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Natural products

* All chemical compounds that are found
in nature, produced by living cells.

e Ancient science:

e Extracts from nature were used for
preparation of food, coloring, fibers,
toxins, medicine and stimulants

* Late 18th century:

* Natural products were separated, purified
and analyzed




Organic natural product chemistry

* Occurence of natural products
* (sources and amounts)

e Structure and stereochemistry

* Physicochemical properties

* Function in the organism

* Biosynthesis

* Chemical synthesis (for structural evidence)

Why is natural product chemistry
interesting today?

One reason: antibacterial and
anticancer medicine

Natural products were precursors for
54% of new drugs on the market from
1981-2002

David J. Newman, Gordon M. Cragg and Kenneth M.
Snader, J. Nat. Prod, 2003, 66, 1022-1037



Primary and secondary metabolites

Metabolism

Primary metabolites

 Compounds that are
essential for life

* Photosynthetic processes

CO, + H,0 - carbohydrates + O,

e Starting materials for
secondary metabolites

anabolism (synthesis of molecules
needed by the organism)

Low molecular weight
carboxylic acids (Krebs
cycle)

o-amino acids
Carbohydrates

Fats

Protein

Nucleic acids

catabolism (breakdown of
molecules for energy)

FATS POLYSACCHARIDES PROTEINS

v

Stage |

cycle

8e

L0
Oxidative
phosphorylation
b‘ H,0

ATP

Fatty acids and  Glucose and Amino acids
glycerol other sugars
B A
AAZ Stage Il
Acetyl CoA
CoA
Citric
acid 2 CO,

Stage Il




Primary and secondary metabolites

Metabolism

Secondary metabolites
* Non-essential, «specialized» molecules

* Often characteristic for groups of
organisms

* Natural product chemistry

* No sharp line between primary and
secondary metabolites

anabolism (synthesis of molecules + catabolism (breakdown of
needed by the organism)

molecules for energy)
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Examples of secondary metabolite functions

Attract other individuals

Pheromones, pigments, aroma
Reproduction & propagation

Modify membranes

Protecting the organism from the
environment (temperature, etc.)

Repel other individuals

Bad taste, smell, toxicity, phytoalexins
Defence & protection

Aid in metabolism

Prosthetic groups/coenzymes, vitamins,
hormones, etc.



Main streams of
secondary

metabolism
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We will go through:

. Carbohydrates and primary metabolites
: The shikimic acid pathway

: The polyketide pathway

: The mevalonic acid pathway & the terpenes
: Amino acids, peptides and proteins

: The alkaloids
: The N-heteroaromatics

O 00 Jd O 0 A~ W




Biochemical reactions (reminders)

* Enzymatic reactions: can easily form enantiopure compounds,
because of the chiral structure of enzymes.

Example: Hydrolysis of a terminal amino acid of a peptide.

Enzyme:
Carboxypeptidase A

* This enzyme is a chain of 307 amino acids. : -;.H : fj A O

* Through hydrogen bonding and other types of bonds, - :‘;3;‘;2’” ’* ’H’ﬂ .
the substrate is ideally placed for the reaction. \“/ \( Y

* The dipolar character of the carbonyl bond is enhanced ; o AN
thanks to Zn?*.

* Protonation of the amino function lead the cleavage of
the peptide bond.




Biochemical reactions (reminders)

* A lot of enzymatic reactions require coenzymes. They will act as carriers of some
necessary groups.

1

TABLE 14.2 Some activated carriers in metabolism
Carrier molecule in activated form Group carried Vitamin precursor
ATP Phosphoryl
NADH and NADPH Electrons Nicotinate (niacin)
FADH, Electrons Riboflavin (vitamin B,)
FMNH, Electrons Riboflavin (vitamin B,)
Coenzyme A Acyl Pantothenate
Lipoamide Acyl
Thiamine pyrophosphate Aldehyde Thiamine (vitamin By)
Biotin CO, Biotin
Tetrahydrofolate One-carbon units Folate
S-Adenosylmethionine Methyl
Uridine diphosphate glucose Glucose
Cytidine diphosphate diacylglycerol Phosphatidate
Nucleoside triphosphates Nucleotides

Note: Many of the activated carriers are coenzymes that are derived from water-soluble
vitamins (Section 8.6.1).



Biochemical reactions

* Several types of reactions can be distinguished:

Carbon-carbon coupling (Claisen and Michael)

In enzyme promoted acylation with thioesters
for instance.

Electrophilic substitutions

In C-, N- and O-alkylations with S-adenosyl
methionine and phospahtes

Eliminations
The nucleophile group of an enzyme (-OH,-NH,,-
SH) will lead to the elimination of, for instance,
water or ammonia.

Oxidations/reductions

Cofactors like NAD* and FAD are used as electron
carrier/receiver.

Carbonium anion rearrangements
Happens for instance in terpene biosynthesis

? ; ?
_— ?— Cmm [ \C.&—)\C/ J —_C —-@—
[ | L. Y ||

R = H, alkyl, aryl

Carboxilation/decarboxylation
Happens for instance in fatty acid synthesis.

l |

—0® + €0, === —C—CO0®

l I




Elucidation of metabolic sequences

* Intermediate are only present in very small quantities in normal
organismes.

* Use of defective organisms (obtained for ex. by UV or X-rays irradiation):
* In mutant 1, D will accumulate, and E will be needed for the mutant to grow
* The filtrate of 1 will allow 2 to grow, but the opposite is false.
* The order of the sequence can be proven this way.

Normal organism A—»B—»C—»D—>E
Mutant 1 A—» B —» C—» D —#>E
Mutant 2 A—» B—>» C 4> D—=E
Mutant 3 A———-B—»i;--C—PD*--*E

|
F-=G

Fig. 9 Mutants with defective enzymes at different points along a metabolic chain



Elucidation of metabolic sequences

* Use of isotopes:
* Radioactive substrates are given to the organism.
* In a sequence A—2E, radioactivity will first appear in A, then B,...

* Allow us to know precisely where a certain carbon in a final product comes
from (isotope labeling).

* The pathway from acetic acid to cholesterol was found by degrading a labeled
cholesterol molecule.

e C13-NMR and H-NMR are powerful tools to analyze labeled compounds

CHz;— EOOH —_—

Acetic acid *

Cholesterol skeleton



Prebiotic chemistry

How were the first amino-acids created on earth?

* An electrical discharge in a mixture of basic compounds (water, methane,
ammonia and nitrogen) gives amino-acids in a low yield.

Disch:
CHA+ B0 5 CHE=CHCHO (15)
Discharge
CHs+HyS — 5 CH4SH (16)
Addition
CH3SH + CH,=CHCHO ———3 CH3SCH,CH,CHO (17)

Hydrolysi
CH3SCH,CH,CHO + HCN + NH3 —— 3 CH3SCH2CH,CH(NH2) COOH

Methionine (18)

* A lot of amino-acids may have been formed from oligomerization of
hydrocyanic acid.

* The preference for the L form of chiral compounds in living beings doesn’t
have any good explanation.
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Classification of carbohydrates

 Number of carbon atoms in one unit (most common: hexoses)
* Aldehyde or keto function
 Number of units (monosaccharides, disaccharides,...)

* Fischer representHation:

/ ~F w L-glyceraldehyde D-glyceraldehyde
0= : 1
Y _eOH H OH CHO /CC .
2 L
/ OCH HOH;Cn
ﬂ,u._:: H HO . H H'D/J\HC 20OH 2 Y "OH
H” \_OH : _
H., S H H—1 7 U H
4 H CHO CHO
HO “-:I 5 HO _I_ H H
HC}; CH-0H CH,OH CH,0OH
Yo 2




Conformations and stereoisomerism

* The open form of hexoses are in equilibrium with their hemiacetal/hemiketal

form.

o / B : Different
physical properties

@ trans
0
OH /
. ©H |
OH \ H—c|—0H

Furanose |
/v H—C—OH
. - |
CIS H—C—OH -/
o |
oy Ch,0H
e
D-Glucose
OH

A
.

— )
(o)

OH (

HO OH
OH

Pyranose

HOCH, @

O oH

)
OH '
HO

OH

6-membered rings:
In chair and boat
form

* The preferred isomer isn’t always the one with bulky groups in equatorial

position.

OBz Cl
‘ﬁv
OBz OBz

@)
BzO OOA_)
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Carbohydrate biosynthesis in plants:

Photosynthesis

* 1- Light reaction

energy rich

H,0 + NADP*+ P+ ADP —— 150, +- ‘+ o

reducing agent

ATP will be used to phosphorylate some groups,

making them more reactive.

The oxygen here comes from water, and not CO,

2H,0 | (Bl Tk e

 2- Dark reaction: CO, is reduced with the help of

NADPH and ATP.

* Very complex mechanism

NADP* NADPH

H"

N

E Light

ADP

ATP




CH,0P CH,0P CHLOP
o S ooé-qé OH
| -H* le H
Hti‘.-DH HtI::OH 0 H<|:0H
CH,0P CH,OP P CH,OP |
Ribulose-
1,5-diphosphate
"COOH CHO 'CH,OH (%f””"'
| ATP, NADFH I C|?U __"_IQ_ CO
I NADR® | ' SHop
CH,OP QJHaDF CHOP .
Y
l Aldol condensation
' (IZHECP
gl CHeOH
H'l% ClsH '[I:'::1I
4 I * — Hm.H
deon ==L,
5
H COH Hi‘fm
6 i!JH:rUP CH,0P
Fructose-6-
Fructose-1,6- phosphate

diphosphate

&
?DD‘ rl:m'
H?DH + H?DH
CH,OP CH,OP

3-Phosphoglycerate

Glucose-6-
phosphate
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?HQOP (i}H20P &% = ?Hegp "1 E:.:DO‘ ?DD'
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Y
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' (|3H2CF‘
2 CHZOH
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: H '-FOH HCOH
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Carbohydrate biosynthesis in plants:
Photosynthesis

* 1- Light reaction energy rich

H,0 + NADP*+ P+ ADP — 15,0, +- ‘+ H

reducing agent

ATP will be used to phosphorylate some groups, making them more

reactive.

hv
The oxygen hg2H20 —— 4H'+4e + 02 |r gnd not CO,

12 NADPH + 12 H® + 12 H,0 — 6 ribulose-1.5-

. | 6 Ribulose-1,5-di *
¢ - Dark reactio 1bulose-1,5-diphosphate + 6 CO> + 18 ATP + DPH and ATP.
diphosphate + glucose + 18 P + 18 ADP + 12 NADP#

21



Breakdown of glucose

pyruvate, PEP

Coupled with oxidative
phosphorylation, the citric

acid cycle is the essence of
respiration

Glucose + 6 Oz + 36 P + 36 ADP — 6 CO; + 36 ATP + 42 H,0
AGO©’ = — 423 kcal/mol

CO; + H,O + ATP

Pyruvic acid

(16, 18) " Fermen-

(16, 21)

/? ———=  Terpenes

Polyketides
Fatty acids

(10, 11) ? COOH
Glucose ——= H._I:D,H Rearr. Htl:-:}P - H;0
|
CH,0P CH,0H
2-Phospho-
glycerate
COOH COOH
é —OP Hydrolysis | NADH
il ?ﬂ ) Glucose + 2 P + 2 ADP — 2 lactate + 2 ATP + 2 H,0O
CH, CHg e AGO’ = - 32.4 kcal/mol
Phosphoenol-

22




The citric acid cycle

COOH

CH4C I
GooH ; ?““ CHy
2 H ¢o HOCCOOH
C C +H0
{/),;r [ oHe COOH

COOH COOH COOH |

CHz
] 1 |
HD?H . H?CDDH
?Ha 2 HOCH
COOH COOH
Ho0 ;_ [:]
[
EH , ?ODH
HC 7 ?Hz
ook HGOO0H
?0
6 COOH
4
2\ PP
(e 5 70
?Hz ?HE CGE
i ‘>\ {I: ?H?
c
& e ~'ff’€£: co
?ﬁ COOH

COCoA |COy| + |2 H

1 molecule of acetyl CoA is consumed.
8 H and 2 CO, are released.

The 8 H are oxidized to water with production of
free energy and ATP

The citric acid cycle itself neither generates a
large amount of ATP nor includes oxygen as a
reactant.

It removes electrons from acetyl CoA and uses
these electrons to form NADH and FADH,, which
will be reoxidized in oxidative phosphorylation.



Formation of monosaccharides

e Glucose is the precursor of other hexoses, disaccharides, polysaccharides,

| d 3 1 1 1
o}
glycosidesa— -
2 HN (o) HNJ'j
0 J ] o o]
O™ °N g QN + PP
OH PPPOCH, OH 0-PPOCH; _
OH opP + i j - OH
OH OH
OH  OH o
Glucose-1- Uridine diphospho-
phosphate Uridine triphosphate, UTP glucose, UDP-glucose
C®H,0H COOH COOH cooH et
o o) 0 2 H——OH o
OH ol OH A0, OH Napey OH CH:OH L Lecwnizaige 0
HO OUDP HO ouUDP HO OH HO 2.1 » -
OH OH OH OH o
UDP-glucose UDP-glucuronic acid Glucuronic acid Gulonic acid Mc\?irrzwmif 2‘1 "

Example: Biosynthesis of vitamin C
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Disaccharides and polysaccharides

e Disaccharides:

e 2 monosaccharides joined by an acetal or
ketal link

* Classified according to their reducing power

sucrose
* Non-reducing: The carbonyl function is blocked
as acetal (for instance sucrose)
* Reducing: For instance lactose
lactose

CH,OH CH,OH CH,OH
o o o
‘ OH OH OH
OH O o OH
: OH OH 100600 OH

25
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Shikimic acid

Shikimic acid could replace
the aromatic amino acids in
E.coli mutants

- It has to be an
intermediate in their
biosynthesis

HO._0O

HO™ OH
OH

Shikimic acid

lllicium anisatum

Shikimic acid was first
isolated from japanese
star anise, which is
where it got its name.



Shikimic acid pathway

Biosynthesis of aromatic amino acids

0 H 0
%{I:,D O%chH OH
[ |
HN =G —H HN-C—H  HN-—C—H

T

I |
CH. CH.
@ @ [N
i
MH

Tryptophan
Tyr, Y Trp, W

Phenylalanine Tyrosine
Phe, F

This biosynthetic pathway is present in bacteria,
funghi and higher plants — but not in mammals.

€Oz HO

Respiration Photosynthesis, assimilation
0.

Polysaccharides, =+———— Monosaccharides GOOH
glycosides

——
HO
CHyCOCOOH

HC  OH / Pepl‘.idzs-t—‘hh‘i
9

CH4,COOH
- ACETIC ACID o tl}ﬂ
{Acetyl CoA) ) ] i i
HOCH, COOH Aliphatic ol L
Mevalonic acid amino acids
'Ir l
Malonic acid Alkaloids
HiC CH,OP OH
\C=C: Prephenic acid
HHG/ H Y
3,3-Dimethylallyl Polyketides
pyrophosphate
] Aromatic amino acids
Fatty acids Y
Terpenoids Fats

Ve

Flavonoids, v
other aromatics



Tamiflu

Tamiflu = oseltamivir phosphate

Important drug for bird flu (and
other influenza viruses).

Y

e, COH O, CO,Er 0., CO,EN
3 sleps f 2 sleps @
d ——————— : ——
HO™ o = ¥
OH OMs o
|-)-Shikimic
acid LONG ROAD To make Tamiflu,
Roche converts [-]-shikimic acid
/'\Tf\ into a diethyl ketal intermediate,
0., COE which is then reductively opened
» steps ,@/ to give a 1,2-epoxide. This epoxide
"“‘H - is turned into Tamiflu via a five-
- = step reaction sequence involving
i:: poecs Mt Hat el three potentially toxic and

= scetyl
M3 = mesyl Tamiflu explosive azide intermediates.
Chem. & Eng. News Aug. 29, 2005, Vol 28, No 35, p 22



Pharmaceutical products derived from SA

oH )
M active compound
UL, g -
C[N\P{O on against leukemia
N o wOH
ye:
“OH
OH .
3.4-oxo-isopropylidene-SA [Pt(dach)(SA),] Ta m |ﬂ u
HO, ,DH /
P\
OH 0w OH Ho' O OO _~CHs Oy OH
WNH, |
HO™"] - . HSC -
HO" “oH HO™ ™y VoH H,C }O"%"'NHQ HO ™ H,
H OH HN._ 20 &y
(=}-Valiolamine SA aspP ASA
promise for the o '
treatment of /@4{"\ . antiviral, anticancer, and
] o “on” antibiotic activities
OSteOporOSIS OH
1a, dihydroxy-19-Nor previtamin D, (-}-Zeylenone

Diaz Quiroz et al. Annu Rep Med Chem 2014; 4:35-46



Shikimic acid pathway

Phosphoenolpyruvate +
D-erythrose-4-phosphate

l

3-Deoxy-D-grabino-heptulosonic
acid-7-phosphate

r

Quinic acid

3-Dehydroquinic acid
| [
Gallic acid <———  3-Dehydroshikimic acid

|

Shikimic acid

l

p-NHz-Benzoic o Chorismic acid

7\

Anthranilic Prephenic acid
acid / \
l p-OH-Phenyl- Fhenylpyruvic
. pyruvic acid acid
Tryptophan

l |

Tyrosine Phenylalanine



Step 1:

Condensation of D-Erythrose-4-
phosphate with phosphoenol
pyruvate (PEP)

* Catalyzed by DAHP synthases

* Stereospecific reaction
e Sjface of PEP adds to Re face of
erythrose-4-phosphate.

e Gives 3-deoxy-D-arabino-heptosulonic
acid-7-phosphate (DAHP)

From glycolysis

From pentose phosphate
pathway

COOH

=

0
OH 3,
: OH
OH
3R-DAHP

3-deoxy-D-arabino-heptosulonic
acid-7-phosphate



Step 2:
Formation of 3-dehydroquinic acid
(DHQ)

e Catalyzed by DHQ synthase
« NAD+/NADH

o-B-elimination of phosphate group (cis elimination)
Oxidation at C5

Reduction at C5
Ring opening

Ring closing forms 3-dehydroquinic acid.

reduction

oxidation

HOOC

H
oH ~\-oH
HOO HOOC S
H (0] H
OH ©,
3-DHQ



Step 3:
Dehydration and reduction

e Catalyzed by DHQ dehydratase and
shikimic acid dehydrogenase

Quinic acid
Abundant in nature
Once it is formed it is not so easily
metabolized
Except many microorganisms that can
convert it back to DHQ

COOH
HO™" i “OH
OH

Shikimic acid

GOOH
H3.)
HS
NADH H;0
o) ; OH o . OH
OH OH

COOH

3-Dehydroshiki- 3-Dehydrogquinic acid
mic acid (DHS)

NAD* uHADH

HO. COOH

Ho™" OH

O

OH
Quinic acid



Phosphoenolpyruvate +
D-erythrose-4-phosphate

l

3-Deoxy-D-arabino-heptulosonic
acid-7-phosphate

l

3-Dehydroquinic acid

I

Gallicacid <«———  3-Dehydroshikimic acid

|

Shikimic acid

l

p-NHz-Benzoic o Chorismic acid

O\

Quinic acid

Anthranilic Prephenic acid
acid / \l
l p-OH-Phenyl- Fhenylpyruvic
) pyruvic acid acid
Tryptophan

! }

Tyrosine Phenylalanine

Conversion of shikimic acid to chorismic acid

Phosphorylation
(creates a better LG for
elimination that follows)

COOH COOH H* GOOH
) 21 H EH"-.F:)’SH
e ‘ + _— /}\
Ho™" : oH PO E I?/’-S‘ COOH PO : 0 OPGOOH
: H &H
OH OH PEP
Shikimic acid 3-Phospho-
shikimic acid
COOH
H:H 3H
) G
=" 0~ “COoOH
OH
Chorismic acid EPSP
5-Enolpyruvylshikimic
acid-3-phosphate



Biosynthesis of aromatic amino acids

H 3
HOOC EH 3 COOH
Q
. (0]
Claisen rearrangement to COOH
——
L-phenylalanine T
b

Rapid in vitro conversion to phenylpyruvic acid Chair TS Tm,y
Transamination to phenylalanine
HOOC COOH
Some organisms can do transamination directly from \N:O
prephenic acid -
OH
- i L-Arogenic acid Phenylpyruvic acid OH

L-tyrosine 8 - p-Hydroxyphenyl
Conversion to p-hydroxyphenylpyruvic acid \ 1““__ pyruvic acid

. . . . Arminatio Trans-
Transamination to tyrosine o i f i

HOOCCH(NHz)CH;  HOOCCH(NHo)CH;

L-Phenylalanine OH
L-Tyrosine



Biosynthesis of aromatic amino acids

Conversion of chorismic acid to anthranilic acid:

L-tryptophan biosynthesis

COOH COOH

COOQH
NH,

Anthranilic
acid




Biosynthesis of aromatic amino acids
L-tryptophan biosynthesis

5-phosphoribosyl- HOOC
1-pyrophosphate

COOH POCH, o POCH, o_ H
@,NHz —_— _—
+
; OPP
OH OH oH OH
X e
POCH, N L2shift  POCH, HN
l ~_— H
OH Amadori OH
H rearr. H
o)

OH OH OH

anthranilic acid

Schiff's base

cyclization HO
OH
&Zoen \_oH
0 OP -CO, OP
C :L H oH ’ I H oH } >
N
N H , H
H H
l Pyridoxal phosphate o
HO 0:'@ H S
4 N=c|—|—§ PLP N-:-CH—¥ PLP
—_—
I d I COOH ' 5 COOH
H
Indole-3-glyceryl-phosphate /
I T COOH
+ Glyceraldehyde-3-phosphate
. O/YCOOH " NH, phosp
NH, H

Serine Tryptophan



HO CH,;CH,NH,
1. Hydroxylation w Neurotransmitter

2.-CO,
CH,CHNH,COOH — 5-0H-Try'i'>tamine @

3[ le 1. Oxidation (serotonin)

2.-CO, CH,COOH
N Plant growth hormone
H ——

Indoleacetic acid %(Q
(auxin) (5) /U\“



Biological hydroxylation — redox reactions

* Oxidation and reduction of carbonyls
—CH,O0H = —CHO = —COOH

* Oxygen insertion into unactivated C-H bonds

Catalyzed by:
- Dehydrogenases (without molecular Oz)
RH, + NAD* <> R + NADH + H*

- Oxidases (electron transfer to O2)

RH, + O, < R+ H,0, Cytochrome P450s are

. . monooxygenases
- Oxygenases (incorporating molecular oxygen)

RH, + O, + NADPH + H* - RHOH + H,0 + NADP*



Biological hydroxylation

* Monooxygenases are especially important
* Can oxidize non-activated hydrocarbons
 Steroids
* Fatty acid a-oxidation

* Hydroxylation of aromatics
* j.e. Conversion of phenylalanine to tyrosine

Oxidation of amino groups to nitro groups
Dealkylation of amines, ethers, thioesters

* etc. Cytochrome P450s are
monooxygenases



Biological hydroxylation

* Drug metabolism
* Oxidizing foreign substances make them more polar, easier to excrete

Example: DDT is hard to oxidize
* Accumulated in fat cells — dangerous!

 DDTis a pesticide — banned in the 70s

Cl

Cl]_cCl
Dichlorodiphenyl-
O O trichloroethane (DDT)
Cl Cl

Spraying DDT in Oregon, USA, 1955



Malaria Control

Resurging use of the banned pesticide DDT to prevent malaria poses dilemma for health,
environment

by Bette Hileman
JULY 24, 2006 | APPEARED IN VOLUME 84, ISSUE 20
”Malaria parasites have become
ate last year, the U.5. Agency for International Development |_|NE []F DEFENSE resistant to the commonly used,
(USAID), after a long hiatus, announced that it would fund DDT . . .
spraying on the inside walls of houses to prevent malaria. For [+]Enlarge Inexpensive drugs Chloroqume and
many years, USAID had supported the DDT spraying, but after the pesticide suIfadoxine-pyrimethamine. The
was banned in developed countries, USAID stopped funding its use. newer, more effective artemisinin
drugs are prohibitively expensive

for poor African patients.”

Spraying DDT on interior walls presents a dilemma. It may be the cheapest,
most effective way to reduce malaria deaths in some parts of Africa. But the
DDT intended for interior spraying may end up on crops, endangering wildlife

Credit: USAID
and beneficial insects. Also, new evidence indicates that prenatal exposure t0 | 2ypda-cyhalothrin

DDT may retard child development and lead to preterm birth. insecticide is being CHy

sprayed on the walls of
a house in Angola to
Beginning in 1945, DDT was used extensively to eradicate malaria-carrying prevent malaria.

mosquitoes from all of southern Europe and the southern U.S. It was also S{;ﬁéﬁa':t %l%ﬂiber_
widely employed for malaria control in Asia, Latin America, and Africa. By

1966, according to the U.S. National Academy of Sciences, DDT had saved

500 million lives.

DDT was banned in the developed world in the early 1970s because of its environmental effects. Artemisinin
Thereafter, DDT spraying for mosquito control ceased in most of Africa, though its use was continued
relatively unnoticed in South Africa, Botswana, Indonesia, and India. Declining foreign aid budgets

also contributed to dwindling efforts to control mosquitoes with other insecticides or with alternative
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