE SNAEEZEZMOANEZ o070/ VDO RIGHENER
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+
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of conjugation

How good chemists microorganism are !!
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Mitomycin C ($173 >&l)
ERXHABETT ILFILERINEELLT S
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mitomycin C
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N o — = ?
DNA S < \
M N M : M N NH T
HO H, HO H o res
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H H
H, 4 H, DNA
_ DNA > N
M Py M
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Toxic Product of Alkene Oxygenation

DNA
adduct
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Toxicity from Arene Oxides
O g ‘O‘ée epox1de g
>
hydrolase HO
O
e I
DL
QOOO
HO'g Y.

benzo[a]pyrene

o /
I
‘@@‘OO
T Relationship between soot and
cancer noted in 1775 - chimney

sweeps frequently developed
skin cancer

alkylation of
DNA and RNA

3) SHUIERHA Strand breakers

Anthracycline Radical Formation

oy superoxide

cytochrome
P450

reductase

NADP*

O, and anthracycline semiquinone can generate HOe
HOe Cleaves DNA
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Generation of HOe from O, and from semiquinone

2 O;- + 2H*
o- slow
0, + HO,

or

H,O

,Y, + semiquinone

HO- + DNA

)

)

H2O2 + 02

HOe* + HO™ + g

» quinone +| HOe| + HO™

» strand scission

Other Possible Mechanism of DNA Damage by
Anthracyclines

Ferric complex

This could react with O, to give O, + Fe(II) Fenton reaction of Fe(II) with H,O,

gives HOe

OH
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Bleomycin
From a Streptomyces

Intercalates

Principal domains in bleomycin into DNA

Forms Fe' complex
with O,

Selective uptake by
cancer cells

bleomycin A,

Ternary Complex of Bleomycin, Fe (II), and O,
Active Form

+
/J—SMe2
NH
CH3 ﬁ NI N
H
cn,© >
3 H CH3
OH
O
HO OH
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Activation of Bleomycin

BILM + Fe(III)
DNA
strand
scission BLM—Fe(HI)
o \
Activated BLM—Fe(I)

BLM
j 0,
BLM=Fe(Il)—0,

= From another ternary complex or from
NADPH-cytochrome P450 reductase

Possible Mechanisms for Activation of Bleomycin

1. BLM-Fe(Il)-O, — BLM-Fe(Il)-OOH %}BLM-Fe(VFO
oI . —0 + HO-
2. BLM-Fe(I)-O, —3 BLM-Fe(Il)-O-LOH —3» BLM-Fe(IV)=O + HO

3. BLM-Fe(II)-O, —» BLM-Fe(ID)- M\ DNA, Cﬂ?ﬁ%tﬁireacuon

All three mechanisms involve generation of free radicals that can abstract He
from DNA, leading to DNA strand scission.
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Proposed Mechanisms for the Reaction of Activated BLM with DNA

Requires O,
ff Lo ou if
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nucleic base (2 major products isolated)
propenals
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3'-phosphoglycolate

Alkali-Labile Lesion 7ZJLH)ALEILIES

Additional single-strand cleavage of DNA occurs in the presence of alkali.

OH

Alkali-labile lesion




Mechanism for DNA Cleavage by Alkali

o)
I, F o
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k S -OH YN—
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RO_Il o
N
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e
Isolated

Mechanism to Account for Water Incorporation into Both C-
4" and C-1' Positions of the Alkali-Labile Product
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; CY Ty TN
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Enediyne Antitumor Antibiotics

sugar-O. =

CH}O\(
Trisulfide +—» cH,sss

esperamicins

o,B-Unsaturated
ketone

R
=
D

\

H polysaccharide

o,B-Unsaturated
H

ketone —>
neocarzinostatin

1
N
zinostatin

[0)

Trisulfide +—>CH,SSS

calicheamicins

polysaccharide

Enediyne Antitumor Antibiotics (cont’d)

HO, 0]

OH
0O,
NMe2
dynemicin A o Me
HO
kedarcidin
OH OH
M 0 0
ezy\(ﬁ:&/ . HOCH
HO OH i ) —
C H,
c OCH,
C-1027 N1999A2

31



Common modes of action

intercalation into minor groove
* reaction (activation) with either a thiol or NADPH - generates radical

» radical cleavage of DNA

Mechanism for Esperamicins/Calicheamicins

Intercalates into DNA

Trisulfide reduction
initiates the activation

Responsible for DNA
strand scission
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Intercalates into DNA

Dynemicin A Reductive
Mechanism

Bergman
rearrangment

Causes DNA
cleavage

Dynemicin A Nucleophilic Mechanism

Bergman

rearrangement
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Zinostatin Mechanism

Intercalates into DNA

Bergman

rearrangement

Causes DNA
cleavage

+ X0 Strand
scission

HWO B
Two mechanisms for DNA cleavage by @
any of the biradicals generated in the ox
presence of O, under reducing conditions

. r~-0
U No Criegee
O T rearrangement
C

NCS: neocarzinostatin X0

X : DNA main chain

a_*NCS under reducing
XOJH B conditions
b (6]
Yn
NCS® 0X

b e HJr HO—

(Criegee
rearrangemem)

B
J %é)*
H/ + XO + XOCH,COO’

X0 H
CHO 3

h

CHO

Strand Strand
.. ission
scission Sciss1o

34



