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------ ------------ Chapter 6 

Drugs and 
Their Targets 

proteins and ligands 

protein- Ligand Interactions 

Receptor Agonists and Antagonists 

Enzyme Inhibitors 

The Binding Equilibrium 

Affinity 

Consequences o f Binding 

Similarities Between Receptors 

and Enzymes 

Molecular Recognition 

Models of Binding 

Lock and Key 

Induced Fit 

Allostery and Cooperativity 

Key Concepts 

Additional Reading 

Review Questions 

Cellular processes are detected, modu­
lated, and directed by complex sys­

tems made up or diverse biomolecules 
such as DNA, RNA, proteins, lipids, and 
carbohydrates. These molecules regulate 
the internal environment or living organ­
isms and are essential to survival. Many 
diseases and illnesses are linked to prob­
lems in the synthesis or properties of a 
particular biomolecule. A drug target is a 
biomolecule that plays a role in a d isease 
process and is the intended site of action 
of a drug. Proteins, particularly enzymes 
and cell membrane receptors, are the 
most common targets of existing drugs 
and of drug discovery research. Other 
less common targets are hormones, ion 
channels, DNA, and nuclear receptors. 

Proteins are the engines of the cell, 
regulating activation of genes, relaying 
signals within and between cells, and 
driving metabolic processes. Proteins are 
required for the structure, function, and 
regulation of the body's cells, tissues, and 
organs. For cells and tissues to remain 
healthy they must be able to make pro­
teins, and the proteins they make must 
be able to function correctly. Changes in 
the composition or abundance of critical 
proteins can lead to disease. 

77 
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Proteins and Ligands 

PMc111:, arc folded mlo ,1 highly o~ani.:cd 
lcrti,m· ,imcmrc. ., ihrcc-dimcnsio11.1I 
,l~1pe \\ 11h ,1 di,tinCI inside .1nd Ol\lSldc. 
~fall\ protein,; ,clf-.1s,oc1,\lC 11\lO ,\'5Clll· 

bhc,;· et,mpo.-..·d of 1wo to six or more 
indi,idual pohixp1idc ch,uns: tlns rcprc­
scnb 1he q11a1cmary sm1c1Urc of pro1c111s 
for c,Jmplc. 1he acc1)·kholine receptor, a 
membrane protcm of cn11cnl 1111por1ancc 
m ncurom11,cul,1r con11n11nica1ion, is a 
th-c-cham nmlcculc Onl)' one final folded 
,tructurc of the proiem 1;, function,1I. 

Pro1cms arc hnkcd in networks of 
phvsical mtcrac11ons and func11on:1I rcla-
11on,h1ps to each 01her. l111cmct1ons be­
tween d11Terent protems play pivotal roles 
in ,·arious a,pecL, of 1hc s1ruc1U~I and 
functional organization of cells. The 
comple,;ity of life requires proteins to be 
able to lransfer specific signals, build lis­
sucs, control the function of enzymes, 
and rcgula1e produclion and ac1ivi tic, of 
many substance,. 

In general, drugs act by 1111erac11011 with 
four kinds of regula1ory prolein 1argclS: 

• Rccep1or prolems: Reccplors receive 
and process ex1mcellular signals. An 
example of a drug 1hat 1argelS recep­
tors 1, . 1he an1iallerg) drug Zynec, 
"hich interacts with and blocks the 
histamine H1 reccplor 

• Ion channel pro1ein,: Channel pro-
1cms control passage of solutes and 

11111, in ;1nd m11 ,,1 , <'II, 1 
I o\,11 

1hc11c, bttH tn .md 111h11> 11 1 
11 

'"~ 111 ch,1111H'I p1'lll'111s 1 

• l 11: 111rs: I 11: , 11w, ,.11.,h , 1, 

I I I h•cl1 c.1) ,Ill( llH'l,1 lll IL 11•.11 lh,11s I 1 
r·ckco;db b111d, 1n .11,d 1111 1

" ,I, 
II 'll, I l)X.l. (c •clonwgrn.isl' )) ,.11 1 

\ \ ll 
• 1l .1n,p01te1~: l 1.111sp,,11,·1, I 

1
' 

Ir jl 
1r.111spnn 111.11,·11.d, 111 .11,d n111 ,,1 . 
Proz., inh1b1h thr "l'h lh,

11111 1
,'l 

pOllCI in 1lw hr.1111 11 

lhc 1c1111 1c_l'<'!lllH "1,-, .. 1,nl 111_11 for those prmcm, 1 h.11 pl.1) 111 1111 . . ' p1111 I 
rnlc 111 m tcn:cllul.11 l'1n11111111111 111 , 

• 111 , 1 chemical 111csscngc1, ,\, "" h. ,.11 111
, 

ion channcb: :111d 11.111,po, 1<'1, .11 , 
11

,
1 ;illy not clas,1fkd .,, 1,·r<'p101s I h, " ,, 

1h111 1hcsc pro1c_in, 1111n.1, 1 " 11 1. ,,,1,, 
molcc11lcs nrc S1 1111 l:11 . 1Hl\H•,r1 ,, 

11 
;,hall sec shortly. 

Rcccptm. pcrforn, llw 11 1 <'11111.11 11111, 

tions by bind i11g lo ch,·1111<.tl 1111·""',,r 
molecules cnllccl lig.uuls. ,\ l1g.111d " 1~ 
ion or a molecule 1ha1 h111d, 1<1 1hr inrp 
1or 10 form :i co111pln .111d """rq11 ,111, 
participate in a lnnlng1c:tl ,H 11011 I 1<;,11 I, 
may be e11dogcno11, (.tl1<-;11h p11,r111 ,n 
the body), or i111rocl11n ·d 11\10 1hr l,,,d,., 
drngs: examp les of rnclogrnn11, h1•.111d, 
arc signaling en111 po111HI, ,11rh .,, 11<·11111 
trnnsmiucrs i\nd hor nHHw... 1\111'.l , u,.., 

take the pl:icc of c 11clogl'11011, h,•.11111, 111 

exerting 1hcir :iclinn . I 01 l'\.1111ph 11hr 

phinc and rcl.ued p:11 11 -1t'hn111~ .1111, 
use 1hc same rcccp1or, 111 lhl' h1.111 ,hfu 

b)' endorphins, co111po1111d, p1,1d11" h, 
lhc body to conlrol pn 111. I 1g.111d, 11 "I~ 
small molccu lcs or 111,ll 111111t1I, 111 , 
1hc Lerm s mall molecu le g1·111·1.,II, 1.f.r, 
10 molecular wcigh1, l<-ss 1h.111 I \ 
Mos1 s mall molcc11 lc cl , 11g, h,l\ r 1111111 
ula r weigh1s in 1he 1,111g,· h"'""' 11 '\ 

nncl 700. 
The thrcc-dimcn, ion.tl ,h.qu ol 

protein creates seve ral pm 1«·1, "' 
'> ill·, (also called /,i11c/111.~ ,,,.-, I " 
molecules of nppropri:ll t' ,1111, 1111 1 

bmd (sec Fig ure 6. 1). I hi'"' "" 
are said Lo have an .dli1111, 1.11 11 '' 
for the protei n. Prcllc111 111 isl11fd11• 

/\mlno OCI(/ 
8idOCMlll~ 

Unloldod proroln 

l Fo/dlng 

/,/\cllvo ollo 

~ 
Foldod prololn 

I 1gutt· Cl. I J\11 lllu"ttr;\lion or lhl' .I( IIV(' ,ih• 

formed hy the foldlni; or ,I pm1d 11 Noll' 1h.11 
,he unfolded protein doc., not h,,vc ,t 1111lqm· 
binding ~lie; ~uch u she ,, c 1C',t1 c•d wl11:11 lh l· 

proirln fold, In a spcclOc w.,y. 

change 1hc active Sil e co nllgu1.11io1< .11,cl 
1111crfcrc wi1 h bind ing or ligand, , , .111, ­
lng Alzhc,mcr's, mad cow d hca, c ( 111 
humans, vnria111 Creu1zfcld 1-):dwh d" 
case), cy,1ic fibrosb. n111yo11 ophil: l.11-
cr.il scleros is, and Pnrkin, on\. M.1 11 y 
cancers arc nlso bchcvccl 10 1c,ul1 fro 111 
protein misfo lcling. 

Protein- Ligand Interactions 

Mos, protein fu nclion is co11trnllcd by 
ligand; 1hat bi nd rcvc1s,bly 10 pro1,·11" 
and either s1imulflle or l11hihi1 1hci r aniv­
ily. The ra1c and extent of binding ol a 
pnnicular protein to a pan icul:11 li14.11 1d 
arc innucnced by ma ny fac1or, , ,uclt ,ts: 

• strnc1urc, physicochc111ical p1opr 111L·,. 
and coneentrnlion or 1hr liga nd 

• s1ruc1ure aud concc1111a tio11 ol 1h1· 
protein 

• affin ity between the ligand ,ind 1hr 
pro1cin 

• rn1111w1111011 hy n1l11·r , 11h,1.111, ~s rlt.11 
,tl,o h111cl 1<1 1h1• prnll·ln .IC 11vr. , 11r 

ll1fk,rn1 hi.1 11, hes 11( ph.11111.1< r11t l, .,I 
,11<·11, ,., '"" cl11fn,·111 1111m,·n, l.,wrr for 
l1g,111d 11111k, 111,·,. clqw11d1n)( 011 "h,•thrr 
1lt,· pro1<·111 "., rt·, ,·plot or .111 rnqnw 

Receptor Agonists 
and Antagonists 

It lhl' 111011·111 I\ ,I rt'<t'J)llll lht· 1·11<l11gt·• 
rwu, ltg,1nd 1, c .ilh·d ,111 .1~0111,1 ,1 t•>nl· 

pound 1lt.11 h111d, 10 1l11· rt·u·p10r ,incl 
il1l'lt ,1111111 1.111·, .1 <l'll11l.1r di,·, I. Drugi 
1h.11 11111d 10 rru·p10r, ,11, rl.1Ssifwtl .t•, d· 
lll l' I ,IJ{Olll,1, or ,llll,lj.tOlll"t l ' ,\~uni,r 
d ,ug, ,lt' ll\ .11,· 1h,·1r rnqnor,. trtl()t<'l'lll)( 
.1 1c..· ... p o 11 -..l' 1h.1t 1n, 11.·,h1.·, or c.krrc.· .. 1-.,··• tlu.~ 
,rll ', ,1<11vi1y 111 ., 111.11111,·r S11t11l.1r In tlw 
,·1Hlog,·111111, l1g.111d t\111.1g11111,1 drug, 
hlmk tht· ,I<«" or h111d111)l of tht• hody's 
n .11u 1.tl ,1wu11,p,. 10 thnr r,:n·p1orlj, ..ind 
1hl'1l'ily p1t·w111 or rnl11, c tdf rc,pon,c, 
lo 11.11111,d ,1go1tl\ls. ll111lt thl' ,l)lllrllsl .ind 
.1111.,gon"I ,111· r,·k,1Std 1111ch,,n)lnl .11 th,· 
,·nd of 1hr pron·"· Drug, .trc rt'C~/"ro, 
"""'"'""'" Ill 1h.11 1hcy t'.111 only mnu­
l' lll'l' \tlll ll' prn'Xl\llllg fun<.11011 of tlu· 
1<'<q110,. hu1 Lllllll>l 1111p.irt ,111}' new 
pwp,·11y 10 II W,· w1ll 1·xplorc lhL·,c con­
n·pi- furthn 111 (h,1ptn lh, Mcd1,1n1·,ms 
of Drug i\1 I urn 

1\11 ,·x.1111pil' of ,111 ,1go111,1 drug 1, JI• 
h111nol, wl11d1 lm1d, 111 "'l1nw1!{ll rel rp• 
10" 1111 cl'il, 111 1hr rr,p1r.nory tra(I, 
t, t1 1S111g rtl,1',111011 of ,mouth musdc 
<TII, .111d 1h11, 11pc11111g .11n,J}' 111 .t,th • 
111,llll p.111,·111, l''1IIJ.: ,111 ,1ppropr1.1tt! 
.1111 ,1~0111 ... t m.ty .d,n \\ 1tkn llHhtnc.:tcJ 

·"""·'>' hn ,·,.1111pk the JruJ.: 1pr.1 
11op111111 h1,11111d, h111d, to ,h,,/i110~1< 

l l'Cl'Jlll)I', Ill tht· r...·,pu.H,H) tr.11. t , (HC• 

, t'1tt111g h11u.liug nt thl· rnd,,~t.·nou, h~­
,,nd .u.TL\ ldtuluw, ., l\t"lll\llr.tn,rm th:r 

th,ll l ,l\l"t\'' nH\lr,H .. t1011 ol ,mt1\1th mu,d.: 
rl'II, ,111cl 11.1111111s th,• .urn .11, Ul,,d,mg 
'"''l) ld1<1l111l' h111d111g 1,, '" ,h,,lt11tl):1, 
l<'lTfHOI prn l'llh hro11rhl•c,111s111, turn 
.111d 111,1ke, h1,·.11h111g ,•.1,1n I hu•,, a 
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so 

n d
"~•,c or c<>nd11i,m ma) be 1ratcd 

g1w =• 
1n d1fTen·n1 " 3'"· 

Enzyme Inhibitors 

f h n ,_ , s<llublc protcm hke an 
I l c prom u • • ·1 IS 
cn:,me. the molecule that bmds to i 

callc-d a ,uhstratc rather than a. hga.t'.d. 
E=mc,, catah-::e chemical rcacuons_ tn· 

I • ub trat= and tum 1hcm m10 rn ,-mg ' , <~ h 
producL,; the substrate ts consumed m I e 
reacnon. Enn'llle catalysis i,, important for 
most cellular meiaboltc proccs..<es At any 
given moment, en:,mcs arc facilitating 
most of the actn,ucs ms1dc a cell and en­
dogenous substrntcs are being com·ened 
mto produclS. \fam drugs ha,·e been de­
,igned 10 target en: ,mes, and m~sl of 
these are e=me inhibitors. The acuon of 
an mhibnor ls to take the place of the nat­
ural substrate and pre,·cnt it from being 
com·ened 1n10 product For example, the 
cholesterol-lowenng drug lo,·astatin in• 
hibns an e=me called HMG-CoA redue­
tase, cntical for production of cholesterol 
in the bodr \\"e "111 dtSCUSS ellZ)me in­
hibitors funher in Chapter 16, Mecha­
nisms of Drug Acuon. 

Enz)mes are also 1mponan1 in drug 
biotransformation reacuons, m which the 
drug (substrate) undergoes a reaction 
while bound to the enzyme (protein) and 
the reacuon produclS (metaboli 1es) are 
released m a subsequent step. A side ef­
fect of many drugs is 1ha1 the) a.re enzyme 
induurs, for example. one side efTec1 of 
the antibiotic nfampin 1s that a activates 
eTIZ)mes involved m metabolizing oral 
contracepuves. When women ta king an 
oral contracepuve also take rifampin, the 
contracep11, e may be ineffecli,e because 
11 1> metabolized and removed from the 
body more quickly 1han usual. 

The Binding Equilibrium 

Whether !l,e pn,tetn is a rettplOr or en­
zyme, m0$t l1g.nd, hind by a rewrsible 
proc.cs~. m v.1uch liond$ for~•-' L. 

mu., •xlween 

ligand and pro1cin arc non, 
1 d b 

o, ,, rr11 
\\Cak. an can c rc.1d1h bn• 

lh.l'll 1 
back the starting ma1,·11,1t, 1 ' R11 

• I d b' d ""• I pro1em- 1gan 111 111g can OL . ' 

• I - "" " I hgand auac 1c~ 10 a protein In . '" 
I b. d' ,1 "' i , bond; sue 1 m mg canno1 h. . • ' 

d . I . l ,,,,111 
,·crs~ to. g1~c t 1e 011g111al pr,,1r,n 
,crs1blc bmdmg 1s rare and aero 

f 
' llllt, f r 

few types o drug tox1ci1v (snt11 , ,h\. ( 'J 
,cal carcinogenesis) and the au,, , 

. 'b . . , ll n1 0 tam anu toucs o'.1 m1croorg.1nisn1s \i. ., 
pmsons and toxms also act ll\ I 

l l? tl7 
covalent bonds with cnz) me ,,1 1 ' 

• . l •·pi 
pro1ems. An example 1s 1he nrn, 
sarin, which forms an irrevchiblr ,,; .. , 
lenl bond with the enz) n1t· .,".11 
cholinesterase. The enzrme's a,111 , , 11, , 

blocked and ii becomes nonlunn i,,n., 
ew ace1ylcholmestcrase mnlecuk, ha, 

10 be symhesized by cells to cJm 0 111 •lie 

enzyme's funcuon. 
Figure 6.2 illus1ra1es the rn,·,, ~· 

binding of a ligand (or drug) 10 ,1 pre•, " 
For simplicity, assume that the p1,,·.1-
has only one type of binding ,nr 11h,• 
the ligand can bind. In reaht, p,,,1< " 
are quite large compared "nh 111,,,1 k 
ands and may contam more 1h.111 " 
binding site, but this require, ,t r,•·::pln 
analysis beyond our scope. 

Consider the reversible h111d· ( h 
tween a receptor and its lig,md ,,. ,111 ,"· 
zyme and its subs1ra1c. Th,, ,m.11 ,,., • 
very similar to the discussion nl, ·'" • 
catalysis and Michaehs-\'1en1rn k1m1 ,, 
m Chapter 4 , Rates of Phann.1" '1• • 
Processes. In 1he prcscn1 conic,, 

L 

I 
p 

Hgurt 6.2. Binding of prolelll I' 1• 

at an acuve s11e. Thr arro\, 111d1ot1 

bmdmg •~ reversible 

o,,rn J: " / OP.t<.\ """ Tm IA. l\RC,I ,, 

rcccp10r 1s denoted as Rand the hgand as 
L The same treatment apphcs 10 an en­
zyme. E, binding to its suhs1ra1c, S. fhe 
equilibrium can be wr111cn as: 

recep1or + lig,mcl .== complex 

(r q. 6. ta) 

cnz)1ne + substr:uc .== complex 

(L<1 6.lh) 

Equation 6.la and 6.lb can be rcwri11cn 
simply as: 

R+ L.==RL 

E+S.==ES 

(Lq. 6.2a) 

(~q. 6 2h) 

RL represents the receptor-hgand com­
plex, while ES is the enz)'me-substra1e 
complex. 

The Jaw of mass ac11on defines I<, the 
assoc1a11on cons1ant for these equ,hbna· 

K = IRL] 
IEIIL] 

K=~ 
IEIISI 

([q 6 3a) 

(rq. r, Jbl 

The square brackets denote co11cen1ra-
1ions of the corresponding molecule m 
equilibrium. 

Affinity 

The magni1ude of K gives 111fonn.111nn 
about the extent of hgand- m:cp101 (or 
cnzyme-substra1c) binding, i.e., I""' 
much ligand (or substra1d is llllund I" 
the receptor (or enzyme) in 1hc compk~ 
A ligand 1h:11 is ex1cn, ivd)' hound 10 ., 
reecp1or has a large /(, show111g 1h.111h,·1,· 
" a high affini1y be1,\'l'cn 1t·ccp101 ,md 
ligand. The same j,, m a• lt1r c 11zy1111· 

'>ub,1ra1c l11nd111g. /\g.,in, 1w1,· the ,uni· 

81 

larit>· between this d1scuss1on and 1he 
earlier d1scuss1on of enzyme ca1J!ys1s 

I he strength of binding ,s often ex• 
pressed as the inverse of the association 
cons1<1n1 K. t\ dmona11on consw111, K,1 for 
the rcecp1or-ligand complex or K,,, for the 
enzyme-suhs1ra1c complex, ,s clcfmed as: 

K =..!.,=IRIILI 
'1 K [RL[ 

( fcq . 6 h ) 

(Eq . ldb) 

Km is 1hc ~!ichael,s constant we have 
seen previously. K,,, and Kd have umt> of 
conce111ra1ion. These con!>tants can be 
1hough1 of as the conccn1ra11on of ligand 
(or substra1c) required 10 occupy 50% of 
the receptor (or enzyme) acll\'C sites. The 
lower the Kd. 1hc higher is 1hc affinity of 
receptor for ligand: 1he same holds true 
for Km 

Consequences of Binding 

In some slluations, 1he onlv outcome of 
complex formauon bc1wccn'a protem and 
ano1her molecule b to 11c up the molecule 
for some rime. making II unava1l.1ble tO 

perform i1s func11on. Tl11s occurs "hen 
proteins 111 1hc pl.1>ma (such as albumm) 
brncl 10 drugs .md prcveni them from 
lea, ing 1hc bloods1rc.1m .md cnt,·ring th· 
sue,. The com pie , c1 c111u.1lh dis,;od.11e,. 
accordmg to 1hc cqu,hbrium <hown tn 
Equ:111011 c,.1, ,md rdc.,,c~ the drng. 

In 01hcr si111.n1t>1i-. however. the k>rm.t• 
11011 of the compk, 1, onl) ,1 fir-,t ,tcp in 
,nmc 1111p,11 t.m1 pl\\ ,1<,lt>~ll'.tl pro,·,,,\\ nh 
., dd,1111,· ou1n>nll', ·" 111d1L·.11cd bd,," 

p1,Hr111 ·r bu1dm~lltl,lt."\:Uht ~ 

( ,u.tlvtic Outn>m,·, 

II the p1<1tcu1 1, ,t111·11.1 mr. tlw ,,ut,\'11\\' 
,n I qu.1111>11 t1, "thu,1lh ,,u,1h11< m 1h.11 
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' 1r:111, fom1cd into a nc" 
the , ub--lr.llC ' . I b111d1ng l<l l he pro­
pnxlucl .1ftcr 10111•

1 
f ch J C,lt,lh tlC 

The Janwc, 0 '
11 

tcm. _ L.J b, \hchach.,..~lcntcn 
Prx= ,, dc--,n0<.,1 . 11 · 

' • ,urc oJ ,nu, tratc, en:: w a c 
1,.mcnc-- F?ubstrate(, ) to pn.>duct(s) 
(Jtah , 1, o ' be ,uppn:,,cd 

C.11 ,h uc rcacuon, can 
t,, en;,me mh1b1tors that bmd to the en-
• • d prc,·ent the ,ub,,tr.llc from 

::11nc an . d ,5 
hmding A, we SJ" earhcr, m,111} rug 

nlc l·nt11bnors prc,·cnnng the en-
arc enn • d 
d . 1,·g,nd from b111dmg an ogcnou~ • . 
crfom1ing 11:, normal funcnon For cx-

;mplc. angiotcn,in-co1wcmng enzyme 
ml11b11on. (also c.1llcd ACE mh1b1tors, 
c i;. caplopnl and cnalapnll arc drugs 
th.at block the com·en.1on of the substrate 

W
e ha,·e considered prolcm­
small molecule mtcracuons 
in detail, because a maJOnl}' 

of drugs are small molecules. Most 
,ellular processes, ho" e,-cr, arc mcch­
atcd b} prolem-protein 1meracuons, 
which are \'ital 10 the functioning of 
our bod>, 

Enzymes perform transcription of 
D:--A 10 R.'l:A. whereas other prolems 
bmd to specific regions of DNA 10 pro­
mote or inhibn iLS transcription, and 
thus. gene regulation. Near!)' all the 
cellular machine!) for synthesis, reph­
calion. mampulauon, mod1f1ca1ion, 
and degradation 1m·olves proteins 
interacting 1<11h other proteins and 
macromolecules Protein, are directed 
10 the correct companmenLS or cells 
by binding to othtr proteins. Many en­
dogenous hgands are protfins. which 
bind to receptors on cell membranes 
to send signals between cells Proteins 
form >lrunural connections between 
cells Proteins are substrates and in-

.mgiotc11-111 I to ,1 ,uh,t.111<c th, 
ul 'llq ,.,h .md " ;Iler rc1cn11011 111 1 ht Ix 

1 111h1b1tor<; Jrc u,cd 111 the lt '" 
<,llrne high blood pressure. I 

1onc:11:1ly t i c O u1co 111cs 

The outcome or complc~ form 1 ,1 ion 
be 110nrnra/y1ic. rn that the hi;,%, 
chcm1cally changed 011 binding 

O
n 

receptors, bul 1s cvcni uall) rl'ln 
d I b •'t I 

change . lnsteac. ind111g 1ndu,t, , 
formallonal change 111 the rctcp1.,1 1 
tnggcrs b1och:_m1cal even" 1n th, ,ei, , 
1llustr:ued 111 h gure 6.4 The hg,inc "'c 
1ually d1ssoc1ates from the inept ._ 
ligand complex \Ve "111 d1;rn,, bin 

hibitors of cnZ)'111eS. Pro1e1n-prv1cm 
imcraeuons underlie large-stale m " 
menls 111 organ1;111s such a, mu c 
con1rac11on. 

Protein-protein 111lcrac1101is .n 
somenmes be unde,irablc. Prmcm .,,. 
gregation 1s associated "nh a nm l'c• 

of diseases, 111cluchng pnon-rclatcd Gis• 

cases, Alzheimer's disease. and 0,11, 1, 
S)'lldromc. 

h is 1mportam lo nolc that mt,r.1,­
lion force between proterns arc" ok 
h is through the S)'nerg1sm or 11111!1 p .. 
weakly mleractmg proteins that a 
can generate responses. If ncn rr 
lein had high affinit)' for ever., o: _er 
protein, 11 would be d1fficuh fo. l 
cell to regulate the aCll\'ll} or am 
pathway. Thus, weak protein •1m•·,1• 
m1crac11ons pin)' a ccmr.1I r,1! n 
finely tuned cellular s1gnahng 
also provide us an opponuni lr tc> •• 
lrol cellular responses by using s 1 

molecule drugs 10 mterfcrc " th • 
alter protcin-protcrn m1cracnon, 

A 

B 

~ -Active site 

i 

0 
Glucose 

Two subs1ra1e 
molecules 

Substra1es 
approach,ng 
achve site 
or enzyme 

Trans111on slate f \..J- 1...__/ \ (lighlesl b1nd1ng 
~) bul leaststable) 

~Producl 

~ ~~":';:..-

83 

) 
3 

I 1gurc 6 3 Enz)rtnauc catalysis or sub~tra1c(s) 10 pro<luu(s) A. The l.'tt:.yntt.• m.1h.1,c h.i... ;\O .1d1,·e­

snt complememary to the structure or maltose and b1mb onh to m.11w,I.' A n.-.1ctu.m l'(Cur, when 

lllJhose brnds to the cnz)'rnc, rclcasrng two glucose molcn1b a, pwduu, .\ ,m):k 111.,!Ll'oe 1m•k­
culc can catalyze the reaction or more than 1,000 m:1ho,;;i: moJ.:,uh:, pa ,ccond B. L , ,unpl(' \.'+£ thl' 

enzyme-catalyzed S)'nthcs1s or a product from 1wo ~uh,tr.lll' mok..-ulr, 
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s,gnal mo1ecu1e 

Signal 

Extracenular o;\ !~~Ne 
fluid -
tn1racellular 
nu,d 

Signal 1>1nd1ng 
,nd\JC8S a change 

,n lhe ,eceplor 
pro1e,n 

© 
S•gnal binding 
causes some 
effect inside 

the cell 

F ,i:urc A signal moket1lr (an endogenous 
ligand or a drug) binds 10 a cell membmnc re­
ceptor on the atracellular surface and induces 
a change m receptor prorem that causes some 
c!Ttct ms1de the cell. 

10 receptors m more depth m Chapter l 6, 
~iechanisms of Drug Acuon. 

Similarities Between 
Peceptors and Enzymes 

Both receptor-ligand and enzyme­
substrate binding are generally reversible 
e,·ents. The outcome depends on the 

concentmtion of lig,md-
1
,1 nt,111 

fanned m the fi1s1 '"' I' 1 l r r 'lti 11 
Therc1orc, 1orma11011 of thi· 

''%111 trols the rate and c:,1cn1 n l 11 ' 
I • 1 1 ffi 1

" 11 
The ng 1cr t 1c a llll l) ol hg.uid 
tein, the larger the conrcn1 l,lltoJ 
complex. and the g1ea1e1 th,· , 
l d b• 1· % 1gan -pro1c111 111( mg II ill hr 

1 
mat ion of the complex 1s d. 

lJll !l ll 
pH. temperature, and tlll' jlh,, 

ions and other molecule, 1,111,111" 

saturated at high concent r,111011; 
ligand or subst rate. ~lolecule, h,,

1 
enzymes and receptor, ,11,1, 1,, , .. 

such as a sugar or am mo acid. 01 1, 
large_. such as another protein I ,, ·, 
ple, msuhn , a macromolernir 1, 1~ 
and for the insulin recep1or ., 

The sunilan11cs bct\\'ccn cn:1ti\·, 
receptors arc casilr rccogn,:cd '" ct 
companson, as sho"'n in l abl, 1, 

body contams manr d,ffen·n1 rc,'I 
and enzymes, and often I hr d"1 11, 1 
between them 1s uncle,1r. '"mn11, • 

receptor has enzymatic .1< 111 1 \' 
enzymes, su ch as those "uh ,• ,,: 11 
regulation , also qualif) .1, ,,."" .. 
when the broadest use of th,· ,, r 
applied. If we consider am h~.m.1 , 
acting with a macromolccuk t,, , 
receptor-ligand intcracllon 1hcn ·" , 
teraction of small molecule, " : r 
tcin, DNA, or RNA can b,, , Li-.,. ,J 
types of receptor-hgand c,Hnp'n ,, 
some response occurs. 

,,: ~ TABlE 6.1. Similarities Between Enzymatic and Receptor Processli'.~:,: 
Enzyme Recepror 

8,nd ng molecu,e Substrate Ligand 
Comple, E- S R-L 
Outcome Product formation Complex forma:,o· 
•;amber of bind ng sites One or mote One or more 
TM o1 Dnd,ng Specr(,c or nonspec1f1C Spec,f1c or no, r• 
IA€ilSU'ffllent of bind ng aff,nity Km K d 
Tyr,E-i of b,r,(f ng molecules lnh1b1101s, aCtJVators Agomsts, an1ag 
P.1/gu',.;,on 

Allostenc acuvauon Gene regulation 

(ll\111 R 6 / ORllv"' ,,-..n rm1R r \R(,I 1, 

Molecular Recogn ·•;o 1 

Protein surfaces arc megulnr Tl11s 1rrcgu­
lanty enables proteins to bmd speCJfic lig­
ands (we will use the tenn ligand generally 

10 me2n a substrate as well) and to associ­
ate specifically with other protems. and it 
underlies the formation of quaternary 
structure. The pnmary concept behind 
protein-ligand bindrng ts that of complc-
111e111111i 1y, or "fit," between ligand and ac­
uvc site. This matching between a protein 
surface and another molecule depends on 
much more than shape. It extends to the 
weak bonds that hold complexes together, 
hydrogen bond donors line up" uh aceep­
tors, nonpolar groups arc opposite other 
nonpolar groups, and poslll\'C charges arc 
opposite negauve charges. 

The two types of complcmcntanty for 
us to consider are physicoclll'mn 11 
plcmcntarit}', i.e., the presence of seYeral 
ph)'sicochemical bonding interactions 
between the two molecules, and , r 

complcmcntmity, i.e., whether the shape 
of the ligand fi ts the shape of the aw,·e 
site. Both determine the strength of the 
overall mteraction. 

Physicochemical Complem e ntari ty 

Covaler\l bonds arc not routine!)' formed 
between a protein and hgand during nor­
mal cellular processes. Therefore, several 
l}'PCS of weaker noncovalcnt bonds arc 
necessaty to auract and keep the two 
molecules together as a complex. In most 
cases, the initial au raction between the 
two interacting species is provided b)' a 
long-range force such as an ionic 1111crac-
1ion between opposite charges on 1hc 
protem active site and the ligand. ,\ , till' 
ligand approaches the protein, short­
range forces such as hydrogen bonds pro· 
vidc additional auracti \'C and o, 1c,11,ng 
forces. Finally, van clcr \\'aals flllcc, .mcl 
hydrophobic in teractions come in10 pl,t) 
to further on cnt and s1.1bilizc the com­
plex. Thus, most protcin-lig.md m1e,.1c­
tlons rel)• o n many cliffc ,cnt 11wkcul.1t 
forces 10 form the fi nal complc,. or tlw 
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v,mous phrsicochcm1cal 1ntcrJct1ons 111-
vol,cd 111 protem-ligJnd hmd111g, iomc 
and hydrophobic 111tcr,1wons are proba­
bl; the most important. 

Bctau~c the 111111al 1111erac11on between 
,1 hgand and pro1c111 is often iomc, the 1on­
<za1ion slate of weak acid and base drugs 
ts very 1mponan1. Charged atoms (from 
ionized ammo ,1mls) often l111e the pro1e111 
aeuvc ,ne, tmparung a localized charge in 
specific regions of the pocket Opposne 
charges on the ac11ve sne and hgand will 
amac1 each other, bcg111mng the complex 
formauon process. Electrostatic comple-
111c11e<11111 is ,mponant in preventmg map­
propnate molecules from b1nd111g to the 
acll\c site, a, the hgand must contain 
correct!)' placed complementary charged 
atoms for nlleraction 10 occur. 

Another cnucal force for hgand-protem 
binding 1s hydrophobic mteracuon. Nearly 
two thirds of the bod) 15 water, and this 
aqueous environment surrounds all our 
cells. For a hgand and protein to mteract. 
there must be a dnviog force that compels 
the ligand to lea\'C water and bmd LO the 
protein: hydrophobic hgands are able to 
accomplish this. Thus the partition coeffi­
cient of the hgand is also an important fac­
tor m protem-hgand bindmg. 

Steric Complcmcntaritr 

Ahhough ph,s1cochem1c,1l compkmcn­
tant)' 1, 1111ponant lor the 111i1t;1l ;111r.1ction 
between hg.md and protcm. the hgand 
must also h,\\<' ,1crcochcn11cal compk­
mcntar11y· to , u,tam the hg.md-protdn 
complex. 1111, mC,111' that the hg.md mu~, 
ha,c a defined thrcc-dmwn,1011.11 ,hap.: 
,md si:c th.11 fn "ell mto the ,1c1tve , nc. 
Lei u, bndl, 1c,·1c" till' b.N,· n,ncept, ,,[ 
:,,,tL·rcorh1..·m1,tf\ .b tht·, p('rt~un to , te~"-'l­

rhcmic.tl ttHnpk·mL·nt.uit, tt\ Pt\.'t"-·1n­
hg.md lnmhn): l'mk~r.llhl,lll' 1,•, tt-,.,,,,1,.._ 
m dH·m1,11, .uc ~l,1.,d ll'..,OU?"\:-('' fl,r ., Ul1,,.'ft .. 

th,,wugh ,h,, u,,i,,n or ,1c1,·,,ch,'t11btT\ 
.1r,· 111,,kntk, th,1t h.,, ,· 

the ,,1111e 11H,l,·,1tl.1r \,,1111ul.1 ,1tlll ,cqtt,'n,·,• 
llf homl, but ,hlkt,'l\l ,p.111.1\ .m.111~,..._ 
ment,, the ,,nh 1hlk1,·m·,· b,'l"\','ll them 
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tonal oricntallOn or 
1, 1he 1lm•e-<lmtcns ' · sp:acc. De-

f ncuonal groups m • 
awms 0

. r u ·d I hcmical fonnubs 
h ·mo I cnuca l d ,puc ,11 <> rs can ha,·c ra-

d bonding. , 1crco1somc . 1 d 
an . d ffercn1 chemical. ph stca ' an 
mancall) 1 . There are 1wo main 
b10log1cal properties. . f ~1crcsL m un-
lYJ'<S of ,iereo1somers o 1 . 
der--tandmg ,1ercoco~1~lemen'.anL}'; enan­
uomcrs and gcomcmc ,somers. 

En t·omcrs and Chirality. Ch1rah1y is 
an' . 'd b t 

ihc gcomcmc propcrt)' or a ng, . o ~ec 
(hke a molecule or drug) not bcmg su­
perimposablc with us mirror image. A 
molecule that cannot be supemnpo~cd 
on us mirror ,mage lS said LO be cl~iral 
(the Greek word for "handed"). This is m 
contrast to achnal molecules. which can 
be superimposed on their mirror images. 

Ch1ralit) is analogous Lo our nghL and 
left hands-the\' arc mirror nnages but 
are not supenm'posable. The two mirror 
images of a chiral molecule are '.ermed 
cnanliomers. Like hands. enannomers 
come in pairs. Chirality usually occurs 
when a compound contains at lea,1 one 
asymmemc or chiral center in ilS s1ruc­
mre. A chiral center is an atom at which 
the interchange of any 1wo subs1i1uents 
a1tached to 11 creates a new s1ereoisomer. 
Various nomenclature systems have been 

M,rrorplane 

Su. Tlt"I'- 11 / DRt l, ,u.1 l 11 ~· , 

used for cnan1iomcrs: the 1110 . l ,1 <0111 ones designate l 1c t \\'O fo 1111, 11 n 
as L· and o-, or as ll- .ind ,_ 

111 1h1 Pa 1 

Chirali1y is a propc1 I) found 
biologicall)• imponant n1olccul" 

111 11• 111 
'd b ,, 'lid ammo ac1 s, car oh)·d r,11cs , 1 1 

1 1, 
• .. I( I 

For example, the na1ur,1l 1111 
1J11d, 

t: 1llo ill 
share a common s1crcochc1111s11, 1 

' iu, 
I . .d O l1q ar al L-ammo act s. ur bodic; ' • 

d llSt• I ~1 
o-sugars; D A an RNA arc 111 1 1 1 

'C C lip 
o-sugars, r:suhmg 111 a nght-handcd ll\, 
double hehx Conscqucn1ly, 111051 ,11 • 

h. I I cc 1, ,. 
targets are c 1ra anc cnn recognize d,Hir 
enccs between cnan110111crs of 3 I 
. t ittal 
hgand. Our receptors, such a; 1he ta,1t, 
ceptors in our tongue, can distinguish~ 
tween s1cre01somers of a ligand. for c,.1111 
pie, one isomer of lcucinc 1asw, \\\·c .1 . l .inu 
the oilier tastes biller Chemicals" Hh d, 
fercnt enamiomerie form can smdl d

1 

fercnt also. One isomer or limonrnt· sinr:I, 
of oranges, the other of lemons 

Enamiomeric pairs have idcnt,-al 
phys1coehemical propcn,cs. such a, hot! 
mg point, mehing point, dcnsuy, and ,,,Ju 
bility. Enamiomcrs, howcvn. can h,IIC 

marked differences in their 1111cr,tdirn 
wnh proteins such as enZ)' l11CS and rccrp­
tors, and can behave vet)' d1ffcr,·111lv nt 
b1ological systems as a result of 1hm d1f. 
ferem three-dimensional shape. Figure t, i 

At;We enantiomer 
D 

Inactive enantiomer Inactive enant1omer 

/~ 
a' C 

;~n ~ 
a: a= c 

Active sne Acwe site Active site 
1 

•gur< 6•5• Bmdmg of t"o hypo1he11cal enantiomers of a drug 10 a receptor active ,11c 1 h, ·" " 
tnanuomer has a thrte-<limens I h 
..1- 1ona structure I at allows drug domain A 10 111tcrnct ,\ 1th .1ll1H 
w,IIU,n a, B to m1erac1 with b d c 
1 h . • an to mterac1 wuh c. All three binding 1n1crac1111ns art·""'' 
n COnlra$t, 1 e 1nac1"·e enantiome c_ 1· I 

b d. rcannot De a 1gned to have- the same three rntcrac.:11011., \ 11 11 
m 1ng «te s1multancousl Th d ff 

uomer to b d d ha Y. e I erence m three-dimensional s1ruc1ure allows the ·"""' 1• 

in an ve • biological effect, whereas 1h15 1s no1 possible for the inattlV<' ""·1111 ' 

illu;Jratc!> the binding of two hypo1hc11cal 
cnantiomers of a drug lo a reccp1or active 
site. In other words, 1he R enanuomcr of a 
drug will not necessarily behave the same 
way as the S enantiomcr of the same drug 
when wken by a paticnL In essence, the 
,wo cnantiomcrs of a chiral drug should 
be considered different drugs. The ab1h1y 
of biomolecules to chs1ingu1sh he1ween 
the various s1eric fonns of a hgand or drug 
is called chiral recognition or c/11ral d11-

crinuna1ion. 
For example, the two cnanuomers 

of amphe1aminc (o-amphctam1nc and 
L-amphc1amine) have the same mching 
points, solubilities'. and pKa values: how­
ever, the o isomer 1s more po1cn1. 

A
racemic mbmue or racemate is 
a sample of a compound that 
contains all its possible 

stercoisomers in equal proportions. 
Thus, for a compound with one chiral 
center, a racemate has the two enan­
tiomers in a l :l rmio. Enant1omers in a 
racemic mixture are difficult 10 sepa­
rate from each 01 her as pure stereoiso­
mers becat\Se they have 1he same 
physicochemical properues. For this 
reason, the majority of synthetic drugs 
were produced as racemic mixtures for 
many years, and the properties of the 
mdividual stereoisomcrs were not 
known. More than 500 currently useful 
drugs are racemic mixtures containing 
an active drug and tLS enanuomer in 
equal proportions. 

It is now clear 1ha1 s1ercoisomers 
can have significanlly different bio­
logical properiies, and 1ha1 a single 
stereoisomer is often therapeulicall)• 
superior 10 a racemic mixture. The 
isomer with the desired ac1ivil)' is 
called the cutomer and the one with-

87 

Geometric Isomers. Gcome1nc i,omcrs 
(or n1-1ram isomerism) occur hccau-;e of 
rcs1rictcd ro1a11on around a hond such as 
a carhon-carbon douhlc hond, or 111 a 
ring such as cyclohcxane. The 01 and 
11m11 conftguranons ,ire not mirror im­
ages of each other. and the two forms 
show sign1f1can1 chffcrenccs 111 their 
rhys1cochem1cal rroper11es. such as 1on-
1za11on and hporh1hc11y, and m their hto­
logical acuv11y. 

Geomcmc c11 and 1ran1 isomers can be 
1~ola1ed a, pure substances, and mixtures 
of isomers are not commonly seen How­
ever, 1he 1wo 11<1111 isomers m a cyclic 
compound can cx1s1 as an enantiomenc 
pair Differences 111 biological acuvily 

out the desired activity or with an un­
desired actlvtty 1s the distomcr. New 
methods to produce smgle isomers on 
a commercial scale are now available. 
removing a maJOr obstacle m the use 
of single isomer drugs. 

Chirality now plays a maJor role in 
the development of new pharmaceuti­
cals; approximately 30% of marketed 
drugs arc sold as a single 15omenc form. 
The antiinOammatory drug naproxen i;, 
marketed as the 5 \Somer, because the R 
fonn is a liver toxin. 1milarly. L-dopa 
has ann-Parkm onian acti\'it): whereas 
o-dopa exlnbns none of the desired 
an1i-Parkinsonian acnntv and can 
cause gr:111ulocy1openia (loss of white 
blood cells that lcm·cs p.11icnts prone to 
infcrnons). There .ire other c"1mpks 
such as pcmcillaminc, used I<' tn:-.11 
ar1hritis, in whil"h the cn.111uomcr l' 
aeth·c wlnlc the R form b c,tn·m,·h 
toxic. The (S. ) form of the anumlxr­
rnlos1s dmg c1ha111bmol 1s acu,,· whik 
the (R, R) form cansc~ optic.ii 1w1mu,-
1h,n rnn k.1d to blindnr~,. 
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'"'"' 1,-..)mC"' ma\", 1hcr1:-
1><·t\\l'l"n " ' and b . 1hcr non,pc,1_r ll 

b<: au,c<l , c, 
f,,rc • ' •. 1 df~-cl.5 ,,r ,1crro,dccll\ -
rh,,1c.xh£m1Gl d r ~1- ti t, illu,­

bm mg •~• " • 
u, (If rr,cpt,>r en,m' Jnd ho" gco-

.,, ~omcLnL t~m 
trat<"' i;c b d difkrcnth 1,, a 
mctnc ...... ,mer>- can m 

1 roct pro1cm. 
a.,. 1 f CIS-llun, 1somcn:,lll m ~c~mpco 

1 r din n<111>-die1h1-ls11lbc,1ro • 
drug, I> ,oun _. . d -
" h.-ch ha, ~trogcnic ac11,1t), .m - c1, 
d c1h1·b11lbc>trol. "hich has onl) ,'\i of 
tl:c cstrogcnic ac11111' of 1ra11s-d1eth) 1-
,ulb<:strol. 

clccth;iy and pccifi city 

Thc:.c two terms arc often used m tcr­
changcabl) and dcscnbc the s.1mc gen­
eral concept · c1ec1lii11 rdcrs to the 
ab1htl" of a hgand or drug to interac_t with 
J cenain proteins actil"e site w11hou1 
bmding sigmficantl) 10 other proteins 
elecumy ., generally a desirable prop• 

cnv m .1 dmg. cg.. 11 1, dr"'••hl, 
,m11bac1cn.1I drug .1frc, t h,1, 1,., ,a 
centr,llion, too ,mall to ,1fk, t ,,, 

Spccilki11 1, the ahil111 "' ., /' 

b111d Ill .1hgand111th ,1 dd1n,·d, 
1 

\\ h1k ha1"111g hulc or no 1111r,., t 
other molecules of,1n11l.1r ,tr,1, 111 
tel11, can be :,pcc1f1c. ,onic" h.it , 
or non,pcc1fic 111 then h1nd1ng 1,, i; 
~10,1 receptors arc h1ghh spc, ,r, 
b111ding 10 other molecule, ' 1111 

onspccific or parnall) 'P<'<1f,, 
mg occur when hgancb \\'llh ,1131 , 
structures arc able to bmd to ,1 ~11

, 
11 

1c111, and where phrs1cochcm1cal, 
mentarity 1s most nnponant r,,r , 
pie, albumin, a protcm found 111 , , 

can bmd to a I ancl\ of hpnphil, 
molecules. particularly 11cak .,, d, 
neu tral d rugs. Stmilarh·. C\ .• ,, Ill 
protcm, another plasma protun ' 
111th many basic drugs. regardlc" , 

1 
structure Many en:, me, ,h, 

<3> 
trans 1rans 

B 
1

•gurt
66 

A. Gtt>tnttnc tM>mtnsm as a rc~uh of <1Hrans orientation ;1cro,'i a dllt1blL· 1 
• nng. 8 B,nd,ng ofgeorn,1nc so 

I 
I mm to a t.;1rge1. On tht ld 1, rhc trnm 1-.omer d(lt, rwt ~ group n proper conf1gurat,on for elltt1 . b· d 

iionaJ O 1 . "' 10 mg On 1hc ngh1. 1hc cis """'"r h.1., h,,,h 
~roups in• .,o,.ble oneni.uon lor binding to ihc receptor 

, tt·cificif). 111 "Inch a general i:roup of 
1 pounds can serve a, substrates colll 

Spcofic1t)· and sclcc11n1y increase 

11 
hen stereochenucal complcmentant} 
la -~ a major role 111 protem-hgand bmd­

p ) such as the b111d1ng between reccp-
m~ I I tors and their l,ganc s. or severa cnz>mes 
with their substrates. 

A few drugs prod uce their b1olog1cal 

1101111~1hou1 bmdmg to a parucular tar­
a\ Such nonspecific act11 ll}' 1s usuallr 
~=l~tcd 10 a phys1cochemical propcrt} of 
the drug. such as hpoph1hc11r or pK,. f'or 
c~atllplc, antacids neutralize stomach 
acid because of their a_lkahnit}, and os­
mouc d1urc11cs help chmmate water by 
producing an osmouc grachent 111 the k1d­
ncrs and mcrcasmg unne producuon. For 
other drugs, nonspecific act11 ity 1s often 
mamfested as a s ide effect o r tox1c1t} Ex­
amples are scdauon and general depres­
sion of the central nervous system b) 
some hpoph1hc drugs, and bac1enc1dal 

Lock-and-key 

Substrate 

Active sI1e 

Enzyme 

Induced fit 

Substrate 

Recogn111on s11e 

' 
Enzyme 

89 

effects of ccrt.110 compounds ,\ wide ,.1n­
et\ of chemical struourcs c.111 ,he)\\; the 
s,/me nonspcof1c .1cm11y 1f their ph)sico­
,hcm,cal properties arc sim,l.tr. 

Models of Binding 

T\\o sunple modeb ha,e been pwposcd 
to describe the hmdmg bet"een a ligand 
and a protein: the lock-and-key model 
and the 1n<lulecl-fi1 model. These are il­
lustrated m Figure 6.i. Other more com­
pie>. models hal"e also been proposed but 
arc m11sidc the scope of this book. 

Lock and Key 

The lock-an<l-kcv model proposes that 
the surfaces of hgan<l (key) and protem 
(lock) rnu,1 fit exaulv or there will be no 
hmdmg The ligand ~nd protein need to 
have compauble, mterlod.mg shapes. 

ES comp:ex 

ES comp'e, 

hgurc 6.7. The lock-and•kC\ and 1ncluccd-fn modl·1' o( ph,tt·m-h~.,ml mtcr.H.111..,n l hl"- d1.,~r~m 
uses :tn example or an ~n:::.) me bmding 10th -.uhc;1r.111..• 
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hkc t\\l'.I pu.:lc pieces or ,1 lo~k a:c~[;L 
drug, attach t<> ,,nil one I) p 

:,<>me d , thcrcforr ,ckcn,·c: othcr-
,·cptor .111 arc I 

k • m bmd to c,·cr:t hkc a m.,,tcr Cl, c, 
f Cceptor.. thn>ttghoul the bod), 

l\jlC> o r . I I . 
makmg them pa111.,II) ,ckcn, c. ''. I 11> 

I I 
·cnano the protclll and hg.111cl ,,mp c, ,, • i 

m1cr.,e1 wnh no cl1J11gc 111 their con or• 
mJ11on on bmdmg. 

Induced Fit 
\lolccular mter:1c11on, 1h.11 1n\'Ol\'e con• 
fonn,,nonal changes m one or both inter· 
acnng molecules are more , ersanle. The 
induced-fit model states that when the 
hgand first bind,. 11s mteraction " 1th 
the protein 1s weak Howe,•er, this m11ial 
bmdmg cau es a change 111 the conforma• 
uon of the protein, allowmg the ligand 10 
bmd more ughtly Protem conforma· 
uonal change 1s possible because proteins 
arc Oexible molecules, and because the 
forces that mamtam secondary and terll· 
ary protein structure arc also weak Thus, 
enough energ)' 1s a\'a1lable at body tern• 
pcra1urc to break 1111crac11ons that hold 
the folded protem together, and allow for 
a d1fTcrent folded structure m the pres• 
ence of ligand. This can be thought of as 
a s1ab1li.:a11on of a panicular protein con­
formauon by hgand bmding 10 allow for 
opumal bmding. Induced fit also allows 
for bmdmg of more than one ligand at 
the same acti\'C s11e \\'hen the bind mg of 
a specific hgand causes a protcm 10 
change from an macthe to an active con­
formauon, the process mvoh·es an 111· 
duced fit 

Allostery and Cooperativity 

Protems often contain se\'eral active sites 
for different types of ligands. Until this 
point, we hal'e considered ligands that 
bmd mdependentl) to these sites, 1 e., the 
affm11y of the ligand for the pro1e111 ac­
me ~lie remams the same regardless of 
ligand concentrauon There are manr ex­
amples, howel'er, in which ligands do not 
bmd mdependently, but a ligand bound 

at a site mnurncc~ 1 hr .1bi111 . Inf 
hgand to bmcl 10 a ,crnnd Jn th 
same protcm "

11
' on 1 

Pro1e111s have the .1b1h11 10 
I 

. . , Cn11rd w 1at 1s gomg on at the,c cliff 1 
. . I Ctrn1 b 111g 11e 111 sue 1 a war 1hat 111 1 . • C llltd 

one hgand alters the ,iffinu, r 111& 
I I 

, or 111 hganc on 11c same protein I h I r 
not be a di rect connett,on 1, trr Qc 

. Cl\\c 
1wo ligands, the)' 1113) bind 1 

1 
0 "Pric sides of the protein, or e"en 10 1 '1 

subunits of protein Tl11, med 
1 

'
1
'"'~ 

II d II I 
. _ 1,1111\nl 

ca e a osier); 11e 1111erac11011 1 

I • b ' d, " lcnn a los1enc 111 mg .ind i, illu,1 c 
Figure 6.8. • ratc<l ~ 

One explanation of allo,ten 
n b I tn1oh(, 

pro1e111 ex1 1 II). In some . - b •~and-protcm 1111cr:1cuo11s. 111chng 10 , I 
· d r " •~and 111 uccs con,ormaironal change, 111 the 
pro1e111, as described by the indu d 1 d

. ll • I( 
model 1scussed earher ConfonnJuon.tJ 
changes 1113)' also take place 111 hat,or, 
far removed from the fi rst bmdmg 'lie 
Often, 1he result of the fir,1 r i~tc n­
hgand 1n1e~ct1on 1s 10 change the ,hare 
of other acu"e s11e,. ,o that ,uh,cquent 
ligand binding (of a , 1n11lar or di ei,ru 
hgand) 1s altered These can he rcl.11 ,d1 
n11nor adJUStmen1s of the protun ch.un 
or can be s1gn1fican1 changes m •~rte• 
di men ional confonna11011. An cxJmr c 
of drug activity caused by allost,n 11 

found 111 the drug nc,, rap111c a~ m­
h1b11or of the enzyme I It\' revcN trin­
scnptase (HIV-RT). Nenrapme omc, ,~ 
HIV-RT at an allos1enc ,11e that ,, 11 1th, 
acuve site of the enzyme Th1' hmd n, 
changes the confon11a11011 of the .1,uH 
SIie , so that HIV-RT I no longer ~~le 10 
function normallv. 

For identical ' hgands. the Jll(l,tenc 
mechanism is called a cooperat" cct 
If ligand binding were indcpendcn :a,h 
sue would exh1b11 the same affm or 
ligand. In cooperauve b, nd1ng. hlm I r 
the apparc111 indi,idual sue bmdin~ 
affm111es differ from one anoth, 
from the independen t affinil\ of 
si1c. Binding may cxhibll e11hrr p 
coopcrativity or negati, c coop ntl\ 
in which the apparcn1 ligand .,fl 11111 

Enzyme active s,le 

Active s110 cannot 
bmd substrate 

Vacanl allos1enc b,nd,ng s,le 

A 

\ 

Active s,te altered, 
can bind substrate 

d 

) Altos tort; nh btlor 

Vacant artosteric b1nd1ng site. 
ach"e S:fe can b•nd substrate 

Active site allered, 
cannot bind substrate 

B 

'JI 

ngurc 6.8. Examples or allostcnc b111d111g result mg m either an increase (A) or decrcas,.= (8 ) of the 
rnrgct!t affinity for us hg:md or ~uhs1r:11 c-

mcrcases or decreases as more ligands 
b111d, respectively. Coopera1ivi1y is ev1• 
dent III the bindmg of oxygen to hemo­
globm. Hemoglobin is a protein wnh four 
subunits linked together, each subunit 
containing a single heme-a ringlike 
structure with a central iron atom that 
bmds 10 an oxygen a10111, Dcoxr hemo­
globin is relatively uninterested 111 OX)' · 
gen, but when one oxygen a11achcs, the 
second binds more eaSil)•. and the tlmd 
and fourth easier )'Cl. The same process 
works 111 reverse: once fully oxygenated 

hcmoglobm lcLS go of an oxyg,cn. it lets 
go of the next more easily, and so forth. 
In fact, hemoglobm I usuallv obstrved 
111 only two states-all four subumts car· 
rying oxrgcn. or compktcly 0:1. ygen free. 

One rca,011 that coopcratiw bmding "' 
widespread m b1olog1cal systems G th.11 it 
l'i an important \\,l)' for cells to mo<luLuc 
the response co .111 input s1gnJ,l Positi,·e 
cooperatl\ llY cauSl', the system to n·~p..,n<l 
more scns111wh to changes in Jig.mu n,n­
centr:mon :'\cg.u1w cooperaunt, damps 
the rcspon.,-e 10 hg.111d conccntr:umn 
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perform their biological 
:~~;~~ by binding to endogenous 
compaunds called ligands. 
Drugs work by binding to targets: 
usually receptor or enzyme. pr~te1ns, 
and thus influencing protein-ligand 
binding in some way. 
Agonist drugs stimulate receptors 
just like the corresponding ligan~s. 
Antagonist drugs interfere w1.th Ilg· 
and binding and thus reduce its 
effect. Enzyme inhibitor drugs 
reduce the activity of enzymes. 

s 
• Ligand ~r drug ?inding to target 

active sites requires physicoche 
and steric complementarity mica 

Uga.nd~ and drugs show select,v,t, 
in b1nd1ng to targets; targets sh 

1 

specificity in binding to ligands ~~ 
drugs. 
The lock-and-key and induced-fit 
models are simple approaches to 
derstanding specificity and select,~:) 

Allosteric or cooperative effects 
often modulate the binding of lig. 
ands or d rugs to their targets. 

C ,.:> G 

Bohm HJ, Schneider G (eds). Protein-Ligand ln1cr:ic11ons: From !\ tolcrular 
Recognition 10 Drug Design.John Wile)' and Sons, 2003. 
\'elson DL Cox MM Lehninger Principles ofBiochcmistry, -Ith ed. \\.11 lic.-
lillll 2004 
Hardman JG. L1mb1rd LE, Gilman AG (eds). Goodman and Gilman', l he Ph•r­
macolog1cal Basis of Therapeutics, 10th ed. McGraw-Mill Profcssion,11, 21101 
Ka1.:ung BG (ed). Basic and Clinical Pham1acology, 8th ed. McGraw-I hlV.\pplc­
ton & Lange. 2000. 

What is meant by the term drug 
target? 
E~plain the term affinity as it ap­
plies to ligand-protein interactions 
How is affinity measured? • 
DiKuss the difference between a 
rec.eptor agonist, a receptor antag-
0 ~'st• and an enzyme inhibitor 
Differentiate between catalyt· • 
noncatalytic outcom . ic and 
target binding. es of hgand-
What is meant b 
ity? Discuss th ~ complementar-
plementarity. e O types of com-

Explain why chiral recognition 1s 
important in the binding of smal 
molecule ligands to targets. 

7 What is a racemic mixture? Discuss 
the advantages and disadvantages 
of using single isomers of drugs in· 
stead of racemic mixtures. 
Explain the terms selectivity ano 
specificity as they apply to ligand 
protein binding. 
Discuss the lock-and-key arid n 
duced-fit models of ligand -prote 
binding. 

l0. Explain the mechanisms of ,1!10111 1 

and cooperative binding 

vrug Discovery 
and Optimization 

Lead compound Vers us Drug 
identification of a Lead Compound 

Random screening 
Natural Products Chemistry 

Ra tional Design 

De Novo Design 
The Combinatorial Approach 

Optimization of the 
Lead compound 
Selectivity and Toxicity 

Drug Likeness 

Bioisosterism 
Structure- Activity Relationships 

Key Concepts 
Additional Reading 
Review Questions 

M
ost drugs on the market were not 
discovered in their final form but 

went through a process of experimentation 
and mod1fica11on to make the best pcssible 
thcr:ipeutic agent. The smrung point m 
drug discovery is iden11flcation of a lead 
compound, a substance that p~ the 
desired biological acti,;t\• but that m:t)' 
have other undesirable characteristics. The 
lead compound serves as an initial proto-
1rpe 1hat IS modified to retain or enhance 
the desired ac1i,•ity and to eliminate or 
minimize unwanted propenies. 

Lead Compound 
Versus Drun 

,\ lead compound h.1s the de~m:d ph.um.1-
cologic.ll .1c11vit,. bm m.\\ h.\\·c other un 
f.wor.1bk prnpcruc, such .i,. high toxk1t,. 
prohkm~ "tth one or more .1b--..~rpti.,n, 
di,tnbution. nt~t.1lx1h'.'t1\ ... uh.l t:-,i:~ti ..... n 
(AO~I[) proc.-,-,.,,, . N .m unu,u.1\h <,>m 
pk·, t.H c ,pt·n-.1,·t" lll.\l\Uf.H.'lllr\n~ r(\)\.."t.~ 

1 he k.ul h.,, to h,· tr.m,f,,rnwd mt,, ., dru~ 
h, tnodih ing. tl'-- ,truct\ttt" h..' nnp .. .trl ,tn; 
.,hk ,lrni:-lik, pn>p,·rtk, ,u,h ., ... t,," 1,,,1 
n1, .,ml the .1h1ht, 1,, 1,·.1rh th,· ,11<· ,,t 
.1e·11n11 ill ,1ppwpthlll' ,·,,1W\'lltr.llh'll~. 
(.)thcr c..'<.'ll"-tdt'l.llil''II\~ ~th .. ·h .. t, l' .. t..,t.' .. uh.l 
n .... 1 ,,r ... , 1111t,·,i, 111,i...1 .,1 ... ,, h..· t.1k,·11 1111,, 



Eye Therapies Exhibit 2087, 13 of 48 
Dr. Reddy's v. Eye Therapies - IPR2024-00563

94 ECTJO~ II / DRUG STRuc lllR( t\">ll n, 

Vector 
groups 

Figure 7.1. T)1'lcal components of the chemical structure of a drug molecule. The pharmacophor, 
1> needed for bwlogic.sl activit)', The vector groups define the ph)'s1cochem1cal properties of the 
molecule: carrier groups control absorpoon, distribulion, and cxcrcuon; and vulnerable group.-, 
dctcnninc metabolism. 

account. Lead-optimization is the process 
by which the structure of the lead com­
pound is modified to build in these desir­
able properties. 

\Ve know that most drugs show a 
structurally specific relationship to bio­
logtcal acti, ity, meaning that a definite 
pattern of s tructural features is necessary 
for a biological response. This is because 
the behavior of a majority of drugs is re­
lated to their binding to biological tar­
gets. The molecular structure of such 
drugs can be subdivided into various 
components as shown in Figure 7. 1. 

The pharmacophore is the pan of the 
molecule that interacts Mth the target 
protein or receptor; a change in th is por­
tion will alter biological acth~ty The phar­
rnacophore and the target must have 
physicochem1cal and stereochemical com­
plementarity Several pan s of the molecule 
can together make up the pharmacophore; 
as an example, see Figure 7.2, which 
shows the pham1acophorc that binds to 
the 8-opioid receptor. 

Vector groups may not bind to the 
target but play a vita l role in determin­
ing pharmacokrnetics of the d rug and 
may also aid in mi nimizing toxici ty. 
Vector groups may be classified f un her 
as carrier groups and vulnerable 
groups. Carrier groups control io111za­
tion and lipophilicity of the molecule 
and consequently influence absorption , 
distribution, and excretion of the d rug. 
Vulnerable groups arc susceptible to 

enzymatic ac tio n and a re responsible 
fo r determining the drug's metaboli,m 

Identification of a 
Lead Compound 

Several approaches are available to tdrn­
tify a lead compou nd, each one with its 
advantages and drawbacks. To find a lead, 
one generally needs a convenient labor,1-
tory test called a bioassay or a screen 1hat 
can determine whether a compound ha, 
1he desired biological activity. 

Random Screening 

Random screening is the tesung or b1gc 
numbers of compounds in a btoassay "11h­
out regard to their chemical structure. Tl1t1 
approach relies on luck and serendipll) 

Figure 7.2. The pharmacophorc rccogm:rd \H 
the 6~opioid receptor. This pharmacophort' ui r 

sists of an aromatic ring, a pro1on:1tcd amilll 

and a hyd rophobic region, all spatially oncni, 1 

as shown. 

c,vrrLR 7 / D RU-Ci OL<;cOVTRY AND 0Pl'J\flZArU)~ 

and has been the traditional way of ,denu­
f ing lead compounds; m fact, many of 
y day's important drugs were discovered 

:fiis way The use of random screening has 
d dined as more advanced technologies 
h:ve become available_- However, this ap-
roach is s till useful m 1den11fymg leads 

;vith unexpected or unusual structures 
,hat cannot be foreseen_ 

Historically, p lants and other natural 
roducLS were major sources of med1et­

~al substances. For example, the fox­
glove plant (Digitalis p11rpurea) had been 
used to treat congestive bean fa ilure. As 
medicinal chem istry evolved, 1t was 
found that digitalis and other related sub­
stances in foxglove are responsible for 
,he therapeutic effect. These acuve com­
pounds were isolated, synthesized , and 
developed into products so that dosage 
could be accurately controlled. 

Screening in An ima ls 

Typically, screening for new drug leads 
has involved in vivo slltdics in animals. 
This approach provides the most relevant 
feedback ir a good animal model is avail­
able to demonstrate the desired effect. 
The compou nds are ad mimsterecl to ani­
mals and screened fo r efficacy. A posiuve 
effect provides strong support to continue 
further development. However, there are 
several drawbacks to using animals for 
mitial screen ing. The process tends to be 
slow and requires large quantities of the 
test compounds. The use of animals is 
also very labor intensive. Together, these 
disadvantages make animal screening an 
expensive proposition. Toxic effects or the 
compound may a lso complicate or mask 
the interpretation of efficacy. 

Screening in Cells and Tissues 

Screening in isolated tissues or cultured 
cells requires smaller quantities or com­
~ound than with an imal screening. Snch 
111 Vitro tes ting is also fas ter, cheaper, and 
less labor intens ive. In addition , because 
the screening system is less complex than 

95 

a whole animal system, the results may 
allow determmation of the mechamsm of 
action, ie., whether a compound IS an 
agomst or an antagonist. 

Screening in Binding Assays 

If the target protetn IS known, a protein­
bindmg assay can be used to conveniently 
screen compounds for affimtv to the tar­
get. This screenmg approach 'requires the 
least amount of compound. It ts also 
rapid, and thousands of compounds can 
be screened per day in a given assay. 
Specifietty is often readily determmed by 
1esting the compound in preparations of 
several d1ffere111 related target proteins. 

Tissue homogenates or intact cells 
containing the target protem are incu­
bated wnh a radiolabeled ligand known 
to have affinity for the protem. The com­
pound to be screened is added, and the 
amount of ligand remaining bound is de­
termined. This assay gives a comparison 
of the relative affinities of the known lig­
and and the new compound for the target 
protein_ Compounds that inhibit ligand 
binding by a certam speetfied percent­
age arc evaluated further. Receptor assay 
scrcc111ng, howe\'er, gives little informa­
tion about ulumate efficacy in an animal. 
In addition. it is often tmpossible to pre­
dict whether a compound wtll be toxic. 

Compound Di\-ersity 

lvlcdicinal chcmi ts often synthesize 
new and unusual molecules in the labo­
ratOr) without any predetermined goal 
for biological actil'ity The objecth·c is to 
make compounds of diverse s tructures 
to find unexpected biological activity. 
Random screening of such compounds 
i 11 a series of biological tests can often 
result in icknuftcation of ,t lead com­
pound. R,rndom screening of large mnn­
bcrs of compounds can use up a lot of 
time and resources, so a 1urrower ap­
proach ts often taken The svnthesis is 
restricted to compounds h.1dng a vague 
resemblance to known \\T,tkly :1ctivt· 
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compound,, to decrease co,1 of ,crccn­
mg and incrca,c probab1lt1y of , ucccs,. 
The kc,·s 10 succcs \\1th random 
,crccmng arc acqm,aion of di\·crsc and 
large hb~aric, of compounds. dh·crstt) 
bcmg al least a importnnl a· number of 
compound~. 

Natural Products Chemistry 

The natural cnn ronmem is a rich source 
of structurallv di\ crsc chemical com­
pounds. latu.ral products arc matenals 
dcm·cd from nature for use as drugs or 
in pham1accul!cal drug discovery and 
design. Thcr may be e~tracted from tis­
sues of terrestrial plants, marine organ­
isms, or microorgamsm fermentauon 
broth,. A crude extract from an)' one of 
these tvpically comains manr novel, 
structural!) diverse chemical com­
pounds. Chermcal diversity in nature is 
based on biological and geographical di­
\'ersll)', so researchers travel the world 
obtaimng samples to evaluate 111 dmg 
discoven· screens. This effort to search 
for natu

0

ral products is kno\\11 as bio­
prospccting. 

·atural products ha1·c formed the 
basis of traditional medicine srstems for 
thousands of rears Modem pharmaceuti­
cal science has unproved on these natural 
medicinals by extracting, concentrating, 
and idenuf)ing the active compound 
from the natural product 1111xture. Manr 
drugs on the market today were disco1•­
ered from natural sources. The analgesic 
acunty of the bark of the white willow 
tree (Salix alba) was known from folklore 
and gave us aspirin The antibio11c activ-
11}' of penicillin, obtained from molds of 
the genus Pc111cil11um, was discovered 
serendipitou,ly in the laboratory. Scien­
tists ha, e isolated dozens of natural 
anub,otics, such as s1reptomyc111 and van­
comycm, mostly from so,! microbes m the 
Actinomycete family. 

An mherent problem with widespread 
use of natural products, ho-..ever lies 
w11h harvesting and proces,ing products 
wnh low concentration, of the active 

S1.Cll0'1 11 / l)Rl'(, '1111 l 11 Ji! \' I' 

compound. Scicnll~ls arc, thcrdoir 
manl) rntcrc tcd in natur:11 ro,n 1'1 

I i'"Un<l as a temp ate or stan111g poin t fnt I 1 
1 

. f I ti ll't tor)' synthesis o re ated drug lc,td, '1 

Natural products chcn11ct1, 
1 

pla)•Cd, and will con1111uc 10 pl.ii 't' 
role 111 drug d1sco,·ery ~c, ccning • ' " n,11u, 11 
products cx1rac1s, howc\'e1 " c,11 . ' 

I 
' tlh(\l 

when comparcc wi th SI nthc,1 
I b I l ·'P proac 1cs, ccausc rso at ion studic, 

I 'd • f 111d 
structure c uc1 a11011 o unkn01111 "'~t-
pounds add lo the expense. On th<" otlt, r 
hand, the structural d1vc r,11) iirn, 1,, 
by natural products 1s unsurp,,"rt! , 
traditional symhetic chcllli,11) \ ,1111,i'1 
products al ready hal'e a funu1on 111 11, 
cnvrronmenl so there rs a g,c.11cr hkc. 
lihood that they have SOlllc de,n<'d 1i10 
logrcal activity. Katural produu, .ik, 
frequenLiy have drug-like p1opr111" 
(which we will discuss later in 1l11s , h.1p­
lcr) so that they can be absorbed. d1, 11 h­
uted, and metabolized apprnpn,llcl, in 
the body. Consequently, m11ural pn1,n"r' 
are excellem sources of nm cl ,111 
pounds for actil'II)' aga inst challcng,n~ 
biological targets. 

Rational Design 

Sc1enusts often struggle with the ph1hlr ~ 
of deciding which compouncb 10 ' "Hh,. 
size from thousands of possible mok< r, 

Rational design was the fi rst appro.1c 1 1,1 
overcome this problem by focusing ,,~ 
few promising structures A fundamc .. 11 
assumption of rational design " n a: 
drug activity depends on molecular h1r 
ing of the drug to a biomolccuk '""·"'' 
a target protein. The step 111 ra1111n .. 
design are target idemificauon, cb1gnm~ 
a molecule to bind to the target ,111d 

then synthesizing the compound JI! I' 

laboratory. 

Target Identification 

The fi rst step in rat ional design" 1,1 1 

derstand the molecular biology ,,/ 111 

disease or illness and to search 1<11 1•• 

gel proteins that play a role. If titer, '' 1 

(IIArll M 7 / 0 Rl G ON O'vl RY \"0 0PJI\UJ'\TIO\i 

T
he f1 rst plant-derived an11canccr 
drug was Taxol (generic name pa­
clitaxel), isolated from the bark of 

the Pacific yew or Ta,,,s b,cvifolia, a 
slow-gro11~ng tree found 111 old-growth 
ratn forests in the northwestern Unrtcd 
Si;ites. Interest in paclitaxel revealed 
maJor supply problems, because many 
groups wished to conduct cli111cal trials 
and required large quantities of the 
dmg. Bccattse of the low concen1ra11011 
of paclitaxel in the bark. more than 
25,000 trees were needed for earl) clini­
cal trials. Once the bark is removed from 
the tree, the tree dies. The Pacific )'Cw is 
an env1ronmentall)' protected species 
and 15 also one of the slowest growmg 
trees in the world lsola1ion of 1he com­
pound from the bark 111volvcd killing 
the tree. and the quantities avaibblc by 
this method were ,-cry small. lt was clear 
that hanres1ing of Ta.'<11s brevifolw bark 
was not a viable long-Lenn option for 
Taxol production on a large scale. 

relationship between the suppression 
(or rcinforccmem) of a protein function 
and the symptoms of a disease, 1he pro­
tein is identified as a target pro1cin for 
drug discovery efforts. 

Once a target has been established and 
characterized, rauonal design begins. 
The first consideration is that the de­
signed molecule must complement the 
active site or the target. Steric, ek c1ro­
sta1ic, and hydrophobic complemcntarn)' 
must be established, and 1he pharma­
cophore must be presented 10 the ac111·c 
sne for recognition and bindi ng to occur. 
The aim is to find a molecule that bmcls 
lo the target protein 11~th suitable affin ll) 
and selectivity. If reinforcement of the 
protein's function is des,rccl , I he mule-

An analog of paclilaxcl called bac­
caun 111 was discovered 111 leaves of 
the English yew Taxu1 baccata. Bac­
caun could be convened to pachtaxel 
111 the laborator,·. Removal of the 
leaves had no detrimental effect on the 
heal1h of the tree, and the leaves re­
generated relatively quickly, so rt was 
unnecessary 10 cul down the trees Al­
though the extraction and subsequent 
conversion of baccaun to pachtaxel 
were difficult, the source was renew­
able and sufficient quantiues were 
obtained 10 carry out cltnical trials. 
Pacl itaxcl ,s now made by a mod,fred 
version of 1h1s scmisrntheuc proce­
dure. 

The success of Taxol stimulated 111-

lerest 111 preserving biodiversity and 
derivmg value from rt. It brought to­
gether several groups united in an ef­
fort to advance new drug d1Scovel) 
and srmultaneously preserve the yew 
and the rain forest. 
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culc must be an agouisc, 11 hereas if sup­
pression 1s needed the molecule should 
be an a11wgo11isc (or inlrihicor 1f the target 
rs an enzyme) 

The optimal combination of atoms 
a11d functional groups to complement the 
target 1s often the natural, endogenous 
ligand 1h:11 bmds 10 it UnfonunatdY. this 
is usualh· an unacceptable candidate .ts a 
drug. because the natural ligand b .tlnmst 
alwa)S .111 ,1gomsl. or a compound th.ll 
cannot he p.ttcntcd, or htcb appropri.ue 
AD~IF 1cqu1re111cn1> for ,Ill admimsten·d 
dru~. lll h.1> 11thcr sick rITcct~. Thrn:f,,l\:, 
.1l1rrn,ttivc chcmtC,ti ~lructun·~ 11111st be 
dcvbcd. 

Computa11nn.1I tnob c.m pn·dtl'l 111<' 
himlmg of ,1 hvpothetit'<tl 111,,k ·ult- l<' ,1 
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ncpcnd111)! on "hrthcr the ,cquentc and 
1hn·c-d1ml'nsional ,trutture of the target 
pr.,1c111 i, I.no\\ n or not known. rauonal 
Jc,ign may be .ipproachcd directly o r 111-
dircctl). If the ,1ruc1ure 1s kno\\ 11• mcdic­
mal clicnmh can d1rectl) dctenmne an 
c,pumum h!!and structure that can be 
plated 111side the 1argc1 acu,e sue 111 a 
conforrnJliM that results 111 a good fu 
1 hi, 1~ rd erred 10 as docl1111g the re lam c 
onen1a11011 Jnd fu of the target prolCln to 
a potential drug molecule Docking 1s a 
funwon of the rnnforrnauon of each 
panner 111 ,he 1111crac11on Looking for a 
compound that can dock appropnalel) 
"uh a target is hkc search mg for a key 
that fus a g1\'cn lock. Once the computer 
models predict a suitable structure for a 
drug. the compound can be synthesized 
111 l he laboratory as a lead 

Often. the s1~c1ure of the acu,·c site is 
unknO\\ n In fan. the 1hrec-dnnens1onal 
structure of relall\ ely few receptors has 
heen determ111ed, although 1h1s number 
"innea,111g In such cases, sc1cn11sts use 
111d1rcn approaches 10 obta111 mforma­
lll>n about the target One W3)' IS to stud)' 
the hmd111g of the target 10 se,eral small 
molecule,. t;,mg the geomctnc structure 
and 1hr chemical charac1eris11cs of the 
molecule-, that show strong bmd111g, sc1-
cn11>1, <'an deduce some 111forma1ion 
Jbou1 the >1ru<1urc of the acll\e ue. This 
1, analo!!OU> to using a given key to 
,urrh for other fi umg ke)·s wuhout 
kno\\111g the lock Once the pharma­
wphore '' 1dcn11f1ed, a suitable lead com­
pound < JI! be identified and fun her 
rdmcd 

~,cuos II/ 1101 ,\u 

(.)nee ., prom1'mg < 0111p1111nif 
tun· ,,r ,c11c, of ,1ru, 1111,, ha,( 
,dcn11hcd h)' comput;ll1on.il .cnal) 1 
comp,1und, can be ,yntlw"~«J in 
bbor,11ory ,mcl screcm·cl for ·" '" 11 
Jnllnals. fells, or bllld111g a,,a" J , 

cu;,scd earlier • 

De Novo Design 

The concept of gene1a11nl\ ,iriu.11 I 
compounds en11rely through <omr 
smwlauon 1s termed dl' 111 , ,t 1 
Compound s tructure, .irr both d 
ficd and screened for al11\JI) u"ni; 
pu1ers I ligh-pcrformanc~ rnmpuicr 
first used 10 search for strnuu1,·, that 
the proposed ac11ve sue of llw 1.iri;ct pr 
tcin. Then automated rnlmt1, "st 
and ad\'anccd algorithm, arc u, d 
screen compounds cnureh 111 , 

mcamng that cxpcn111en1, art· earned 
1101 111 the laborator), hut on llw < m 
puter by a process called ,·,nual ,c, 
mg. \'i1tual screemng " the n,1lua1 '" 
virtual, or hypothcucal, rnmpnund, 
binding 10 a virt ual rcccpto1 protc • \, 
1ual libraries of 1hrcc-cl11ncnw\Jl,. c 
pound struclllrcs and 1hrer-d1111cn,101ul 
prote111 structures arc av.1ilablc m ,,HrJ 
computer databases I ligh-,pecd c mp 
mg highlights the proper11t, ol c 
pounds that appear to bllld to a ,,." 
and models their charactcn,t1c,. ·h • 
suit, researchers can iden11h ,null H, 
that arc worth invcs11ga1Jng. 

Although computer;, ha\'c he 1 

faster. the number o f calculat1on, n 
10 accurately predict the bmcl111g ol 
n0\'0 generated s tructure 10 '" tar~,! 
useful time frame still rcqmre, sigmf ,ant 
approxirna11ons. An adcln,on.il d,fl" 1 

1s predicting how the rhe1111c.1l ,1r,, 
wall bcha,e in real life. Chemic I c 
pounds arc mherent ly 0ei-1hk -ar-·ctu ' 
and c.111 assume many cl,flcrrrll , Pl 
rnations and oncn1a11011~ 1'rcd1t1111g 1' 
any stnicwre will ac1ualh 1111,·r,1 J 

bmd with a target 111 1hr pln'1oln~1 ,I' 
vironmcnt ,s ,·cry unre11.11n \n ti 

maJor dcf1c1enc}' of de n0\'O dnig design 
,s that the: enure structure 1s created from 
,cratch There arc a ncarlr mfmue num­
ber of potential combma11ons of atoms, 
which leads to the genera11on of many 
useless chemical s1ructurcs. lJndes1red 
,tructures are those that will have tox,c­
,t>, chemical mstab1hty, or synthetic d1ff,. 

culty. 
De novo design may not be feasible 

yet, but such computational tcch111qucs 
are valuable m optim1Z1ng hits and lead 
compounds into potent drugs. Although 
computers cannot subslllute for a clear 
understanding of the system bemg stud­
ied, they are an important tool to gain 
better msigh t into the chemistry and bi­
ology of the problem at hand. Modern 
drug discovery combmes the power of 
computat10nal chemis try with other ap­
proaches to further speed up the 1den11fi­
cauon of new drugs. 

The Combinatorial Approach 
Both random screcnmg and rauonal drug 
design use traditional wet chemistry 
methods, in which a syntheuc procedure 
is designed to make o ne compound at a 
ume m the laboratory. The compound is 
then purified and analyzed, also one at a 
ume. It is then tested in a biological assay 
to see whether ll binds to a target protem, 
cell, or tissue. High-throughput screen­
mg and combmatorial chemistry have 
changed this traduional approach dra­
maucally. and have revoluuo111zed the 
capacity of pharmaceutical companies to 
identify potential new drug leads. 

High-Throughput Screening 

lhgh-throughput screening (HTS) u,es 
nunmturized , robotics-based technolog) 
to test large compound libraric; for 
btndmg to a target to 1dcn1 ify potcn11,1I 
new drugs or leads. 1 he advent of 111 S 
allowed scient ists 10 screen la rge 11111n­
bcrs of compounds in a s hon 111nr. 
High-throughput screen ing depend, on 
the develo pment of a quan111a11,•c. ph.1r-
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macolog,cally relevant assay for the 
ident1f1ed target, which can then be re­
produced across a large number or sam­
ples. Recrntly, tcchnolog1cal ad,anccs 
have allowed scree111ng of up 10 100,000 
compound\ ptr day for bmding to a pro­
telll target. 

Clas~1c methods of drug synthests, 
however. could not make the large num­
bers of compounds for which screemng 
capability was available. A new approach 
was needed 10 s1g111ficantly 111creasmg the 
throughput of chemical synthesis, both 
111 terms of the number and the d1verstty 
of compounds. this new approach is 
combinatorial chem1Stry. 

Combinatorial Chemistry 

Combinatorial chcm,str.· often called 
comb1chem) 1s the use of a small set of 
chemical building blocks or reagents, 
combmed together 111 muluple ways 
using standard synthetic chemical reac­
tions, to make hbranes of compounds. A 
library in this context is a mixture of 
se,.eral compounds made from the same 
bu1ld111g blocks .-\s wnh trad,uonal drug 
design, combmatonal chemistry relies 
on organic S)'11thes1s. The difference i.; 
the scope-mstcad of synthesi::mg a sin­
gle compound, comb111atonal chemistr.· 
exploits automauon and mmi.nun=ation 
to srnthcsi=c l.1rge compound libraries. 
Many cliffcrcnt compounds are made s1-
multancously bv assembling the same 
set of reagent, Ill different ways; the re­
sultmg compound library contains all 
possible chc1111cal ,tructure, that can be 
produced ll\ c,,mbmin~ the buildmg 
blocks. I hu,. comhmatonal org.rnic ,, n-
1hrsis is not r.mdom but s,,te111.lt1c and 
rrprt1tl\·e. 11-mg ,ch of chemic.II build­
mg hlc,ck, 1,1 form ., tli\.-r,c ,ct l,f mo­
lccul.lr cnlllll'' 

1 hr ru11n·pt ,,f comb111.1t,,n.1! ch,-111-
1,trv h.1, 111.111\ Clllllltnp.trt, in n.nurc 
hH ti.,1111pk. ,,ur bod, 1s .1bk to ,\lllh<"­
,i:t· .1 ,·.m1'l\ n[ pr,,tcm, [n.,m th,' ,-..1m,· 
a1111110 ari1I hu1ld111g bl,,d,, h .1-,.cm­
hhng th,·n1 111 d1lktc11t ,,·quctK<'' 
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"1nc (an cn,·ision 1hr process as 
shown in Figure 7.3. "hieh depict~ the 
\ibran created by combmmg four differ­
ent hmlding blocks once. If all the rcac­
uon proceed succ sfully. I 6 different 
reaction products ,1111 be present in the 
fmal m1,1Urc, \\7th the shaded compound 
bcmg acu,·c. If thi nm,turc i screened 
and found a uve, il \\-ill mdicatc that al 
least one of the compounds has biologi· 
cal actint, The challenge 1s to identify 
the actl\·e compounds in the librnl')'. One 
wa,· 1s 10 make each indn-idual com• 
pound and test ll for activity, but this 
would be \'Cl')' incffic1em. Another is to 
smthc i:c and screen eight sets of com­
pounds. each set represcnung either a 
row or a column from Figure 7.3. Two 
sets ",II show actidty, and the onlr com­
mon compound in each \\111 be the active 
compound [3--y. 

The large number of compounds that 
can be generated by e,·eral such reac­
llons 15 11lu 1ra1ed as follows. A mixture 
of JO ammo aC1ds is coupled with an­
other mixture of 10 ammo acids to make 
a mixture of 100 possible d1pep1ides. 
These are then reacted mth another 10 
ammo acid mixtures 10 create a combina­
tonal hbrary of 1,000 differem tripep­
udes. As the length of the pepude chain 
15 increased in this manner, the number 
of compounds in the libral')' increases 
exponentially 

Combinatonal hbranes are screened as 
a group by HTS for bmding to target pro­
tems to identify one or more lead com-

Cl p "( Ii 
Cl Cl-<l Cl-~ Cl·Y a-Ii 

~ P-a P-P P-r P-6 
y y-a y-p n y-li 

Ii 0-(l 6-~ li-y 6-6 
1 Uh 7 l An tx.amplc of a combma1onal li­
bral) rtsulung from four rcacung components 
o. fl -Y, and b. If all the rcacuons proceed. 16 
d1fftrtn1 products will be presc111 '"the frnal 
mixture The ,haded compound, fl--y. IS acuve 

pounds. A new compound 1ha1 Innd, 
the taroe1 i called a hir : when bioit), It " g1,.11 
acth·it • i found for a panicul,11 lihi,ll 
one can 1race back and find the ,11 u, 1111 
of the active compound as d1scu""' 
abo,·e. New combmatorial hbrnnc, l.ll 

then be created to focus on I he ,p,•uf,, 
functional group and structural fra1111 <', 

of the ini tial hit, and to de, clop th, hit 
111to a lead. 

A cmcial aspect of co111b111,11ori.11 
chemiSLI')' 1s being able LO 1drnufl th, 
compounds produced 111 a comhm:1101 31 
scheme. Not all the possible rean,011 , 

work, and not all possible compo1111d, 
are actually present in the 1111,turr 11 1, 
important 10 know not JUSl what tl',lr· 
Lions were run, but whether the com 
pounds are actual\}' present 111 the lthr,m 
Detecung the presence of an acu,·e tl)m 
ponent Ill a mixture of thousand, or ( \)Ill 

pounds and then corrcctlr identtf) 111.~ 11, 
s tmclllre is a challenge and ha, opened 
up new approaches in high 1hroughp111 
analyt ical characterization. 

Rational Combinatorial Chemisll), 11.1 
dilional combinatonal chem1stn "11h,, 1 
any preconceived b1olog1cal ba,1, rc, 11 ,, 
in very large libraries, w11h comp,n111,1, 
that may not have any chance of hemg d, 
veloped mto a drug. In the rational comh1• 
na1onal approach, the advantage, of 1,1· 
t ional drug design and comb111,ttniu! 
chemistry arc combined to reduce the 
number of compounds in the hbran .m,. 
give them a greater chance of bemg u,cfu. 
drugs. The starting reagents or bu1kl " 
blocks are selected on the basis or ,1rn, 
tural properties 1ha1 arc belie, eel I() lw 
the best probability of b1ological ac1n11, 
the result being a targeted li/J1c11) o r1c11 
the resulting library consists or S),l<'11t,t11< 
variants of one chemical tructure or sc.tl 
fold or template. The scaffold ,t ru, 111,, 
contains a portion that remams cnn,1,1111 
whereas a number of funcuon,11 g,,,up, 
are allowed to vary using a comh111.ll•" 1·• 
approach. The process or making .1 t. 1 
geted libra1y based on a scaffold ts diL1· 
!rated in Figure 7.4. Natural prod11, 1, ,lit 

Ctt-'rrL R 7 1 ORtl{, 0 1-,co vE:RY ANn Or 11\11/ ,110~ 101 

Scaffold Comb,nat,onal 
O hbranes 

o-r~-a-,□o* _ 
• H ••• 

•• 0 

// \ ~ ~t~ 
0 

CJ,-1L~-O * Ii 

figure i.4. Rational combma1onal chcmiStl)· approach m making a targeted library of compounds 
i,Jsed 0 11 a pcpude scaffold 

becoming important scaffolds for building 
such targeted libraries, because sc1cnt1sts 
recog111ze that natural compound star1111g 
points have a higher degree of probability 
of being drug-like. 

Optimization of the 
Lead Compound 

Once a lead compound is idcm ified, n al­
most always requires modification 10 1111-
pro,·e its pharmacokinetic, pharmacody­
namic, and safety properties. ADME 
properties need lo be opltmizcd for a lead 

For speed and convenience, some 
combinatorial compound librancs 
begin as virtual libraries. For exam­

ple, ir 200 amines are reacted with 200 
amino acids, 1he libraiy wo1tld contain 
-!0,000 amides, and considcrnblc 111ne 
and money would be spcnl in synthe­
sizing even some of these compounds. 
In a virtual approach , the library 1s 
made using computational tcchmques. 
The virtual compounds arc docked to 
their targets on the computer to iden11ry 

compound to become a successful drug. 
Although the phar111acophore is respon­
sible for b1olog1cal acllvlly, a multitude or 
mod1ftcauons arc possible in the vector 
groups of the 111olccule. Many potential 
drug leads that look exce\lem m the labo­
ratorr can become expens1,·e failures 
later because of poor ADME properties or 
unacceptable toxicity 

Selectivity and Toxicity 
The abilll)' o f a drug compound to be sc­
lccuve in binding to its target is impor­
tant to avoid lox1cny. A lead compound 
may show excellent affinlly 10 the target, 

s tructural features that g1,c the be,l fit. 
Only the compounds that meet all 
desired properues, such as solub1lit); 
stcreochcmi~try. and fit into the target 
acuvc 11c, arc selected Multiple vtr· 
tual c.,pcnmcnts can be done on the 
same , 1r1ual compounds using different 
cond1L1ons to g1w fa.,tcr and chc,1~r 
information .\ ;m:illcr. m,, rc foc tt-,•tl 
combinatorial hbmry is then ,,·nthc­
s1zcd in the l,1boraton· ha.set\ <'ll the 
s tructural feature~ identified. 
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but if ll 15 not at least somewhat sckctl\'C, 
ih ,mtalnht, as a dmg 1s dmnni hcd /\n 
important step in lead opt11111z.1tion IS 

, crccnmi; for sclcctl\, tY against other 
,nmlar protcm, . 10 ensure 1hat 1he lead 
compound bmds to the target wnh much 
greater affinit,· than 10 nontarget pro­
tem . A selcem·e compound 1s less 
likely to show 10:,.;city as dcYclopment 

proceeds. . 
Other screens for general cellular 1ox1-

citv arc also carried out at tins time to 
m;ke sure that the compound is rela­
tl\'eh safe "hen in contact with the 
body's cells. 

Drug Likeness 

The first step in lead optnnizat ion is LO 

predict whether the compound has ap­
propriate phys1cochemical properues to 

make it a good dmg. Even though chemi­
cal struc1ures of drugs differ grea1ly be­
cause each one 1s targeted 10 a different 
protein. successful drugs on the markc1 
share sim1lanties 111 their physicochcmi­
cal properties. This 1s particularly 1mc 
for orally administered drugs. Druglike 
charactenstics are those that mcrease the 
probab1lny that the dmg will have favor­
able ADME properties. A well-known ap­
proach 1s that of Lipinski, who performed 
statistical analyses of about 2,000 drugs. 
This stud)' established a set of empincal 
criteria that are generally valid for the 
majority of the drugs. The set of cri1eria 
1s known as the rule of five, shown in 
Table 7.1. The rule of five 1dent1fies char­
actenstics that make a compound unde­
sirable as a drug, particularly with regard 
to ADME properues. 

Because all parame1ers can be easily 
calculated from the structure, the rule of 
five has become the most widely applied 
filter 111 selec1ing compounds for devel­
opment. II is particularly useful in modi­
f),ng structures of lead compounds 10 
impart desirable phys1Cochemical prop­
erties. Compounds tha1 cannot be ruled 
ou1 by the rule of five are considered 

-~ 
Property Value A:: 

Which Compound 
Is UndesJrable 
as a Drug 

Log P >5 

Molecular weight >500 

Number of H-bond 
donating groups >5 

Number of H-bond 
accepting groups > 1 O 
(-N and -0) 

'Compounds not ruled our are considered dr1,9. , t 
and are p,ed,cted to have Sdt,sfc:Jctory ADME 
(absorpr,on, d,srnbuoon. merabol,sm, and e_.1 rei 
behavior aher or.JI adminirttat,on 

drug-hke, meaning tha1 1hey arc pr,. 
dic1ed to have sausfac1ory AD\11 lwi,,11 . 

ior after oral administrallon. Ob, 1011,1, 
this simple rule IS not alway, concn m 
iden1ifying drug-like compound, \1,,,, 
complex anal)•scs using an1ficral 11c11r 

networks and fragmcn1 screemng 1.1 , 

been proposed and used, bn1 1hc,,· ,,, 
outside the scope of our d1scu»1011 

Once the d rug likeness of 1hc le'" , 
csiablished, several analogs of 1hr I,.," 
are syn1hesized. An analog " .1 c,m­
pound with 1he same or similar ph .. n ,. 

cophore as the lead, but wi1h d1flc1, ,1, 

in other parts of the molecule. If an.1 _;, 
differ in structure by a simple and "'" 
stalll mcrease in one pan of 1hr mnkcu.,· 
(such as 1he leng1h of an all" I , h.u:i 
they are part o f a homologous ,enc, I ' 
objective of making analogs " w r,-1 
phannacological act1vi1y of the k,,d 

10 minnn ize or elimina1c un" an1cd I' 
erties. Analogs arc then 1cs 1cd 111 d, ·• 
ora1ory to select the compound 1h., 
proceed 10 animal 1es1ing and uhr 
into hu111an cl,n ,cal trials 

So111e important ques1ion, .uldr , 
111 making analogs are as fnl lm,, ( 
struc1ure of the compound br '""I 
wnhout loss of ac1ivi1y? Doc, 1hr I 
lion coefficient or solubili1y nrrd t 

roved? Do vector groups need 10 be 
unp • 
I 

eel 1o prevent or change metabolism? 
,1 1cr 

1 
. . 

some logical approac 1es 10 mod1fy111g 
lead compounds have been more success­
ful ihan others. 

8;0 ;5osterism 

On ihc basis of the analysis of drug like­
ness, s1rucmral changes are ofien needed 

10 JJnprovc physicochemical properues 
withoul significantly changing brological 
properties of a lead compound . In 01her 
words, 1he phannacophore needs 10 be 
kept relatively unchanged while vec1or 
oroups arc modi fied 10 improve lipophihc­
~)', wa1er solubilil)\ or suscepubihty 10 
metabolism. 

Chemical isoster is111 is the si111ilari1y m 
phys1cochemical prope r11es of ions, com­
pounds, or clements because of similan­
ues in 1hcir electronic Slructures. This 
concept was firs t introduced for aloms: 
clements Ill the same vertical row of t he 
pcnodic table have simi lar o uter shells of 
electrons, giving 1hem the same elcc-
1romc properties. In these rows, atoms 
wa h 1he same s12e and mass also have 
similar physicochemical properties. A 
similar trend is seen for neighboring 
a1oms m horizontal rows of the periodic 
1able. Thus, if one atom o r group of 
a1oms in a molecule is replaced with ns 
1sostere, 1he physicochemical proper11es 
of the compound do not change signifi­
eamly. Chemical isos1cric equivalc111s can 

be used 10 syn1hesize different com­
pounds wi1h the same physicochemical 
properties. 

Bioi~ostcri~m is an apphcauon of 
isostcnsm 10 brological systems and 
guides molecular modrficauon of drugs 
wi1hou1 clrama11c changes in their bio­
logical properties. The underlymg prin­
ciple 1s 1ha1 1f a modified compound 1s 
10 in1erac1 wi1h the same target as the 
original lead 10 give 1he same acuon, 
!hen the modificauon cannot be too 
drasuc. Small structural changes may be 
achieved by replacing specific atoms or 
groups of a1oms with 1heir broisosteres. 
The reason for making b101sos1eric 
mod1f1cat1ons rs 10 syn1hesize similar 
compounds 1hat reiain biological activ­
n y, bu1 have improved physicochemical 
properties and better pharmacokineuc 
behavior. This approac h is widely used 
111 1he synthesis of improved drugs 
based o n a lead compound. 

Bioisoste ric Equivalen ts 

Classic bio1sos1eres are subdivided by 
equivalence into several catcgones such 
1hat aioms or functional groups within a 
ca1egor)' are interchangeable. Examples 
are shown in Table 7 2. Substnuuon w1th 
a bioisos1eric equivalent usually changes 
one or more physicochemical properlie 
of the drug. A few classic examples of 
bio1sos1cnsm arc shown in Figure 7.5. 

TABLE 1.2. Examples of Bioisosterically Equivalent 
'i,~ Functional Group~ , 

Category 

Monovalent atoms or groups 

Divalent atoms or groups 

Trivalent atoms or groups 

Tetravalent atoms or groups 

Rrng equivalents 

Examples 

-Cl, -Br, -I 

-XHn• where X ,s C, N, 0, or S 

R-O-R1, R-NH-R1; R-CHz-R1, R-Si-R1 

C and N 111 R-CH=R1 and R-N=R, 

=C=, =N'=; =P= 

- CH=CH, -5-, -0--; - NH; and -CHr 

' The groups m each categoty can be subst,tureod for one anoth<v on J drug moleru~ \\1thout 
s,gn,ficam changes ,n biolog,ca/ awvit)• 
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StCTIOS II / DRl't, \1RI'< II ~-1 \\J ll 

Clonldine Tiamenldine 

HO 

HO HO 

Estradiol Diethylstibestrol 

OH OH 

N)yH 

HOA N) 

N~F 

HOAN) 

Uracil 5-fluorouracil 

Figure 7.5. hamplcs or b101Sostcrcs. On the ldt is the parent compound and on the nght "the 
b101soslcre 

Structure-Activity 
Relationships 

A s1ructure-ac1ivity relationship (SAR) is 
the rela1ionsh1p of the molecular structure 
of a compound ""lh a biological property. 
The basic assumption behind these rela­
tionships 1s that different structures must 
give different ac1h~ties or different degrees 
of the same act1vil}'· Relationships be­
"' ccn structure and behavior can be 
found for a drug's pharmaceutical proper­
Iles (solubility, stability, dissolu1ion), 115 
pharrnacokmelic propernes (absorp11on, 
dISmbuuon, metabolISm, and excretion), 
or 115 phannacodynamic propen,es (i111cr­
ac11on between drug and target). These 
correla11ons may be qualitative (simple 
SAR) or quan11ta1ivc (quamuat1ve SAR, or 

QSAR). In general , they arc a ,cl of lllk, 
that predict whether a compound 1111! h 
acLive, and to w hat exlent. lnKLUll'­

activity relationships can then be used 1,, 
predict which analogs will have 1hc m,,,t 

desirable propcnies. 
Qualitative predicuons arc based <111 '' 

comparison of the properties of onr ''' 
more analogs (1.c., strucwrally ,uml.u 
compounds) with the compound of 1111c, 
CSL For example, terms such as ",11nil.uh 
active,"' "Jess active," or '·more ,H {J\l 

would be used in a qual11a1 1ve Si\R ·""''' 
ment for the biological aCllvil)' of" sl'I" ' 

of analogs compared with I he le.id '''111 

pound. An example is the SAR frn •"'·1" •• 

of the anticancer drug ci5pl:11111, .1, ,I 11 

in Figure 7.6. 

I 

I i 

I ,' 

F 
l '• , , 

I ' 

I 

' 

I ' ,, 

,i 

( t{;\rflR] / OJl:l'{, 01'-C.OvtRY A~D 0Prl\ll/ATIO~ 

Geometry around Platinum must be c,s 
should contain at least one N-H bond 

AmI
"~,c g,oup (Cl) must be displaceable by 

An
I0 

incoming nucleophile like DNA 

figure ?.6. Structurc-activ11y relat1onsh1p 
rules for analogs or the anticancer drug c1s-

plaun 

Quantitative predictions, on the Dlhcr 
hand, are usually in the forrn o[ an equa-
11011 that relates some property or the com­
pound 10 specific stntctural features of the 
compound. They also give some es1ima­
uon of the degree of biological activity ex­
pected. Researchers have auempted for 
manv years to develop drugs based on 
QSAR, and there have been numerous at-
1cmp1S 10 mathematically correlate drug 
sm1cture with pharmacological acuvity. 
Many parameters enter into the develop­
ment of a QSAR as illustrated in Figure 7.7. 
Classic QSAR analyses consider onl>• 1wo-

Molecular Properties 
Molecular weight 
Molecular volume 

Molecular surface area 

105 

d1mens1onal structures whereas the newer 
three-dimensional QSAR approach tS 

much more complex and takes into ac­
count 1hree-d1mensional propenies. 

Equauons have been developed to cor­
relate aclivi1y with phys,cochemical prop­
crues such as partition coefficient. pl<,, 
hydrogen bondmg ability, or other struc­
tural features such as steric effecl5 and 
clec1romc properues of the drug. The.se 
properties may be deterrnined expenmen-
1ally, but are mcreasmgly bemg calculated 
by compULauonal methods. In fact, QSAR 
of biological ac11vi1y has evolved into what 
we discussed as rauonal drug design or 
computer-assisted drug design. 

The QSAR equation is a model that 
relates variations in a biological parame­
ter to variations in values of computed 
( or measured) proper11es for a series of 
molecules. QSAR relationships are often 
presented as graphs o[ variation m a 
compound property versus bwlogical 
effect, and a systemauc relationship is 
often observed. The relationship is usu­
ally linear but is sometimes nonlinear. as 
shown in Figure 7.8. 

Physicochemical Properties 
Lipophihcity 

PK. 
Hydrogren bonding ability 

Stene properlles 

Quantitatlv& 
Structure-Activity 

Relationship 

t 
Biological Prop&rties 

Efllcacy 
Permeability 

Affinity 
Absorpbon 
Metabolism 

ToxIclly 

Figuic 7 .7 An illustration of ihc concept of qu.,nttt~u1, l' .... tmrturl'-..h. lt\'it, rd.,u1.,n,htp, Th1.· rd.,~ 
llonsh1p is csinbhs h e.d b y corr~btmA mokntl.1r or ph,,1l1.'1.·hnmc.,l prop .. ·1111.•, 1.'f .\ dn\~ \\\th,~ 
htologlc I 

a or phann ncological beha, ,or. 
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Log part~10n coefficient Log part,t,on coetfic,ent 

B 
A 

_ 
1
, f 1 , (A) and nonlinear (B) strncturc-acl!, II)' rcl:i t1<>1i-h,p, h,h, I l~Urc ~ .\n r, Jmp CO mc.,r • m l • . d h -~ hcm,c:il pronrny such as paruuon coe 1c1e11t The nrd,, 1 biol,,p,al pr..1 p<rll an • P \ 'SK,~ ..- ff, . ' 

f d Fro Uch 3 .,,,ph the optimal part1t1on coc 1c1cnt t.111 ht:,, I, t .... cm d.112 mm C(.'mpoun s. m ~ • o·• • ... c 
p(ndmi: <'n the pameular rcqmrcmcntS 

DcYclopmg a quanutative strncture­
actmtv rclationshtp 1s difficult. Molecules 
arc l)lJteJll) flexible, and it is possible. to 
compute manr possibly useful properues 
that might relate to activity. For the 
method 10 work efficiently, compounds 
elected 10 define the equation should be 

dl\·crse; the quahty of any QSAR will on!)' 
be as good as the quahty of data used to 

derive the model. Once the rcl.111011,h,p , 
defined, it can be used 10 aid Ill p1cdi,tin~ 
of new or unknown molccuk·,. Q, \I, h , 
been surpassed by rauonal drug d,·, ,0 " 

a technique for lead 1dcn11ftc.111,,11 h 1 
continues 10 be an importam 10,,l f, r 
modilkauon and opltm1za11011 to r J, 
strnctures that have beucr AD\11 
tics than the lead compound 

...... 

: 

I 

l07 

'\ Target Lead 
) ldcntlllcotlonJ generation 

I I > Screening > Lead 
optimization i 

Genom,cs Comb,chem 
Proteom,cs Rat,onal drug des,gn 

Natural products 

ms ADME 
Texic,ty 
OSAR 

8,o,sostensm 

f igure 7.9, A sumnrnry of the s1eps imol"cd'" new drn~ cl,xnury The IJIJICl '' 1dcntif1rd and <e• 
kcied l,Jscd on infonmHlon about genes or pr,HCUh 1mo l\'td 1n the cli-;C',l\C procec;.s l.e.1ds .ue gcner• 
,icd ,ind S)'llthei,izccl us111g SC\'cral approaches 1hr lr.,cl, arc Str<rncd for h1olog1c.1l ac11v11y. and then 
optunizcd to make the compounds more drug-l1kc. AOMI: . al">\orpuon, <lic;.inbmion, metabolism, and 
t\Creuen: HTS. !ugh-throughput scrccmng. QS.\R, qua11111ative simcturc-at11,1ty rclauonsh,p. 

Kev CONCEPTS 

A drug's structure can be divided into 
the pharmacophore, the portion that 
fits into the target active site, and vector 
groups that control ADME properties. 
, The lead compound serves as an ini­

tial prototype for drug discovery, 
but must be optimized to make it 
drug-like. 

, Biological screens identify com­
pounds that can serve as leads. 

, Leads are discovered through ran­
dom screening of synthetic com­
pounds, or by screening natural 
products or combinatorial libraries. 

• High-throughput screens are capa­
ble of rapidly testing combinatorial 
libraries. 

• Lead compound st ructures are opti­
mized by retaining the pharma­
cophore and modifying vector 
groups to make the compound 
more drug-like. 

• Poor drug candidates can be re­
jected using Lipinski's rule of five. 

• Bioisosteric principles and SAR are 
used to modify t he structure of the 
lead compound to provide suitable 
ADME properties while retaining bi­
ological activity. 

• The overall process of drug discov­
ery discussed in this chapter is sum­
marized in Figure 7.9. 
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Chapter 15 

Ligands and Receptors 

The Signaling Process 

Endogenous Ligands 

Modes of Cell Signaling 

Signal Transduction 

Consequences of Ligand Signaling 

Receptors 

Ligand-Receptor Interactions 

Noncatalytic and Catalytic Receptors 

Receptor Subtypes 

Receptor Structure and Classification 

Modulation of Ligand-Receptor 

Interactions 

Concentration of Ligand 

Receptor Density 

Allosteric Modulation 

Key Concepts 

Additional Reading 

Review Questions 

Cells in our body live in association 
with other cells and must communi­

cate and interact with each other. Cells 
use chemicals for communication with 
each other to regulate metabolism, elec­
trical signaling, contraction, growth, ion 
transport, and other important processes. 
These chemical messengers, called ligands, 
are released by one set of cells as needed 
and bind to their receptors to cause a cel­
lu1ar response. Cellular communication 
progresses and adjusts normally in a 
healthy individual to maintain overall 
well-being. However, one or more cell 
communication pathways may become 
impaired with age or disease, and drugs 
may be needed to restore normal balance 
between cells. 

Chapter 6, Drugs and Their Targets, in­
troduced receptors, ligands, and concepts 
that underlie receptor-ligand binding. 
This chapter will describe common types 
of ligands that carry signals for cellular 
communication. Further, this chapter ,vill 
discuss the major types of receptors that 
serve as important ligand and drug tar­
gets and explain further the outcomes of 
ligand- receptor binding. 

ln the broadest sense, any interaction of 
a chemical signal ,vith a biological macro­
molecule (protein, DNA, RN ) can be 

229 
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',,n,1J.-rt,l 1,, 1"' .1 rcccpl<'r-li~,md mtcr,K· 
11,,n i( "'me rc,pc,n,e ocu1r,- alter hmd­
m;: The ",,rd ·s,gnar m th,, e<lllte,1 
rrfn, i,, n,,1hm;: more than mokcuk, 
(r11hcr h;:and N drug) prc,cnt in the 
nu.,,cll~lar nmd Howe\Cr. "e sh.ill 
c,,nfmc Nlr d1scns,10n to the mter.tc• 
uon <'f ,,;:nal molecule, with protean re­
crpwr,. •3 ,, gcnerall) accepted. Man) 
cn:1 me,, ,uch a, those "11 h allos1r11c 
rcg~lauon, can also be cons1de1ed 10 
hr receptors. mncumc a receptor has 
cn:1 ma11c acuvm· a, well. 

()n bmdmg 10 the appropriate h­
gand. the receptor transm11s a 1gnal 
that m111a1es biochemical changes m 
the 1ar;:e1 cell b) a wide ,·arie1y of pos­
s1hk path" a, Cells are exposed 10 
mam hgands from their cm aronmem, 
each earn mg a chemical message and 
capable of inmatmg a d11Terem receptor 
response. 

The Signaling Process 

C <'II '1gnaling 1s the proces hr "h1ch cells 
release. transmit, receive. and respond 10 
mformauon from Lheir environment and 
from each other. This information I ear­
ned b1 endogenous ligands (also called 
medaacors or signaling moluules) made 
and released by cells as needed. Human 
cdls can also de1ec1 and respond to e~-
1ernal signals such as noxious agents, 
hac tcria, , 1ruses, and toxms. 

There are three mam players im·olved 
m the ,1gnalmg process· 1he signalmg 
cell, the hgand , and the recipient of the 
~,gnal, the receptor The sym hes ts and re­
le.-.c of a ligand b) a cell 1s often itself 
the n·,uh of a ligand-receptor mterac­
llon I he bmdmg of the released ligand 
to a complementary receptor initiate!> a 
c,'>Cllde of biochemical reactions that ul-
11ma1dr n·suh m a phys1olog1cal att1on 
Onl) verr small amounLS of a signal are 
ncct-,arr to mediate body function~. 
lCll-<.tll commun1cauon, and many dis­
ea..., processes. 

1 he O\Crall hehanor of ,1 rl 
pcmb on the signals 11 1s e,p 1 1 

r 
<' < I 

11, cnnronmem, and each cell r,·,r 
10 signals .1ccord111g lo 115 ll\\ n ' 
character. ,\ cell m:w respond 

1 
'Pr 11 

• 0 one 
of '1gnals bv muhiplymg, 10 anoihrr ' " 
by carry mg out a b1ochc1n1cal r. ' 

• c1u 1\ n 
and to yet another set by diffcrr111 

f 1.11 n~ 011Teren1 I) pes o cells require uarr 
f . 1 f . rruu sets o s1gn:1, or survival, and th. 

d f I d ' ff ( '·11'" hgan o ten ms I cren1 effect, on d,f 
fcrcnt cell types. ' 

Many drugs act b)' compctmg "II 
1ak111g the place of an endogenou, li, 

1 

d·r h K,ln., 
or by mo 1 )'lllg I c signaling pa1h"Ji n 
some manner. In 1h1s wai. a drug can 
make a quan111ative change 111 an C\1'• 

ph)' 1ological or b1ochcmical prO(c,~­
however. most drugs do 1101 quah1Jt1,c 1 
alter the nature of the process L n rr 
standing cell signaling is a f1r,1 <tcp ~ 
understandmg drug effects and cn,b , 
c1cn1isLS 10 design belier dmgs 

The major steps m the "RnJ n, 
proce can be described as follow, 

I. ignahng cells S)'nthes12c the ,l)'l'10-
pria1c ligand, usually based on a , ,~nJ 
the)' them elves receive. 

2 1 he cell release ligand mohul, , 
usually into 1hc e:1.1racellular nu,d 

3 Ligand molecules arc transpo11,d 1 
target cells m a variety of II a1S. a , \IC 

shall sec hortly. Dependmg on 1 • 
ph)sicochem1cal properties. the k d 
may remam in the extracellular fl J 
or enter the target cell 

4 Appropna1e receptors 111 the tJr 
cell recognize and bmd 10 the I .;a~ ' 
"ith pccil1ci1)', form mg a con P ~ 
Receptors may be located either m-1 

the target cells (i ntracellular r,.-, 
tors) or in the cell mcmbran, c 
surface receptors). 

'>. The ligand-rccep101 comple, 1 1·' 
forms the signal into an miracr •11 

message and 11iggcrs a resporN 111 •.tr 
get cells. 

1
, 

ti. The ligand is removed, 1crm111a1 11 · ' 

response. 

endogenous Ligands -\ stniplc classifaca11on of ligands sc-
crc1ccl h)' the body 1s difficult because 
ihctr chem1c,1I s1ruc1urcs and phys1co­
chcrnrcal propcrues vary considerably 
~omc hgands arc small molecules 
whcrc.1, others arc peptides and protcms; 
some .ar c charged 111 the physiological pH 
angc whereas 01hers arc uncharged; 

:~me arc hydrophobic whereas others 
~re polar. Furl he rm ore, a given ligand 
C,ln btnd 10 extracellular, membranc­
l)ound, or 1111racellular components 10 
matralc signaling cascades 1ha1 result 111 
differen t responses depcndtng on the 
condi11ons. 

One way 10 group ligands rs based 
on 1he1r ab1 li l)' 10 cross cell mem­
branes The 1•ast maJOrH}' of hgands 
(e.g., pcpudcs) arc polar or charged 
and 1hus unable 10 cross the li pid bi­
la)·cr of the cell membrane. Their recep­
tor pro1c111s must therefore reside 111 
the cell membrane, be able to detect 
hgand presence 111 extracellular nu,d. 
.ind tra nsmit this information 111to the 
in1cn o1 of the cell . T hese cell-surface 
receptors serve as conduits fo r transfer 
of 111forma11on from the cell exterior 10 
the cell 1111er io r. 
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ll)clrophob1c lig,111d, such ,1s ,1ermds. 
some 111am111s, and g.1'rs such as mtric 
oxide l,111 croS\ the cell membrane by 
pas,1vc diffusion and enter cells Their 
1,1rget receptors m.,y be on the cell 
surface hut often arc loc.11ed m the cyto­
plasm or the nucleus Table 15.1 lists ex­
amples of common ligand, classified by 
their h)droph1hC11) or hydrophob1c11y. 
Figure 15.1 rllustrates. the d ifference in 
signaling by hydroph1hc and hydropho­
bic ligand, 

Another method of classifying ligands 
1s based on the type o( cells that produce 
them ror e,amplc, neuro1rartsm1uers 
arc produced hr ncr,·c cells and hor­
mone, arc produced hr cndocnne glands. 

Modes of Cell Signaling 

Ligands arc srn1hcs12cd and secreted by 
man) d1ffcrcn1 I) pes of cells and move 
from signaling cells 10 1argc1 cells m a va­
riety of ways The maior modes of signal­
mg arc cnclocnne s1gn.ihng b)· hormones 
and local s ignaling b)' au1aco1ds 

Endocrine Signaling 

Glands (cx1ens1ons of the surface epithe­
lium rnto undcrl)'tng conncc11,e tis ue) 

TABLE 15.1. Examples of Various Types of Ligands G uped by 
' Their Hydrophilicity and Hydrophobici~ I 

Hydroph,/,c ligands 
(cell-surface recep tors) 

Small molecule 

hormones 

Pephde hormones 
Neuro1ransm111ers 

G10W1h factors 
Troph,c factors 
Cytokrnes 

Chemok1nes 

Neuromodula1ory 
peptides 

Hydrophob,c hgands 
(intracellular receptors) 

S,ero,d ho,mones 

Ret,no,ds 

Thyro,ms 

V,tamm D 
Cort,sol 
N1111c oxide 

Hydrophobic ligands 
(cell-surface receptors) 

Arach lone aod derval'Ves 

Prostaq ana ns 

Leul.011,ene, 
Pldt~lel activa1,ng fdCtor 

'Hydroph1!,c IKJ,>ruh cannor cross the cell membrJM dnd cJn Jet only on ct/1 sutf,k t t~t>rtor, fl\lil'\'(h."«: ~ 
m.ty h..1..-e mtr«f'lfulJr 01 ctll surf an.• receptors 
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Cell• 

Cell 
membrane 

l 1i;urr 15.1 ln1cract1<,n of h, dn,ph1hc h~ands 
\\lth fcll-,urfa1..'t" rectTlt"'~ .,nd h\Jn"phob1c 
h~.ln~ ,,Hh mtr.1allubr f\."(tptors. 

c\,nt.lm cells "hose mam function is se­
crcn0n Glands 1ha1 mamt,1in contact 
\\ilh the surface lw a s,,tcm of duel arc 
called .:.w>,:nnc or ducted glands. such as 
the sweat and s.1ll\'.ll)' gl.mds These 
glands rckasc their ecrctions (,weat, 
1c.u,, mucus. b1k) into tubes or ducts 
th.u lead to intcm.11 or c:>.temal bod)' sur­
face, . but are not an 1mponant source of 
signaling molecule,. 

'\lam' ligands arc ·,-rtthcs1:cd and se­
creted b, ~ndocrinc ~r ductless glands 
that ha,·c lost their duct s, 1cm and an: 
isolated m connecm·e tissue; examples 

Enoocnne cell 

-Hormone molecules 
() 

Bloodstream 

Target cells 

F ,g,m 15 2 Th, pr<.><:,,., of endocrine ,1gnalmg 
tn hormones Hormone,, rdta.-.(d bv the s1gn.,l­
m~ ct!I, <nter Ult bloodstrea.m and travd 10 1h, 
<!,,1.1nr Ltr~<t cdl, litre thC\ <xit 1hr blood. 
..,, rum and l-1nd to rectptor~ to dICH a rn.pon.:.t 

.,rc the 1lwT\11d and adrcn,11 gl,tnd, 
docnnc gbnd,, h.1,•c good blo,, 1 n In. 

' ,. l l)\\ 
their sccrctmns. calkcl hornionc, 

1 
• 111J 

·11 • l • 'ilfu rnto capt ancs am ate dbtnhutl'd hi ', 
bloodstream 10 target cell, 11 th, 

1 lltrnon• may 1.wc 10 tr:l\'cl long d1,1111, , ' ' 
• • -.l, t(''l ft l h 

thctr target cells as illthlra1cd 1 1 ·' 
k ll l•'llr 15 2, ma mg endornnc "!;ll,tlinn ' ' 

• 1 I I ' ",I t1h uvc y s ow proccs;,. T m,, hormon,·, ,,; 
mvolvcd 111 the slow and 'l"icl, ' 

" '"~ul 1ion of responses all over th,· hod, J 

Bccau. c most hot n1onc, cin:til . 
,\{( Ill 

~lood, they come 11110 con1ac1 "uh '""" 
uallr all cells. However, a g1wn h,,1 .._ lnllllt 
usually affects only lls target cr!I, 1 <' 

those \\1th receptor· for 1lte horm,,nl' 
1 

few hom1oncs. such as the thn,,,d h,,, 
manes, arc secreted 111 a rdatl\·ch ,1,,,d, 
amount so that their conccn1ra11on 111 th, 
blood rcmams cs.scnualh- co11S1,tn1 undn 
nonnal conditions. Other hormone, lie 

secreted on a spcctfk cycle ror ,·,.impk 
glucoconicoids arc secreted on .1 24-h,,111 
or diurnal rhythm, whereas female ,,, 
honnones arc ccrctcd on a 4-11 c,·h , "Ir 

t1II other hormones, hhc 111suhn. ,ullldi 
ureltc honnone (ADH). epmephmw ,111J 
norcpmcphrinc, arc secreted on ,km,md 
dependmg on the ph)'stolog1c.1l <itu,111,,11 

or as a response to 1111crn,tl or r11rrnJI 
stnnuli. 

Types o f Honnoncs Honnonc, 111.11 e, 
categorized into four structur,1! ~"'lll" 
with members of each group h.11 m, 
many propcrttes in common 

tero1ds: Steroids arc hp"b ,km ,·.i 
from cholesterol. Example, 111ductc 
the sex honnoncs. ~uch .1, 1c, 1,,, 
tcronc, and adrenal honnonc,. , u, h .,, 
conisol (Ftg. 15 3). 
Modified ammo actd dcri\.1111 ,> 
These comprise catccho bm111r, . h:,t. 
mine, serotonin, and mel.11on111 ( .11 
cholamincs (dopammc, norcpmr•,h11·" 
and epincphnne) arc dcm l'J 11,>n 

l)TOsinc, croton111 and md,1wn1•1 • ·, 
S)~Hhesized from tryptoph.111 .. md lt,,t 
tam111e is denvcd from g lu!.tntll '"'· 
(Fig. 15.4). 

Tcslostorono 

OH 

~ HO 

Eslrad1ol 

Cortisone 

figurt 15 3. StnlClllf'Q of !!OlllC c-0111111011 

steroid honnoncs. 

• Peptides and proteins: Pep11de and 
protein hormones arc products of 
1ranslat1on and vary cons1dcr.1bly 111 

s1:e and pos ttrnnslauonal mod1fic.1-
1tons, ranging from pcpudcs as short 
as three ammo acids to large, multisub­
unn glr coprote1ns. E'<amplcs arc the 
neuropeplides (vasoprcssm. O:>.') tocin), 
pitu11ary honnones (corucotrop1n. go­
nadotrop111s), and gastro1111cs1 i11al hor­
mone (insulin) (Fig. 15.5) 

• E1cosano1ds: Tins is a large group of 
molecules dcnvcd from polyunsaturated 
fatty acids, particularly aracludomc acid 
The main l)1>CS of honnones m this 
class are prosiaglandins, prostacy­
rlins, leukotriencs, and thromboxancs 
(Fig. 15.6). 

Despite their molecular dh-crs11y, 
hormones can be categorized mto one 
of two types based on the location of 

H~&l~O 

oAy JH2 
I 

Thyroxine 

H2N \ .f'NH 
'-<( ,,J 

N 
Histamine 

Melatonin 

I 1gurr 15 ➔ Structure, or some hormones 
dt'nYcd from ,111\11\0 ,H: tch 
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their fl'Ccptors a, either hormones "11h 
111t r,1tcllul.1r receptors or hor111ones with 
ccll-surf,1cc receptors 

Hydrophob1c hormones (e.g , the 
,1cro1ds) c;m cross cell membranes br pas­
sive d1ffusicm ,tnd c:1rrr their signal 11110 
the cell Examples .uc 1hc ex hormones 
(.mdrogcns, cs1rogcns. and gcstagens) and 
the adren.1l hormo11es (111meralocomcoids 
and glucoco111co1ds) Thus. their receptors 
arc u,ually loc.ttcd 111 the cell, cnhcr 111 the 
cvtopl.t,m or the nucleu,. Th) ro1d hor­
mones (cg. lh)Toxin, am1110 acid dcriva­
uws) rntl'r 1hr cell b,· fac1h1a1cd d1ffuston 
,u,d .1bo hmd 10 11ttr.1Lcllul.lr receptors. 
The pt un,nv mceh.m1sm of action of hor­
mones mth 111t1,icdlul.1r rcn·ptors 1s 10 
modul.ne gene c:1prl'ss10n in t:uget cells. 

\lost pol.11 or ch,trg,·cl honnones, such 
.1, the 111 01.-in ,1ml pcp11clc hormones, c,\!• 

cchnbmines. .ind l'icos,mottb, r.1nno1 
cross the cell mcmbr.1m-. ,tml h.\\ c cell-
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23'1 '11 ltc ~ \ 

Vasopressin 

Bradyk,nin 

I 1gurc 15 5. S1ruc1urcs of some pep11de hormones. 

surface receptors. Binding of hormone to 
!ls receptor m1liate a senes of evenLS that 
leads lo generation of so-called second 
mnsc11ge1s \\1thin 1he cell (the hormone 
1s the first messenger) tha1 transmit the 
signal ms1de the cell. \Vr shall examine 
second mes!>cngers later 111 the chapter. 

ignahng by hormones dccrca,c, J 

s tops as hormones are el11111natrn Ii, m 
the b loodstream. Elimmauon tak,·, I' 
by biol ransformauo n m the lr\\T hi, 
s tream, and other sites l lon111 nr, ' 
also eliminated by excretion 111 thr nm 
or bi le. 

Pros1acyc11n 

~ o 

OH 

Thromboxane 

OH 

~ 
HO 

Prostaglandin A
1 

r,g111c 15 b. Slruc1ures of some c,cosano,d 
hormones derived from fa11y adds 

Plasma protein binding protecLS small 
honnone molecu les (such as thyroid hor­
mone) from rapid elimination. Protein 
bmdmg also serves as a reservoir of hor­
mone, so the concentration of free hor­
mone m plasma is kept small and fairly 
stable. 

Mechanisms of Hormone Action. Hor­
mones exert their action by one of two 
fundamental mechamsms: act1va11on 
of enzymes o r mod ulation of gene 
expression. 

Most enzym es shuttle between catalyt-
1cally active and inactive confonnat1onal 
states. Ma ny hormo nes affect their target 
cells by mducing such transitions, usu­
ally causmg an activa1 io n of one or more 
enzymes. Because enzymes arc catalytic 
and often serve to activate addittonal 
enzymes, a small change tnducc<l b)' 
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hormone-receptor hindmg c.,n kad to 
"•drsprc.,d consequences "Hhm the cell 

In P•mcular, hormones induce 1hr1r 
biochcmit.11 changes ,n the cell through 
changes m 1hc ,tmount or phosphate 
bound 10 pro1e1ns Appro,umatcly one 
third or the protctns present m a typical 
human cell may be phosphoryl.11ed (co­
valrntly bound to phosphate) at one 
time or another. Protctn phosphorylauon 
and dcphosphorylat,on are controlled by 
two enzymes prorcm hina~cs that put 
phosphate on a protein and pho~phara~n 
that remove phosphate attached lo a pro­
tein Phosphorylation can increase or 
decrease the b1olog1cal acuvuy of an en­
zyme, help move proteins between sub­
cellular compartments, and allow inter­
actions between proteins to occur, as well 
as label proteins for degradation. The va­
riety of responses to phosphorylation ts 
11nmense, and many human dtseases are 
associated wuh the abnormal phosphon·­
lation of cellular proteins 

The btnding of hormones to their re­
ceptors on the surface of a cell often 
results in the actl\·at1on of kinases and 
phosphatascs, as illustrated in Figure 15.7. 
Once activated, cellular phosphorylauon 
patterns will begin to change, with many 
protctns being phosphorylated or dc­
phosphorylated The final result will be 
various changes in cellular behaVlor. 

The other major mode of action of hor­
mones 1s sumulating transcnpnon o[ a 
group of genes Thts can alter a celb, phe­
notype b)' leading to synthesis o[ new pro­
tems. S11111larly, if tranS(nption o[ a group 
of pm,ously actwe genes i,, shut oIT, th.: 
corrcsponchng protems will soon dL,1p~ar 
from the cell \\11cn the honnone bincb to 
its intracellular receptor, a confomunorul 
change III the receptor results 111 receptor 
actwanon The major cons,-<tucn~ o[ a,ti­
,·m1011 ts that the rec~ptor h..'\.'Om~ c-ap .. ,bk 
of lm1<ling to DNA, and tmt1..scnpt1on from 
genes to "Inch the n·ccptor 1,- b..,un<l t.,, .U:­
fcc1c<l. ~ lost commrn1h, n·ceptor bm,hn • 
~timnlatcs tr,111..script1011, ,111,I the hN­
monL'-reccptor complc, foncti,,11.., ;L, a 
tr:111,cnplion f.Ktor. 
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M 
a:., hormones work m aniag­
oni-uc hormone pa,r., .,.,th 
cu tly \'.lpposi1e rolo. When 

a b...'<1, funcuon exceeds ,ts homeosta­
uc IC'\~l. one hormone an be released 
10 bnni: the tc,d down 10 normal: 
"hen that ..amc bod'" funcuon falls 
bdO\l tbc homeostatic Im!!. a com­
plctch d1Jfcrc;1t hormone might be 
rda.......-d to bnni: the function up 10 
norcw .. .\n c:.x.mplc: is the hormone 
ya.; of tn'lllm and s:luagon. both of 
u hich rei;ula1c blood glucose lc\'els. 
Both hormones arc secreted by the 
islets or Langerhans. a ~I group of 
ccll, m the pancreas: insuhn is se­
cmed by the beta cells of 1hc 1Slets. 
and tluagon by the alpha cells of the 
t•lct• Both cell types release their hor­
:nones s1mul1.aneoush· at a basal lC\·el. 
!115uhn and ~luago; are cnoal par­
uapams m glucose homeoslaSis and 
'\Cr\'e as acute regulators of blood glu­
cose conccntrauon. 

\\ ben blood glucose le\'els rise abo,·e 
normal. such as after a meal, there is a 
rapid 1ncnasc in msuhn producoon by 
lhe beta cells lrisulin 10\l·ers blood glu­
cose k\~ls by rnediaungglucose uptake 
1r.10 .J.cktal muscle. ln·er. and adipose 

\\ bcn 111SU!in bmds lO its receptor 

Local Sig112.ling 

In .ae1d1Uon to ln:e cndocnne glands 
and cclh there arc other typh of duct­
less ~ nds .and cells that secrete mole­
cules for loo) SJ~nahng In fact, almost 
C\ r n cell is capable or secreung a ,·an-
t t} of ligands that help 10 . 
h maintain 

omt:OSt., ls. Ligands responsible for 
loc.,I d!«ts .re refened 10 as d 
or local hormones au1aco1 ~ 

on the membrane of the5e cclb, is)u 
transponers arc acuvaJl'd, allov.mb 
creased uptake of glucose Insulin in­
creases the use of glurnsc hy r;,.,,,;c 

cells and its storage in the h,cr a, 1(1,ro­
gcn and in adipose llssuc a!> fat Th 
auscs blood gluco-.c lc, cls to drop 

\\ 'hen blood glucose lc\'cls dr 
below the nonnal lcn l. insulm s r. 
uon ts markedly rcducl'd 10 its basa 
lC\·el. Addilionall}: the alpha cells rt 
lease gluagon, "h1ch sumula•es •h 
h,er and muscles to break d 
glycogen. releasing glucose and rC'\tr'­
ing the drop in hlood gl uw,c concen­
trauon \1oreover, glucagon acu~~· 
pathwa}·s in which ammo acids re 
comened into glucose 

The brain in par11cular ha, an 
solute dependence on glucose as a r e 
because neurons cannot u,e altenu-
1i,e energy sources like fan~ am,, 1 

any significant extent. \\'hen bloc d 
IC\•els or glucose hegin 10 fall helo 
the normal range, ll b cn11cal to re• 
lease addnional glucose into blooC: In 
this manner, insulin and glucacon • t 
together to balance each 01her an~ 
maintain homeostasis. Type I d1alxm 
is a potentially fatal disease in "h -
1risulin secreuon fails. 

Types of Autacoids. Clas,1f1caao~ 
taco1ds is difficult because 1h1- ;:• ., 
compasses a v.ide variet, of ,m;. ' 
diverse compounds. In ra·c,. mar, .: 
can function as both endocrine anc. 
signaling molecules; the main d f 
lie m the speed and , clccu,,1, 
which the molecules arl' ddiHr, 
their targets. Thus, although 1hc ·r 
tional definition of hormone- de­
them as being secreted into h!t.>N 

Ho<mooe 
mc-;e,;u e O Q 

Ac!, .. 
P,O'l!!n ' '11.H 

1J7 

( In ct/ O~<, 
8 VO A<:f ve 

onzymo l►-;?Gsv,:. •10•,r,e J enzy,,,. 

~~ I 
Phospr.1:ase Cel UIM 

figure I ; 7 Acuvauon and deatmaucn c: a:i tr..: ,me ::w~.a:cd i,. - :;a rec~ cf a 
honnone 10 115 cdl-surface receptor ..-nd. a s,zr..al ••at IS l:Jru:~ •u:! - tow cd) = • TI,,: s,g­
nal acu,ates a pro1e1n kinase 1ha1 re>ult> en p::os;:l- :-,!J n of ,no:'-,.; c..:-.-=., ~ =ll-r -es=::::,~ 
111 • cellular rcspc~. The acuve en.:int IS ceatu•,,·,c I,, a ;:hospl-.a~ i;:c :n-z::s -=-at= s:;::al-

fecung cells at distant snes, mam· hor­
mones also affect ncighbonng c; lls o. 
.-·en ha,·e effects on the same cells I.hat 
secreted them. Figure 15.8 shows struc­
tun~s of some common autacoids. 

Collectively, autacoids ha,·e three fea­
lures in common: they do not need to be 
transponed by the bloodstream. the-­
txcn effects near the site where thev are 
synthesized and secreted, and the effects 
are typically of shon duration. ~fost 2uta­

c01ds are secreted on demand at L--an­
s1enily high concentrations and then 
r.ipidly degraded, so their actions are 
local and shon-lh·cd. E\'en ,f not quickly 
degraded. they become diluted as the--· 
diffuse away from the s11e of secretion. so 
concentrations rapidh· become low 
enough to be inefTecU\'C. 

Autacoids arc nccessan· for commum­
a uon between cells during defense 3nd 
~ Processes and arc mvoh-ed m hclpm~ 

. body deal with some son or 1n."lllt or 
tnJurr They mediate the m1eracno115 be­
t1o1ccn cells by either a11r.ic1mi: or acti, at-
ing cclb. or both • 

Local s1v-.zh.--:: ::,-. a~:..ac01ds = be da:s­
su1ed, accordu-.,g ;;;,, trc ... ., u: ,. ::JC me 
target cell rccCJ\ es me s v-..11. :is ;,a..c::-....e. 
au1ornne ,,. JU.'l:t.1c:1::e. 

Paracrinc Signaling,. P:uxnnc ~1;:;:i:s re 
those th.ar -.!11-.c:.:"-c :"'c cl:l,c:=z a:11:, A 
s1g-:,..1iu11: celJ rek:3ses ~ -= me 
e.x::-aceL':ih: fl:!!:!. w:i.'C!l cd= u:, =6-
bo:-:.:: £: cc l!s b4-:: lO =Iic ml 5::.--:la ~--e­
Ce'PW; and :., .. :b-=-:. .. :? ~ ~ i::::o t..:-..e cdl. 
7~:,; ill-.1,--::-1:e:! t;: f!Z'.:..~ 15 C .\:l CJ:Cl­
p!e of ?,L"'3c:me !.;i..c..:::. 2 ;:-oc;: of~ 
co:np,.r..:.nd:, ;::illed ~ u b..-:n.-s ~ =­
uhte r:c:hoo:-..::: celb :o cn'ldc ax c;:,a_ 

_.\ • ,,CM l\,.-e c,f ;,.i..-acnnc ,rc--....ili:i~ b 

neu,.:,:ul .. :::-.1h::r. u.~ ~- neu= the 
li : ant:. 3-e ol)ed·neurotr.m- 1c,.._: .'-n 
ck:t.-i~ 1::ipul~ en~~ Ult rd~ cl 
tbc nr..;ou-,---=ttn- fro:::i ~ = 
Tnc 1:im.al c c-cm.:::al :::io, : e , -.a:1 = 
the lrn;:th .:-f th: i x , ~ l :he ~ 
tl'l::-:nintr ll 1I tran·l, Nlh the = 
,l, t~ncc of the . 1p .. , r , ,-nap, btn.= 
the 1.-:,tuhn.-:. DC";lC\'D an.:! the t1n:et , 
~n 1lh;__, 1rluon ~' , h, wn m fi re l - l 
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N=O 

N1tnc oxide 

OH 

HO~t 

HOU 

Epinephrine 

HO~NH2 

HOV 
Dopamine 

\ 0 

--"t~oJl 
Acetylcholine 

OH 

HO~NH2 

HOV 

Noreplnephrine 

0 

H2N~ 
OH 

GABA 
(y-amino butyric acid) 

NH2 

Serotonin 

F1~rr l 3.li Struccures of some common small-molecule -autaco1ds 

Neuronal signaling, like all local signal­
ing, is fast, and neurotransmillers are 
responsible for rapid transfer of informa­
tion and quick responses at discrete sites. 
Several drugs act by either mimicking or 
blocking actions of neurotransmiucrs at 
specific locations in the body. 

Autocrine Signaling. \u,nwnc signaling 
is a variation of paracrine signaling and oc­
curs when cells respond to substances they 
themselves secrete, i.e., the signaling cell is 
also the target cell. Jf there "is only one cell 
involved, the signal is weak, but a strong 
signal can be obtained tf a group of identi­
cal cells are involved. Autocrine signal­
ing IS a mechamsm to encourage a group 
of cells to adopt a similar behavior-a 
group of identical cells signal to them-

selves and each other to reinforce dC\dop· 
mental decisions and create 1dcnucal 
groups of cells. Autocrine s1gnalmg 1s 1l1us· 
Lrated in Figure 15.11. 

Juxtacrine Signaling. signal• 
ing, often called contac t-dependent signal· 
ing, requires direct contact bc1wecn 1he 
signaling cell and the target cell The hg· 
ands are not released in to the extracellular 
fluid but are d irectly transferred bct\\ccn 
the signaling and target cells, as shown 111 

Figure 15.12. In o ne type of JU\t.icrinc 
signaling the ligand remains auachnl 

10 

the cell :nembrane of the signahng crll. 
. d nl\' wllln and the signal 1s transm1ue O . 

1 . l . n11c1111t1 the target cell comes m c 1rect co • 
the attached ligand. Another typr 01

1
J;

1
:; 

tacrine signaling involves direc1 tr,111'' 

(tV,PTLR 15 / LlG.At-11~ /\ND Rrc, P10R5 

Q,Autacoid 
O O signals 

Target cells 

figure 15. 9 . Schcmattc s howrng 1he p rocess or 

paracn nc signaling The ligands arc released b)' 
the signaling cells and bmd to spcC1ric receptors 
on the target cells. 

s1gnalmg molecules from one cell to an­
other through gap junctions between adp­
ccm cells. Recall that gap junctions arc 
communtcatingjunctions that allow small 
molecules and ions to pass direct!)' from 
the cytoplasm of one cell to another. An 
example of juxtacrine s ignaling is electri­
cal transduction from cardiac cell to car­
diac cell via the gap junction. 

Signal Transduction 

We have seen that hydrophobic ligands 
and those capable of facilita ted di ffusion 
can enter the target cell and directly bind 

Neuron 

Signaling celVlarget cell 

0 

Receptor 

0 

\ 
0 

O ,;signaling 
g' molecules 
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figure 13.11. \utocnne s1gnalmg The signalmg 
cell 1s also the 1arget cell 

to an intracellular receptor to cause an 
intracellular response. However, when a 
ligand binds to a cell-surface receptor, 
the signal needs to be relayed inside the 
cell to in1 t1ate an mtracellular effect. 

Signal transduction refers to the 
processes b; which an extracellular 
ligand-receptor rnteraction causes an in­
tracellular change ,vithout the ligand 
ente ring the cell. In other words, it is the 
translation of an extracellular signal into 
changes 1n cell behavior Addnional cellu­
lar molecules often become involved in 
transmitting the message to its ultimate 
destmation in the cell. 

The ligand is considered the first mes­
senger, carrying a s ignal from the s1gnal-
111g cell to the carget ce ll-surface receptor. 
Once the mitial ligand- receptor binding 
has occurred, ocher compounds called 
second messengers play an important 
role 111 transmllting the signal to specific 
in tracellular s i1es m the cytoplasm or nu­
cleus. Second messengers are short-lived 
molecules that media te the transduction 
of the ext racellu lar signals, and are usu­
ally generated smctly in response to a 

o:o 
Nt."01ransmitter Receptor 

f 1gurc 15. 1 o. Ncuron:i l or srnaptic signaling, a sprd .,l type of p.,r.,cnne- sign.,lmg. Th1..· ~1.gn.1hng 
cell is the neuron, :me! the rnrgct cell may be anolhcr nt.'uron or som\" other t, pt" of cdL 1 h1.~ hgam.l" 
arc called neurotransmitters. The space ove r which th1.· nt"urotr,m,mittt't"> l rn\'tl bctwt.~t:n l\\\) 

neurons is the synripsc. 
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L
tkc receptor · fo1 other protein 
hormone, . the re cptor for msuhn 
is cmhe<ldcd m the ell memb rane 

of target cell (hcpatoC) tes and mr­
ocy1c,,). The insulin receptor is :1 tyro­
~mc kina, c-hnkcd transmcmbranc 

glycoprotem "tlh a dimcric stmcturc 
capable of bmdmg two insulin mole­
cules at any gt,-rn moment It is com­

po ed of two a ubunits and two P 
subumts linked b\· disulfide bonds. 
The achams arc e~ttrd y extracellular 
and comam the insulin bmdmg do­
mams. The linked p chains penetrate 
through the cell membrane mto the 

ex1racellulsr 

n subunit --~ 
(hormone-b1nd1ng 
domalflS) 

f3 subunit --­
IATP•bind1ng and 
tyrosine kinase 
domains) 

cyroplasm,c 

specific ligand-receptor interacuon. Par­
ticularly impon am second messengers 111 

a Yanety of s1gnahng pathways include 
cychc AMP (cA\1P), calcmm ions , inosi­
tol 1.4,5-lnsphosphate (11'3), and diacyl­
glycerol (DAG). 

The signal transduction pathway is 
nonlinear such that one molecule of an 
agon isl can produce a large signal As 
an illus1ra11on, consider one molecule 

of an agomst act1va1ing one recepto i. 
Tins au1vatcs 10 adenylyl cylases, gcn­
tra11ng I 00 molecules of cAMJ~ which 

\t 1 '' \ ll 

cell and contam ATP-binding and 1 . 
rosine kinase domains. } 

The receptor func tions a, an en. 

zymc I l~a t transfers phosphate gwnp, 
from Al P LO Lyrosmc residue; on intra­
cellular target proteins Bmd1ng of 111. 

su\111 tu the a subunus ts the 1nuiJI 

s tep 111 a signal traMducuon patllll,ti 
that mcdtalcs glucose nptakc and 
metabolism. The bmcling can,c, th,· p 
subu111ts to phosphorrlatc 1hcm,chcs 
(autophosphoryla11on), actl\·ating the 
catalytic activny of the receptor The 
activated receptor then phospho"l1trs 
a number o f i11Lrace llular pwtcm,. 
which m Lum alter · their actl\1l1 and 
generates I he biological response· 

Signal transducuo n hy the m,111i11 
receptor is no t limucd 10 Hs actl\".1t10n 
at the cell s urface. The act i, atcd lig­
and-receptor com pie.~ 1111Liallv prc,cnt 
al the cell surface can be intcrnali:,·d 
into the cell by endocytos1s, lonmng 
,·csiclcs or c11doso111cs. Endoc> tos1, of 
activated receptors concemratcs re• 

ceptors within endosomcs and .il,o 
allows the insulin receptor tyrosmc ki­
nase lo phosphorylate substrates th. I 
are further ins ide the cell . 

ac tivate 1,000 protein kina,c,. 1'111,h 

phosphorylate I 0,000 calm1111 cl1Jn· 
nels, which allow I 00,000 u1111, of cal• 
crnm LO ente r the cell . which f1n.tll) 

causes l mil lion units of contrauwn 
Protem phos phorylation 1s .1 comm•'" 

means of infomrn tio n tra nsfe r and 111•1111 

second messengers cl icll rc,pnn"'' 1" 
acLivatmg prote in kmascs. Tlw 11" ( 
common second messengers 111 111111111' ,· 
signaling pathways crea tes both •'l'l111r· 

• • 1 I 11 11 lnpul tum u es anc po1cn1ia pro> r i ' 
f I 

.,11,·11 
rom several signa lmg pal 1w,t)' 

A Signaling cell 

Receptor 

B Signaling cell 

Cell membrane•bound 
signaling molocule 

large! cell 

Target cell 

Signaling molecules 

Figure 15 12. Juxtacnnc signaling. A. Mem­

brane-bound signal 8. Signal transm1s!-iion 

through gap JUncuons 

Signaling cell 

0 
Ligand 0 
(lirsI messenger) 0 0 

00 
Q 

2.fl 

called <rn\<ta/11, may affect the concen­
trations of common second messengers. 
Cro,stalk pcrm11s more fmely tuned rcg­
ula11on of cell arnv11y 1han would the 
aCllon of 1ncl1v1dual mdepcndent path­
ways I lowcvcr. mappropnate crosstalk 
can cause 1he signal carried by second 
messenger, to be misinterpreted An 
overview of the signal 1ransduc11on 
process is dlu,1ratcd in Figure 15.13. 

After a sw1ahng process has been 111111-

atcd and the mlorrnauon has been trans­

duccd to affect other cellular proccsscs. 
thcsc proccs,cs must be terrnmated. Wi1h­
ou1 such 1cn111na11on. cells lose their re­

;pons1veness to new signals. Moreover. s1g­
nahng processes that fml 10 be terrnmated 
properly may lead 10 uncontrolled cell 
growth and the possibility of cancer. Pro­
lem phosphatases arc one mecha111sm for 
the terrnmauon of a s1gnahng process: the 
role of protein phosphorylation and de­
phosphorylauon is shown 111 Figure 15. l-+. 

Receptor 
G) Receptor· 

hgand binding •• 
Cytoplasm 

Second _t--A 'I, Q Q 
messengers ~--~~u

7
leus 

@ Signal .....•••• •• /1\-
amphltcallon ···r 4, li 

\ 31 DMirgence 
of response 

Target coll 

r~gtirc 15 13, RcprC.'-C111ation or thl' ,ig11.,l-tr.m-...htrtllll\ Pt\'\.'!.'~ 1 ht· ,1~11.\hn~ ( '\'ll t\•k,l"l"" .l h~.w1.l th..tt 

hinds 10 n ,urfacc rcccptoi 011 the t,H~~t t·dl. Tlw, h1ndm~ uututl·, ,1~11.ll tr.111-...lurl\,)n, "h,,h m.,, m­

\Olvc SC<:ond (1111racdlular) mci;;.,cuger, 1 ht~ outnHHr ,, -.1.,nw '4.lfl \ll i.:dhtl.tr n'l"-\1\."~ Ill th~ U~d "--cl!. 
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H2 'I( lh,, \/I) 

Cellular 
response 

• 

Figure 15.14. A more detailed dcp,cuon of the phosphorylauon-dcphosphori lauon c.1,-.,d, • 
often seen m signal u-ansducuon. 

Signal transducuon has se\'eral impor­
tant features: 

• The signal can undergo amplification, a 
process hr "hich a small amount of lig­
and can create a large cellular response. 

• The signaling pathwar can diverge 
such that se\'eral processes in the cell 
can be influenced at the same time. 

• Transmission of the signal can be al­
tered according to the needs of the cell, 
by "anatton in the nature and amounts 
of the second messengers. 

• The ume course of the response can be 
controlled. 

Sc\'eral such counterbalanced signal 
transducuon pathways control most cel­
lular funcuons. Interfering with any step 
m the signal transduction cascade can be 

pmentially harmful , but nu) be a u,dul 
approach in the treatment of dtSc,1,c 

Consequences of 
Ligand Signaling 

A ligand may act at many d1ffcrc111 ,dlu 
lar sites- the cell membrane. tytopLtsm 
or nucleus-and at several d1ffc1c1.1 r, 
ceptors . For example, dopamine acn, .n,, 
dopamine receptors as well a, adir•ict· 
g1c recepto rs. It is amazmg that ·' k" 

\ , lt••JnJ, types of endogenous s1gna 111g " 
( • h - a1ul .llll,l· neurotransm1uers, onnoncs, • 

1 coids) are involved in controlltn~ ·'11\ 
regulating a vast variety of p\w,wl,,g,,J 

functions. 
11 

. , 
1 

Although a ligand may be •11 1 

h 1 •lls \Ill• • reac many cells, on y target n 
11 ·r r 1 , ,·111d, "' spec1 1c receptor or t ,csc If\• 

Ol\rtlR l ~ / lJG.At-10<; AND RI CrrTOk.\ 

d 10 the signal. Whether a eel\ rc­respon 
ls to the signal and the manner in 

sphon<l 11 responds arc dictated by what 
IV IC 1 ]] 

, es of receptors the ce expresses and 
L) p he kind of signal transduction ma-by t . 
I Crv available for respondmg LO the 

C l\O . , ' . 
i nal. Variation m receptor Lypc helps 

5 
g gate the "signal" from the "noise" scgre • 

[or various cells . 
Different cells can therefore respond 

d [fcrcntly to the same signaling molecule. 

1~ other words, each cell is programmed 

10 respond in a specific way to a signal. 
Addmonal\y, the response depends 011 the 
number and type of other signals being si­
multaneously received by the cell. Thus. a 
single response may be dependent on the 

O
Protein ~ 

:: ~0 
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presence (or absence) of several different 
ligands. The response of the target eel\ 
may be fast (on the order of seconds) or 
slow (on the order 0£ mmutes or hours). 

Target eel\ responses to receptor-ligand 
interacuons may include: 

• Alteration m the metabolism of the eel\ 
• Mod1ficat1on in the electrical charge 

across the eel\ membrane 
• Readiustment of the cytoskeleton 
• Secretion of substances 
• Cc!\ death 
• Activation of DNA to produce cellular 

proteins 

Some common types of cell responses 
lo a signal arc illustrated m Figure 15.15. 

Receptors 

As we have seen, a receptor is a cellular 
protem that binds specifically to a ligand 
and responds to it, passing a signal along. 
A cell has numerous diITerent receptors 
that can respond to various combinauons 
o[ signal molecules. 

Ligand- Receptor Interactions 

Recall that the mteraction between a re­
ceptor (R) and a ligand (L) to p roduce 
an effect can be expressed as a two-step 
process. 

: ~ oOifferentiat,on o 
ca --"J 
~ 

L + R.=:LR lEq. 15.t) 

LR ➔ ➔effect lEq. l'>.l) 

0 Dealh - ~ 
I igure 15.15. Examples 0£ differcnl 1ypes 0£ 
responses that result after cell signaling. Each 
response is a consequence 0£ a different number 
and type 0£ signals. 

The ligand-receptor complex (LR) is 
fo rmed in the first step (Eq. 15.l). ln the 
second step. Lhe complex becomes the 
stimulus for a series of events that lead to 
the ultimate effect. A lig.md that produces 
a response in Lhc second step (Eq. 15.2) is 
an ngonist. A \iganc\ that mere\ ' forms a 
complex b ut docs not produce a subse­
quent responge is an cmtngoni t 
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\ wn ,~nfk ligand sm1cturc ,s 
needed f,,r a n>mpk, to Conn bcca11se rc­
ccp1,,, 1m>tcm, arc lnghh ,1cmhdrc111c. 
1 he h):,rnd ha, to e, lnbn ,1rr.Y>C<'llll'lcmrn­
ra11n ~nth the bmdmg ,11e of the receptor. 
Thcrdo1c. ,1 receptor ha,, l\\ o functions: 

detcd a ligand and complex "1th it 
(1.-r11~11111on) 

• c,,nd.uct .ind transbtc a signal after 
hmdmg to an agonisl ( ignal Iran duc­
lion) to produce l he desired effect 

Once a ligand bmd to a receptor­
bmdmg ,ne, we ay that the site I occu­
l''cd. The number of receptors available 
m a pamcular 11 ,uc 1s usually limited, so 
that the receptors can be sa111ra1ed if suf­
f1C1ent hgand 1s a,·ailablc and all the 
bmding sncs become occupied 

Noncatalytic and 
Catalytic Receptors 

\fam receptors are nonca1alyt1c, meanmg 
that ligand- receptor binding is reversible 
(as shown m Eq. 15.1) and 1hc hgand 
dissociates mtact from the receptor after 
1hc effect m Equauon 15.2. 

Ligands also bmd to ca1alyt1c enzymes 
cnher m the cell or on the cell mem­
brane; the ligand in this case ,s called a 
s11bs1rau. Enzymes interact with their 
substrates to form complexes, but unhke 
receptors, the enz)1nc catalyucally trans­
forms the substrate into chemically dif­
ferent products that are then released 
The process can be 1iewed as follows: 

!:>.,. E ~ ES ➔product+E (Eq. 15.3) 

where E 1s the enz)me and s ,s the sub­
>trate. Therefore, the two major charac-
1en,1ics of enzpne receptors are thei r 
abihty to recognize a substrate (just hkc 
nontatalyuc receptors) and their ability 
to catalyze a reaction of It. 

Recent evidence suggests that some 
noncatal>11c receptors have the potential 
to be arn1t even in the absence of an ag-

0111,1 hgand. uch rcccptnr 
to a, constitul\Ych .,, 11.' ,He 1d,n 

, \(' fq 
Thctr .1go111s1-1ndcpcnden, . 'P1or, 
I . . ,11 Ill II\ 

p 1,1S1:es the m1nnstc r,•.,i,I· <11 
r- ,llOI\· l 

of a receptor, 1.c .. 1hc rccc1,1 ·' 1 

I d) 1>1 ''"' L_ ,g.m contams the 111fnrn, 11 
1•11: 

• 101110 nod 
ulme cell f1111c11on. Mam ft.,, 1 

1 

I • • -~· "'' 111h h t HS cons111u111•e :ICll\"lll' e1/r,·r I 1 
1 

II . 1111, in~ 
the receptor. The e ltg.1n,f., an. 1 

. d . . ~\\.,, lll\Cfc,, . 
agoms ts, 1splaymg nei.ta11, c 1111 ' 
. 1·1 1· 1111,1, l 111•11y. 1c t 1scovery ha, frd 10 ti • 

f 11,. l01l-
CCpl o mvcrsc agornsm \\Ii ·h 1 ' I( lh 
emerged as a,_, essential pnnnplc of i. 
ccplor rcgula11on ' 

Receptor Subtypes 

Each agonist ligand has receptor, ·n 

m_any chffcrcn1 parts of 1he bod~ and ,. n 

s11mula1e a wide range of cffc,ts dcrcnd­
mg on where in the body the hi:.ir.d­
receptor mteracuon occurs. In f.1.1. a 
ligand can bind with m.1111 shglnh d,ffc,. 

em versions of its receptor. each "•th ,1 
umque function . m variou, lou11~n, 
Thus, hgands can be thought of·" m.1s1cr 
keys that can fi t sew ral d1!fcrcm hk, 
or receptor subtypes 10 open d1flrnm 
doors (effect). 

For example, norcp111cphnnc can Ill· 
teract with 0.- and P-adrrncnccq>1tH,. 
which arc further subdivided 11n,, u1 

and cx2 and P1 and p2 receptors. Th.-,c 
receptor subtypes are found in d1!fmn1 
targe t organs: for example. the h,.m 
comams P1 recepto rs where.ts P! rc"p· 
tors arc fou nd in the bronchial ,nhwth 
muscle. Each receptor subll pc ,,;,, -' 
different function. and the idea><' of 
norepmcphnne locally at each of 1h, '' 
sncs prod uces a diffe rent phy,wl,,~1"' 
effect. Another example 1, all·t, • 
ch ohne bmdmg to choh ncigic rccq""'' 
that can be cu her musc,11 1111<' or JJ1tO· 

1il11c; each of I hese is su bd" ,dcd 11 ll<' 

many differen t su b type, with d,,nn,' 

fu nctions. 
The existence of reccp1 01 suh11 P"' .,I 

I b d 
. , , 11~111,I 

ows ou r o 1es 10 use JU'>l 01 ' . • 
r . f b I 111" II 111 or a vane1y o acttons y re c.is ~ 

tft[fcrcnl locat'.ons. Th,~ phenomenon 
Jlso allows sc,enllsls to design drugs 
thJl bind 10 only one receptor subtype 
of a hgand In this wa>•, drugs can be 

111
,,dc very sclccuve. Conversely. a drug 

11,,11 can bind 10 many subtypes of a re­
ceptor can cause unwanted side effects 

Receptor Structure and 
Classification 

One way of classify111g receptors 1s by 1he 
hgancl that binds 10 them. In fact, many 
receptors arc named after their signaling 
hgands, such as steroid, insulin, or 
acetylchohne (ACh) receptors. 

A more useful approach to receptor 
class11ication is by then· structure. function, 
or signal transduction pathway. On this 
bastS, we can construct five broad cate­
gories of receptors: 

Ccll-s111J11ce receptors· 

• Ion-channel receptors 
• G protein-coupled receptors 
• Enzymatic receptors 

Int racellular receptors: 

• Transcn ptional regulation receptors 
• Intracellu lar enzymes 

tor proteins can open or clo~e these 
channels, rq~ulaung 1011 movement in 
and out of a cell. 

\!any 1011 th,mnels .uc Of'<'nCd and 
closed by the bmdmg ol ccn.un ncuro-
1ransm1lle1, w11h hgand~atcd ion-channel 
receptors. These receptors are mtegral 
glycoprotems that traverse through the 
cell memhranc and can exist m one of 
three states. resung (or dosccl). open, or 
desensitized. On bmdmg with a ligand. the 
closed receptors rapidly change conforma-
1ion 10 open the 1011 channel in a process 
known as ga11ng. DIS50CJallon of the 
ligand-receptor complex closes the ion 
channel. However, after prolonged expo­
sure to the ligand, the receptors can be­
come dcscnsmzed. 

The signal hgands for these ion chan­
nels are neurotransmmers Examples are 
the nicoumc ACh receptors (where the 
ligand ,s acctylcholine. which regulates 
the Na+fK+ channel) m skeletal muscle. 
and GABA receptors ( where the hgand IS 

y-ammobmyrtc acid) in the bram. A 
schemauc rcprcsemauon of a ligand­
ga1ed 1011-channcl receptor is shown in 
Figure 15 16 Signaling by ligand-gated 
ion channels is very fast-on the order of 
n11lhseconds-wh1ch ,s very important 
[or the rapid transfer of mformat1on 
across synapses. 

Let us bn efiy cons ider each one of these 
structural classes and see how they work. 

Another type of ion channel is called a 
voltage-dependent ion channel. These 
channels can be opened or dosed by gen­
erating a 1·oltage dif£erence across the 

Cell-Surface Receptors 

The primary mechanism through which a 
cell senses extracellular stimuli is through 
cell-surface receptors . 

Ion-Channel Receptors. Although the 
cell membrane is lipidlike, we have seen 
lhat It contains proteins that form ion 
channels through which small ions (c g., 
Na+, K+, Cal+, and c1-) can enter and 
leave the cell. The confon nauon and 
struclurc of the channel protein make tt 
sclccuvc for transport of a partirnbr ion. 
Conformational changes in 1hesc reccp-

membrane. uch a voltage can be created 
as a result of a dif£crential distribution of 
,ons on the two sides of the membrane. 
resuhmg in a conformational change of 
the receptor prntcm and an t>pcnmg ,md 
d osmg of the channel. There,~ no ligand 
dircctlv involwd 111 the tramport o[ ion, 
by volt.igc-ckpcmlcnt n:cepton.. 

G Protcin-Conpkll Rcccpton,. The G 
protein-coupled receptor, (GP R,.) .ire 
a supc1 fom,h t1l n'l.1tcd cdl-~11rf.lce Tl.'­

ceptors ,·i1,1I (or 11011ml cdl11br he.-ilth. 
GPCR~ ,11c imp,>1t.1nt .1., ta~,·t, for drng 
dc,,g.n aml th,•r,,p\'; it 1~ estun.ned th.,t 
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Ions 

00 

~UU u ~1JJUtlllttlQ em rane 

Gate Cytoplasm 

I 1~,m 15.lb. Schematic representation of a ligand-gated ion-channel receptor. The receptor" , 
transmembrnnc protcm (s h 0 \\1l here with four transmcn_,brnnc segments labeled 1-4) 1 he t\tr;. 
cd lular pan of the protcm comam the hgand-bmdmg snc. L1gand- rcccp1or binding <ati,c," 

change m the conformation of the receptor. This opens the gate, crca11ng a pore through" hirh 
ions can diffuse into the cell. 

more than half of all the dmgs on the 
market today target GPCRs. 

The common structural feature of 
tlus clas of receptors is a single 
polypepude chain that has seven trnns­
mcmbranc domains, i.e., it traverses the 
lipid bilayer SC\'en times. The te rm G 
protein in the name occurs because the 
signal-transduction mechanism in this 
class of receptors works through s mall 
mtracellular protems called G proteins, 
short for guanine nucleotide-binding pro­
teins , a fa1mly of proteins involved in 
second messenger cascades. Their name 
is derived from thei r signaling mecha­
nism, which uses the exchange o f gua­
nine dtphosphate (GDP) for guanine 
tnphosphate (GTP) as a molecular 
"sMtch"' to allow or inhibit biochemical 
reactions inside the cell. 

GPCRs bind Lo a wide spectrum of ex­
tracellular ligands, including hom10nes, 
neurotransmitters, and autacoids. Each 
ligand has a different mode and si te of 
bmding on the seven-transmembrane 
protem, resulting in a different biochemi­
cal outcome. Many of the GPCRs act 
through second messengers. 

After a hgand binds to the acuve site 
on the cell surface, the receptor under­
goes a conformational change that al ters 
the mtracellular portion of the receptor, 

a llowing it to fu rther bind to the G pro­
tein in the cel l. A G protein b made up of 
o:, ~. and Y subun its. Binding of the G 
pro1cin with the ligand- receptor com­
~lex causes _the G protein to b1eak up 
11110 two acttvc co mponents- an o.,ub­
unit and a ~-ycomplex-both of ,liwh 
can regula te the activi t)' of target pro1r1111 

in the cell membrane. Once the ac11ratrd 
a -subunit has propagated its s1gn,tl 10 11, 

target protein, it rcassociates with the P-Y 
complex and the signal is shut off Tiu, 
"on-ofr • mechanism is a crucial compo• 

nent of con tTOll ing many signaling pJth­
ways. The receptor s tays ac tive" h,lc the 
signal ligand is bou nd to ll , and c.rn 
therefore catalyze the activauon of 111.1m 

molecules of G protein 111 this way 
Figu re 15.17 shows the sm1cturc and 

signal-transduction mechanism of GPCRs 
Examples of this class of receptor, arr 
acetylcholine muscarin ic, a.- and P· 
adrenergic, dopamine, scrotomn, and 
histamine receptors. 

EnzymaLic Receptors. This simple cl.i-1 

of receptors has an extracellular p01111"1 

that binds to the ligand , a single hiw,ir 
hyd rophobic region tha t trarc1sc, ihr 
membrane lipid bilaye r, and an 111tracc-l­
lular portion tha t is located in the ' 1 1

'' 

plasm. This intracell ular regwn 111'
11 

(tl\f TI R 15 / llGAND'S AND RrCLPTOR'i 

A 

Extracellular 
region 

mJTIID 
)UlllW 
Cytoplasm 

B Ligand 

t Ex1racellular 
region 
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1fil GPCR ~ 1ll111M I! i l.~1 
I )I I 

!t ll Ul~l~ I \ ti { t ,( Adenylyl 
(Y a. y '- y r a cyclase 

r ./ 
/ ~ -+ 13 P (\ Cytoplasm 

G protein ATP cAMP + PP, 
(a, f3, and y subunits) Activated a. ./ \ 

Pro1em Ca2'" 
kmases 

Figure 15.17. A. The structure of G protein-coupled receptors shows the scvcn•t..ransmembr.me 
(7TM) protein receptor with its seven transmcmbrane domams, and the binding sues for ligand 
and G protein. B. The signal transducllon pathway :iftcr activanon of a G protem---c-oupled receptor 
(GPCR) by a ligand . 

have mtrinsic enzyme activity that 1s trig­
gered on binding to a ligand, i.e., the 
receptor is itself an enzyme. Note that 
ligand-receptor binding in this case is 
reversible because the signaling ligand 
ts not the substrate. The substrate is 
located inside the cell and is transformed 
to a product on receptor activation by 
the ligand. 

The best understood famil)' of enzy­
matic receptors is the protein kinase 
receptor family, in which the enzyme ac­
tivated is a protein kinase. For example, 
tyrosi11e liinnses selec tively attach a phos-

phate group to the a m1110 acid t)'rosine in 
a protein, and scrinc/rltrronine kinases LO 

serine and threonme residues. Enzymatic 
receptors wi1h intrinsic p rotein kinase 
activit)' bind LO and mediate actions of 
most growth fac tors (epidermal growLh 
factor, nerve growth factor, platelet­
derived growth factor [PDGFI, and so 
forth) and arc of great interest for their 
role in cancer. 

Alternat ively. the receptor may be an 
enzyme-linked receptor; when actiYatrd 
by a l,gand these receptors bind to and 
activa1c cnz)'tnes nearby. Herc. too. the 
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. 
1 

d 1 not the substrate. 
,ignahng tgan . . _ 

d •ptor binding 11\lllalcS ., ca 
Li~an -rec, . I , f l,o 1,hon•lauons t mt rc-cadc o protcm p • , II 
suit in the uliimatc e!Tccl in idc the cc • 

l l Of smgle 1ranst11ct11brane 
T ns ca 'fi d 
(lTM) receptors is fur1hcr class1 ic ac-
cording lO the intracellular enzyme 5) s­
tem that is acnvatcd after ligand bmdlllg. 

Figure 15.18 illustrates a'.1 cnzyt11e­
linkcd receptor showmg the s111glc trans­
membrane protem, the extracellular 
ligand-binding snc, and the in tra7cllular 
iie a - octatcd with enzyme aCtl\~ty. For 

example, the cytokinc recep tor is a 
tyrosme kinase- linked receptor._ Cy­
tokmc receptors must first be acnvated 
by their s1gnahng hgands (cytokines, 111-
tcrferons and human growth factor 
IHGF]), 'and then bind to cytoplasmic 
l\Tosine kinases before they are able to 
phosphorylate their target proteins. 
Therefore, protein kinases are involved 
in the process of signal transduction in 
these pathways as well, as I hey were 
wnh GPCRs. 

Intracellular Recepto rs 

Many innacellular proteins act as recep­
tors for signaling ligands and o ther 

Extracellular 
region 

Cytoplasm 

colllpound . Bccan,c 1hc rcq• 
1 

'd I II I • 11''11' s1 ct 1c cc , l 1c s1gn.1lnw 1i .. 
I II " ,._.<nd 1 cross I IC cc membra1)(' r e I ,, ' 

• "I( I I I 
ccptor, and b111d lo 11 ·1 hu, ,1 
must be hpophil1c (like thr , 1

1
' •~-1 

l rn1d 
mones) so that thcv can er 1 1 

' 
, I.\-., I lt 

membrane. c 

Transcript iona l Regulation n . 
• C(C\llor 

The transcnpllonal rcgulatinn 1. 1 

( ll ' 
also known as nudcw icrcpt,,h Li 

1 
.. , 

tute most of the intracellular 
, . • ll'U.:p11 

class. Transcnpt1onal rcgulat,on . , 
. ' ' ,ttlpli T\ 

usually tngger an effect ,1 1,, 
1 l l t 'l 

ligand-receptor complex I ra\'rl, frn,
11 

h, 
cytoplasm into the nuclen,, 1111:,inn" 
transcription of RNA The, .1 1,· funh,; 
subdivided as: 

• steroid receptors ( c .g . recept,,r, 1,, 

corticosteroids, sex s1cro1d,. ,ind niin 

eralocorticoids) 
• nonsteroid receptors (c.g , rr,q,t0r, 

for thyroid hormones. rct111<,1, iuJ 
and vitamin D) 

The process by which a lwrnwn lw1<:, 
to its mtracellular receptor and tll~~a, . 
response is ill ustrated in f igure 15 10 
The hormone crosses the cell m,•11hr.111< 

Ligand­
binding site 

Receptor enzyme 
or 

binding region for 
intracellular enzyme 

l 1gurc 15.18 Schema, d · • f . , • ic epicuon o an enzrma uc receptor showing the single tr,uhllll n, " 1 

protcm, the exiracel!ular ligand-h1nding site, and the mtraccllular s11e assoc1·11«l "uh ,,,i:, 
-~~ • 

15 / UGAN'r,<, AND RIC l rTOR\ 
ov,r-rt• 

D
is rupting messages between cells 
with spec1ricity and limited side 
effects lrns become a new model 

for anucancer drug discovery The suc­
cess of signal-transduwon mluhitors, 
such as Glecvcc (1mann1b mesylatc) m 
fi rst treating chrome mrclogenous 
leukemia (CML) and then gastrom­
testinal stromal tumors (GISTs) has 
bolstered this approach to 11c"· drug 
discovery. lmatinib is an mh,bitor of 
the receptor tyrosme kinases for PDGF 
and stem cell factor (SCF), and ml11b11s 
PDGF- and SCF-mc<l1atecl cellular 

events 
In healthy individuals, normal re-

ceptors on stem cells respond to 
growth facto r signals to produce new 
blood cells. T he receptor can be 
turned on and off as necessary to pro­
duce the number of blood cells the 
body needs. 

Pauents with CM L have a genetic 
defect that results in abnormal recep­
tors that have consututivc acuvity and 
cannot be turned off, resulting in un­
controlled growth of whi te blood cells. 
The recep tor needs energy provided by 

by passive diffusion and binds to !ls re­
ceptor in the cytoplasm, thus ac11va11ng 
the receptor. The receptor has a hormone­
binding site (selecuve for a given hor­
mone), a DNA-bind ing site, and a third 
snc whose exact funct ion is unknown. 
The hormone-receptor complex then 
travels to the nucleus, where it binds to 
DNA and 1111nates 1ranscrip11on of 
mRNA. The mRNA leaves the nucleus 
and serves as a template for synthesis of 
specifi c proteins within the cytoplasm. 
This process takes time, and there is gen­
erally a lag time-up 10 several honrs-
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ATP lo carry out itS kmasc acUV1ty and 
propagate signals necessary for cellular 
proliferation. lmatinib fitS mto and 
mh1b1ts the ATP-bmd111g site on the re­
ceptor; 1mhout ATP, the receptor can• 
not carry out its kmasc ac11vity. Thus, 
1matm1b is a tyrosine kmasc inh1hnor 
that prc\'ents the cons muuve cell 
growth signal in the abnormal, cancer­
ous cells. 

Tvrosme k111ase inhibition reduces 
the 'ability of the kmasc to transfer 
phosphate groups from ATP and phos­
phorylate tyrosme residues on sub­
strate proteins, which in tum prevents 
the transduwon of energy signals nee­
cs ary for cellular prolifcrauon. Thus, 
the specific signal-transduction path­
way abnormally activated in the 
leukemic transfonnauon process (and 
in PDGF-mechated pathways) is inac­
uvated by imatimb. 

lmaunib is indicated for the treat­
ment or newly diagnosed adult patients 
wnh Philadelphia chromosome-positive 
CML. lt is also now indicated for the 
treaunenL of pat1en1S with malignant 
GISTs. 

between i111t1al ligand-receptor binding 
and production of protems. For this rea­
son. the effect produced by hormones 
that act at nuclear receptors can persist 
long after the imnal signaling event. 

Figure 15.20 shows an o,·erview of 
signaling by agonist binding to various 
types of receptors. 

Intracellular En :ym cs. En:vmes C';lt­
aly:c most ccllul,1r processes and reac­
tions. Each cell reqtnrcs more than 50l 
diffcrcnl rnzymcs to carry ottt .111 its func­
tions, and the 1yprs .md concl'ntrallons of 
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Small, hydrophobic 

l ~-
f""\..J7-lntracellular 

~ ~ tor 

Ligand-receptor "rQ-, 
complex ~ 

fa1racellular region 

Cytoplasm 

Nucleus 

DNA 

mANA 

i 
Cellular response - Protein synthesis 

Figure 15.19. \ 1echamsm of acuon of a trp1cal mtrnccllular hormone receptor. The r1.:u·ph)f 1, 

located m the cytoplasm of the cell The hom1one (hgand) has to cross the hp1cl bilayer and ,mer 
the ccll 10 bmd to the receptor 

Activation of 
cell s1gnat1ng 

.j. 
G Protein 
aellvation 

i 
Generation 
of second 

messenger 

Act1Vabon of 
cell signaling 

@ '4' 
Agonist Agornst 

.j. 
Phosphoryta11on .j. 
of key signaling Transport to 

molecules nucleus 

i i 
Activation of Activation of 
cell signaling transcnp11on 

and translation 

figure 15 20 5umm3.J)· of signal b. 
2) G mg > agomst-receptor binding a1 (l) hgand-ga1cd ""' d1.rn 11 • 

protfln-<ouplcd receptor,, (J) •IIZ}mc-hnked receptors, and (4) 1n1racellular mer"''' 

ihe5c enzymes vary accord ing 10 the 
needs of I he cell. Enzymes may be mcm­
bmnc-bound as we have seen already, or 

ma)' be con tained in the cytosol or in var­
ious 1111racellular s truc_turcs. Many intra­
cellular enzymes are mvolved in signal 
r:insdu tion cascades as discussed earl ier 

:vith the protein kinases, and serve as in­

ir:iccllular receptors. 
o ne of the functions of enzymes 1s to 

catalyze synthesis or break down of signal­
ing molecules according to the needs of 
the cell . for example, acetylcholinesterase 
breaks down the neurotransmitter acetyl­
cholinc, whereas dopa decarboxylase con­
verts L-dopa to its active fo1m dopamme. 

Modulation of Ligand­
Receptor Interactions 

Ligand-receptor interactions are the 
body's way of maintaining homeostasis 
and defending or repairing itself. Recep­
tors and ligands respond to external 
perturbations and appropria tely adjust 
ph)'siological processes to maintain nor­
mal functioning of our body. Therefore, 
the nature and extent of these in terac­
uons need to be mod ulated or controlled 
according to the situation. The body 
achieves this modulation by controlhng 
or altering several parameters. When one 
of these modulation mechanisms does 
not work optimally, the resul t could be a 
disorder or disease. 

Concentration of Ligand 

The concentration of ligand will in pan cle-
1em1ine how much of the ligand-receptor 
complex is formed and therefore the 
strength of the signal. Ligand concentra­
tion 1s controlled by: 

' increasing or decreasing ligand S)'II · 

thesis 

' increasing or decreasing ligand relca,,· 
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• altering the clestrucuon or removal of 
ligand from the receptor site 

Receptor Density 

Receptors also have the capacity to adapt 
lo the changmg environment to mamtain 
homeostasis; this ability is known as 
receptor cl) namism. The pnmary mamfes-
1a11on of th is response ts a constant nuctu­
ation in receptor density or the number of 
receptors at a particular site. Receptor den­
sity IS not fixed but ts dynamic, controlled 
by opposing rates of receptor synthesis and 
receptor degeneration. The body can mod­
ify these rates by· 

lncreasmg the number of receptors 
when I here 1s a shortage of ligand, 
known as receptor up-regulation 

• Decreasing the number of receptors 
when there is an abundance of !tgand, 
known as receptor down-regulation 

Allosteric Modulation 

Allosteric effects occur when the bind­
mg properues of a protein for a ligand 
change as a consequence of a second 
molecule binding to the protein; we have 
discussed this in an earlier chapter. The 
modulating molecule and ligand bind to 
di ffe rent sites on the protein or even to 
different subunits; the modulator binding 
location 1s called the allosuric site. The 
s1ruc1t1res of the ligand and modul:mng 
molecule can be very different because 
they bind 10 different sites Binding of the 
moclulmor 10 the receptor alters the con­
formation of the receptor actiYe site and 
e11her incrcas,·s or decreases its affinity 
for the primar)' ligand. Thus, the pre • 
cncc and concentratton of the moJubt­
ing mokculc can con1rol lig,111d-n:cep1,,r 
1111c1.1c1ion,, ,rnd the presence of an ,1l­
los1enc modul.uor pro, ide,- one mor,· 
means of controlling cell ,ign,1hng. 

.\llostcric dfe ·ts a1e 1111p,,r1.mt in th,· 
rcgu!.111011 of cn::vn1.11i,· r.-.1ctton, Cell,-



Eye Therapies Exhibit 2087, 32 of 48 
Dr. Reddy's v. Eye Therapies - IPR2024-00563

252 

u,c al1,,,1c1 ic ,KIi\ ,nor,(\\ h1ch cnh.m~c 
·" 11, 11,) and all,"1cric inh1l11w1, (\\ llll h 
r,·,h1,c a.-11, ity) to control cnz,mc rc:c-
11<,n, t\onrai,1h nc rcccp1or-; can a ,o 
he .1lh1,1cnralh modulJtcd. for c,nm-

'It 1,, , \ I 

pk. the ac11,.111on of hg.11HI !s•'h d 
chnnncb 1~ nllostc11cally rnnduJ,

11
, 

compounds such as ,mc,thu1cs htrl, 
1a1cs, ncurostcro1cls. lll'llro10 ,

11
" 

alcohol 
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KEY CONCEPTS 

, cellular communic~t1on is earned 
ut by t he appropriate release and 

~inding of ligands to their receptors. 
Hydrophilic ligands bind to cell­
surface receptors, whereas hy­
drophobic ligands can bind to intra­
cellular receptors after crossing the 
cell membrane. 
Hormones are ligands made in 
endocrine g lands and carried by the 
bloodst ream to t heir target recep­
tors; t hey act by activating enzymes 
or modulating gene expression. 

, Ductless glands and other cells 
secrete autacoids for local signaling; 
many ligands can function as both 
hormones and local signals. 
Paracrine signals influence neigh­
boring cells; autocrine signaling 
occurs w hen cells respond to sub­
stances they t hemselves secrete; and 
iuxtacrine signals are those passed 
between two cells in contact. 

, Signal transduction is the translation 
of an extracellular signal into 

changes In cell behavior by a cas­
cade of several second messenger 
systems. 

• Receptors may be noncatalyt1c (act 
by binding reversibly to agonists), 
catalytic (act by catalyzing a reac­
tion), or constitutively active (act in 
the absence of an agonist). 

• Cell-surface receptors (e.g., ion­
channel receptors, G protein­
coupled receptors, and enzyme­
associated receptors) bind to ligands 
on the cell membrane, whereas in­
t racellular receptors (e.g., transcrip­
t ional regulator receptors and 
enzymes) require the ligand to enter 
the cell 

• Receptors of the G protein-<oupled 
cell-surface receptor superfamily are 
targets for almost half of marketed 
drugs 

• Ligand-receptor interactions are 
modulated by changes in ligand or 
receptor concentration or by 
allosteric effects. 

ADDITIONAL READING 

I. Foreman JC.Johansen T (eds) Textbook of Receptor Pharmacolog); 2nd ed. 
CRC Press, 2002. 

2. Gomperts 8D, Kramer 11\1, Tatham PER. S1gn.1l Transduc11on. Academic Prc::-s, 
2002. 

3. Hclmrc1ch EJM. The 81ochcmi~tr) of Cdl <;1gnalmg O,fonl Umwmt) Press, 
2001. 

4. Krauss G. Biochemistry of S1gml T1.msducti,rn. J,,hn \\'ilc,. 'kw fork. 2000. 

REVIEW QUESTIONS 

1. What are the steps involved in eel• 
lular communicat ion? 

2. Describe t he types of hom1ones se­
creted by endocrine glands and tissues. 

3. Explain the process of endocrine sig· 
naling by hormones. What are the 
key features of endocrine signaling? 

4. What are the similarities and differ­
ences between endocrine and local 
signaling by ligands? 

s. Ltst the feature and difference-. 
between paracrine, autocnne, and 
iuxtacrine signaling. 

6. Expl.:iin the proce of signal tran,­
duction Why i tran du(tl n es., cn­
t1,1I for pol<H ~ignaling lig.:md,., 
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Chapter 17 

We now understand the mechanisms 
by which drugs work at the molec­

ular level in the body. This mechanistic 

knowledge must be translated into prac­

tical concepts for effective drug therapy. 

ln particular, clinicians should be able to 

compare various drugs in terms of their 

effectiveness, selectivity, and safety, and to 

understand how these parameters are re­

lated to the dose of drug. lt is also impor­

tant to know how to adjust the drug dose 

in a particular patient to achieve efficacy 

without toxicity. Understanding the re­

lationship of response to dose is one of 

the most challenging tasks in new drug 

development. 
In Chapter 16, Mechanisms of Drug 

Action, we learned that most drugs work 

by binding to receptors or enzymes, and 

that the response is related to the concen­

tration of drug available at the active site 

of the target protein. Let us proceed from 

there to understand the relationship of 

drug dose to response. 

Concentration-Response 
Relationships 

Using the concepts discns cd earlier, we 

can describe a conccntration-effccl r \a. 
tionship fo r the intrrnc1ion of an agonist 

277 
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and artai:,,m,1 (,,r 111h1b1tor) "11h .1 rcccp· 
tN \h,-; ,,! the~ rclauon,h1p, arc dcmcd 
from 111 , i11,1 c,1,cnmcms on en.:, mcb. 
cell,. and ,...,lated organs, m "Inch it 1~ 
P<'"'1hk to J..no" the prcci-c concc111ra­
t1on o: the dmg ,u the actl\·c ,ne. 

Agonists and Substrates 

figure 17 l bhO\\'S a COIICCIIIICll ion­

rffur or ro11crnt1at1011- 1c po ns c curve 
for a full and partial agonist acting at a 
receptor The data to construct uch a 
cun·e arc obtained b) placing known 
concentration or dmg in the in nrro 
c,pcrimcntal system ( uch as a cell, 
ussuc. or isolated organ system) and 
then measuring the response or the 
s, stem 10 the drug. Conce111ra11on­
re~ponsc cur\'es are u ually go"erned 
b\' the following equation. which was 
introduced in Chapter 16, Mechanisms 
of Drug Action: 

E o. 
-=- (DR) 
E..,. (R,I (Eq Ii. I) 

12 

0.8 

i w 
ti) 

06 

0.4 

02 

0 
0 10 

\ plot or E/Em,n Cl-1thcr .is a f 
) 

1,1Cl1 
a, ,1 percentage on the I l\l n 

' ''l'hu, h 
(DR) on the .\ ax,, sl.ould 0 ". t 

" l a 'tri ~ 
hne " II h a slope equ,11 10 WI R I • 1 

Although there 1, no dire' 
ll \\ I\ I 

measuring the conccnt1ation of h • 
plcx (ORI, the total rnnce,1tr

1 
c wrn 

,llron 
drug I D1 I used III the e,ii•,, , n1cni 
known When ID,( 1~ small (I 11 

• "" d1u concen1rat1ons), almost all the ti,· ;; . ug ,, 111 
valved 111 complex formation, , 0 IDRi 

1 
cs. senually equal to I D,I. 1 lw, aJJJlr ' 

0\llnJ 
11011 mod1f1cs Equauon 17 l 1o: 

Equauon I 7.2 shows a hncar rrbtion­
hip between EIE...., and 101al drug concm­

trauon (D,I . the slope or the lmc 1s C!IIR,l 
When (D,I 1s sufficient!) lar~c \It 

l11gh drug conce111ra11ons). all the rcrrp­
tors arc occupied (saturated), anti nu". 
mum pharmacolog1cal rcsp011sc r 'L 
= l or 100%) "111 be obiamcd ,r 1h: 
drug 1s a full agomst (a = I ). An) funh,r 

Full agon,sl 

Pan,al agon1s1 

20 30 40 

Total drug concentration 

I rgurr 17 I A I\ p,caJ con«n1ra110 I I 
<:umtn1r.1uon d t f l n-rc--,pon'>e Cuf'·e <,howrng 1he rela1w11c;h1p tx1,Hl'II h11.1 c r 

,.,. l It r.acuo11.1.. r~ponse OJI ,...u.) for .1 full and partial agom<tt JI a rl·u-phll ,ih 
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1 2 

08 

4 6 8 10 

Total substrate concenlralion 

r ,gurc 17 2 A typical conccntra11on-rcsponsc rnr.c ,ho" mg rh, rd,11onsh1p b,1·.,ern 101,I suh­

;iwc conccntr>Lion and 1hc frac11onal respon"' (\'/\'...,,) The \hchulis constJnt (K.,) tS the sub­

\ trJlt conccmrauon at wluch 1he rate 0£ the reau1on 15, 50'-'.o. 

mcrcasc in concentrn11011 will not give 
any greater effect; the biolog1cal response 
has reached a plateau. Thus, we obtain a 
hrperbolic graph when we plot relative rc­
;ponsc E/Emax versus total dmg conccn• 
1ra11on I D11. For part ml agonists (0 < a 
< I), the receptors will also become sat• 
urated at high conce111ra11ons, and the re• 
sponse will reach a plateau , but E/E.,..,_, 
11111 be less than I at the plateau. 

Notice that the concentrallon to re­
sponse relationship 1s not proportional, 
1 e., the concent ration needed for 100% 
response is not double the conccntrauon 
for 50% response, but 1s much larger. lm­
ually. small changes III concentrauon 
produce a large change in response. t\s 

the response approaches maximum, large 
changes in concentrntion arc needed to 
make small changes in response. 

Note also the similarity or Figure l i . l 
to Figure 17 .2, which shows the ca1:1h·11r 
response or an enz)•me-suhstrate 111tcr.1r­
uon. Thus, our disc ussion ahovc about 
agonists applies 10 subs11 ,Iles or enz)•mc, 
as well. 

Concen1ration- respo11sc cun-cs .11, · 

better and more commonl)' rcprcscnt,·d 
with the logarit/1111 or 1hc chug concrntr.1 

110n on the ~ axis. because this allows a 
broader range of agon15l concentrations 
to be shown \\'hen planed m this man• 
ner, as 111 figure 17 3 for an agonlSL. a 
s1gmmd or 5-,hapcd log concentrauon­
rcsponsc cur"c wnh J center or symmetry 
at 50% response 1s obtained. The. mid· 
point represents the conccntrauon that 
gives 50~o or the nu:1.1mum response and 
1s called the [C'l<J Another advantage or 
usmg a loganthm1( concentrauon ,c:ile is 
that the curve i, c;,.,,cntiallv lme:ir around 
the EC51., (between ,tboui 20 an<l SO"b 
maximal re,pon,c), m.1king mathcrn.1tical 
anal)·s1s c.1s1cr Thcrdore, at intem1e<l1ate 
agon1s1 conll'lllr.111,,11, there IS a hne.ir re­
lauonshtp between rdam·c n."'1><m .. x and 
log concentr.111,,11. The ,lo('<' IS the hi,:h• 
c,1 in tin, fl',:lllll ,,r the cune, and , 11t.1U 
c h.tngc!-- 1n .1~tH\ht c..·1..."1t\t:ttntrJ.tion l...".tn pn..,_ 

duce l.,r,:c d1.111,:e, 111 rc,pon;.c 
fhe :.11nc t, 1~,. ,,r ,1gmo1<l nm e 1, ob­

t.uncJ for l'n::, 1ttt.'-~l:b,tr.lh.' '"'l~nb~ 

hn,·. \ '/I ..... " pk,11,·d .1g.mt-t th..- ll,g,t· 
11th111 or th,· ,ub,u.,t,· l'l'll<'<.'lltr-.111,,11 The 
11111lpn111t l'Ol\l'l'lltr,111,111,,r th1, l'UT\ ,-. rcr-
1est'llllllg 'ill'\, m.1'nm,m n·,1x>11,,·. i- K . 

1 he n>tll'1'11tt.11w11, ,,f t11,l,,g,·1wu, hg­
.1ml, 111 th,· lx,,h 1i-1~1lh h,· 11,·,n the 
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Ftgure 17.3. A typical loganthmic concentration-response curve for a full ago n, L Noic ih, 1 
nthmic x axis and the charactcrisuc sigmoid shape of the curve The EC~;o is the <l1 ug con ()~a 
uon that ~-vcs 50~ maximal response (E/Emll\ = 0.5). Also note the lineantv of the cunc<lc~t

rd 
e-· ✓ 't.: l\\trn 

approxunatcly 20 and 8~ maximal response. 

EC50 or Km of the drug-protein interac­
tion, i.e., in the hnear portion of the 
concemration-response curve. By mak­
mg small changes 111 ligand concentration, 
the body can precisely control cellular 
beha,1or. 

Antagonists and Inhibitors 

In Chapter 16, Mechanisms of Drug 
Action, we discussed the mechanism of 
action of antagomsts and inhibitor . An­
tagonists are drugs that reduce or prevent 
the effect of agonists at a receptor. En­
zyme mhtbitors are drugs that prevent or 
decrease the rate of the reaction convert­
ing substrates to products. Compe1i1ive 
antagonists or inhibitors have an affinity 
for and bind to the same site on the target 
protein as the agonist (subs tra te) . The 
endogenous ligand and drug compete fo r 
the same active site, and can displace 
each other from the site depending on 
their relative concentra tions and affini­
ties. On the other hand, noncompet ilive 
antagomsts or inhibitors usually bind to 
an allosteric site on the target protein. 

C ompetitive Binding 

Figure 17.4 s hows the concentra1Jon­
effcct curve fo r an agonist (or suhstr,ul') 
in the absence and presence of ti1 o d,f. 
feren t concentratio ns of a compct1tl\c 
antagonist (or inhibitor) . To p10ducc Jn 

effect, the agonist has to first repl.1cc the 
antagonist at Lhe b inding sites. Thm­
fore, higher concemrat ions of agonht 
arc needed LO produce the same Jrgrce 
or effect when an antagomst IS present 
Furthermore, even higher conccntra­
Lio ns or agonist are needed to produce 
the maximum effect. The result " th,11 
the concentration-response cun-r for 
the agon ist is shifted to the right , 1c to 
higher agonist concentrauons. Tim i, a 
parallel shift 111 curves so that the , lope, 
of the linear portions of the curl'e, re­
main the same. 

Because competition between ag0111,1 
and antagonis t depends on their rcla111c 
concentrations and affiniues for the re­
ceptor, the shift to the right 1s greater for 
an an tagon ist prese nt at a higher c,,n­
cemration, or with a greater affinm The 
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2 

Agonist concentration 

f igure l 7.4. Concentration-response curve for a full agonist m the absence and presence of a 
compelittvc ant:tgomSl Curve O sho,vs the re.lauonship when no antagonist 1s present. Curves l 
and 2 show the shift lil the rclat1 onsh1p in the presence of low and high concc:mrations of the 
conipell t1Ve antagonist rcspccuvc l)' 

extent o f this slufL is a useful way of 
comparing amagonists and ,s best ex­
pressed as a concentration ratio. This 1s 
the factor by which the agon1st concen­
tration m ust be increased to restore the 
original response in Lhe presence of an 
antagonist. This also illustrates the con­
cept that the effect o f a competitive an­
tagonist can be reversed by high agon1st 
concentrations . 

The same discussion holds true for en­
zyme substrates and their competi11ve 111-

hibnors. 

Noncompeti tive Binding 

Figure 17.5 shows concentration-response 
curves for an agonisL in the absence 
and presence of differenL concentrations 
of a noncompetitive antagonist. As with 
competitive antagonism, the curves are 
shifted to Lhe right in this case. However, 
the slope of the linear portion and the 
maximum effect are both reduced. High 
concentrations of antagomst may com­
pletely prevent effec t, even if agonist­
receptor binding takes place. Unhke 

competitive amagonism, the effect of a 
noncompet1uve antagonist cannot be re­
versed by high agontst concentrauons. 
Again, the same discussion applies to 
enzyme substrates and their noncompeti­
tive inhibitors. 

Competitive- oncompetitive Binding 

Some antagonists demonstrate both com­
peuuve and noncompetnive propemes. 
These drugs are compe1111ve at low con­
centrations, but noncompetnive at high 
concentrations. Therefore, at low con­
centrauons, these drugs cause a parallel 
shift of the agonist curve, :ind at high 
concentrations they decrease the slope 
and maxnnum effect. Figure 17.6 shows 
Lins graphically. 

Similarly some cn:yme inhibitors 
show both competlll\' e and noncompet­
itive behavior and are often c.11led 
mixed inhibitors , changmg both " "' 
and \/

111
._, of the enzyme- substrate reac­

tion. The conccntrntion-effcc-l t:ur\' e~ in 
this case arc s imilar to those sh,>" n in 
Figure 17.6. 
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ornp, 1111H anugonosi C O h 
r111 Cun,~ J .1nd 2 l I 

urH ~ Owt; 1hc proftle wlu:11 1m .int.1~0111 ... 1 1 

, 10w 1 ,c ,lufl ,n 11 
o( 1h, ,mt wo,11, 1 rt· 1 
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~ b 'tflt"Clt\T )' r, 

pose-Resp~:mse 
Relationships ---,\!hen dealing with animals or humans, 

he exact concentration of drug a1 the re­

~cptor 1s not known However, this con­

centr~uon is related to the dose of drug 

3
dminis tcred; the higher the dose, the 

greater the concentrauon at the receptor. 

Therefore, if the drug dose 1s known and 

ihe pharmacological response can be 

rneasured , a dose-response or dosc~Jfw 
,da11011sl1ip can be established. Dose­
response relationships arc a common way 

10 portray data m both expenmcntal and 

chmcal sciences. 
From d iscussions in earlier chapters 

we know that dmg dose IS only one of 
ihc factors that determine concentrauon 

of drug at the receptor acuve site, and 

subsequent pharmacological response. 

The drugs absorptio n, dis tribution, me­

tabolism, and excretion (ADME) behav­

ior is also important; ADME detcnrnncs 

drug plasma concentration, which m 

tum affects concentration at the receptor 

(s11e of action) and in other tissues. 
Thus, the same dose of drug admm-

1s1ered by a different route, or by dif­

fe rent fonnulations with the same 

route, can give varying pharmacological 

responses. 
In Chapter 14, Plasma Concc111ra11011-

T1me Curves, we examined the rela11011-

sh1p between plasma concentration and 

response. In most situations, a higher 

dose of drug g ives a proportionately 

higher plasma concentra11011 (up 10 a 

limit), all other conditions being the 

same. It is in this context 1ha1 one should 

understand the d iscussion of dose­

response relationsh ips. 
A dose-response curve (DRC) is u,u­

ally cons tructed us ing the logcirit/1111 of 

the dose on the x axis. They axis shows 

lhe response, presented either as in1rn­

s11y of effect in a graded do~e-respon,c 

curve, or ns frequency of effect in a qu.1n­

lal dose- response curve. 
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Graded Dose-Response Curves 

A i:radcd dose-response curve 1s useful 
in representing the dose-dfect relauon­

ship m an individual. The assumpuons 
arc that the response varies conunuously 

w11h dose and that a higher dose gives a 

greater response An example is shown m 
Figure 17.7; note that the graded DRC is 

sigmoid w11h a center of symmetry at 

50% response. The threshold dose 1s de­
fined as the lowest dose that produces a 

measurable response. The slope of the 
curve near 115 center of symmetry also 

has significance; a steep slope shows that 

a small increase in dose produces a large 
increase in response. 

Potency and Efficacy 

The potency of a drug is the dose 
needed 10 produce a cenam defined re­

sponse m an individual. It 1s a useful 

parameter that allows comparisons of 

different drugs that act at the same_ tar­

get site. The smaller the dose required 

Lo produce the defined effect, the more 
potent the drug; conversely, the more 

potent the d rug, the less of it is required 

10 produce a given effect. Potency is re­
lated to 1hc affiniL)" of a drug for the re­

ceptor; the higher the affm11y, the more 

potent 1he drug. 
Potency also depends on how much of 

the dose rcac hes the receptor after ad­

ministration The fraction of the dose 
that arrives at the receptor site depend, 

on the drugs Ao:,.1[ behavior. Thus. a 

drug w11h the best ac1i,·ity in ,·itro ma, 

not be 1hc most potent because le:ss of 11 

may reach the receptor ,11c. :-.torcover, 
differences III ADt-.lE .trc often respon,1-

blc for vanabilit)' 111 potency of the !'.Hile 

drug in chffcrcnl individual, 
I ffic.1c1. on the other h.1ml. i~ ;t me.\,. 

urc of the· m,1,1111um ~,pon'l' ,1 drug c.m 

p1od11cc r,·g.mlks.., of till' ti,,"-, .111.I 1, 

often rcl.11,·d 10 the 111tri11,ic .1cm 1t, ,,t th,· 

ch 11g, drug, "11h 1111,h 11111111,1c '"'ll\lt, 

1Ntalll' g11•,· .1 g1..-.11cr m.l"\1111.1l dli,-.1<;, 
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defined response 

causing any undesirable effects. Unfor­
tunately, e,·ery drug produces un­
wanted side effects at a large enough 
dose. Side effects are pharmacological 
effects observed in addiuon to the pri­
marv drug action and vary greatly with 
the drug. the dose, and the patient. 
Sometimes these effects cause serious 
problems (1oxicity), whereas in other 
cases they may be relatively harmless. 
In a few situanons, a drug's side effect 
may e\'en be desirable. Undesirable side 
effects are known as ad, erse drug reac­
ttons (ADRs). 

Most common types of ADRs are re­
lated to the dose of the drug and are the 
result of one or more of the known phar­
macological effects of the drug; these ac­
count for about 80% of ADRs seen in 
pracuce. Dose-related ADRs are fre­
quently predictable and can be avoided. 
Examples are drowsi ness after taking an­
uhistamines or an elevated hean rate 
after using ~-agonists. Other types of side 
effects are not related to the dose or even 
dtrectl)' to the drug's b1ological action. 
These are generally called "idiosyncraiic 

reactions" or allergic effects. \\'c 11·,11 div 
cuss this t)1pe of side effect in Chapter 18. 
Therapeutic Variabilit)'· 

Just as we can cons truct quamal DR(, 
for the beneficial effccLS o r a dt ug. we ,an 
also co nstruct similar curw, for the 
dose-dependent ADRs of drugs. 

Therapeutic Index 

The ultimate adverse s ide effect or a drug 
is lethality or death . In animals.'" rh.tr­
actcrize this as the LD50. the 111rd1a11 
le1hal dose, the dose of the drug that k,11, 
50% of the animals tes ted during a ,ct 
period after an acute exposure. lde.1lh, 
the LD50 of a drug should he mlllh 

larger than iLS ED50 because th" '""ilJ 
make the drug safer to use. Thl' ID 
values may vary for the same drug g11<·n 
by different ro utes o f ad min istratton be­
cause of differences in absorption and 
bioavailabili1y from d ifferent adm,111, 

!ration sites. 
The pha rmacological theraprntl! 111.J,, 

(Tl), also called the 1lterapl'1U1r "'""· ol • 
drug is defined as: 

g' 

l 
~ 
"' cil ::, 

i 
~ 

0 
0 

120 

80 

60 

40 

20 

Dose/l<g 

Toxic 
ettoc1 

10 

2R7 

fi urc 17.JO. Quanta! dose-response curve, for the 1hcrapeut1c effect and t<mc efftct of drug X 
Tl~r ratio T0,o1ED50 gives the therapcuuc rnd<x (Tl) of 1he drug. Drug X ha, ,1 Tl ~ 10. :Sotc th.11 vcrv 
httlc to~icity will be seen :11 a dMc 1hat g1\'cs thcr.1pcu11c cffrll m grc.ttcr dun 90':b or ind,, 1dwb. 

therapeutic index = Tl = ~~: (I CJ 17_3) 

A large therapeutic index implies that a 
drug is safe. For example, a drug with a 
Tl of 25 is safer than a drug with a Tl or 8. 

Because the LD50 cannot be detcnnrned 
in human subjecLS, clinicians ins tead de­
fine the TD50, the median toxic dose, as 
the dose that produces a defi ned toxic ef­
fect in 50% of individuals. In this case the 
clinical 1hcrapcu1ic index is given by: 

(I q. 17.4) 

Here again the Tl is a measure or the 
safety of the drug. A cli nical Tl or 5 
means that the dose that produces a par­
ticular tox ic effect (such as liver damage) 
m 50% of individuals is five tttncs higher 
than the effective dose in 50% or indiv,cl­
uals. We will use Tl 10 mean the clinical 
TI for the remainder of the chapter. 

Figure 17 .10 illus! rates I he effcc1i1 c 
(therapeutic) and toxic dose-rcspon,,· 

rclattonships or drug X with a Tl of I 0 . 
Drug X has cons1clcrablc scparauon be­
tween these two dose-response curve~. 
indica11ng that it has good safety. .-\ gen­
eral rule or thumb 1s that drugs \\ tth a Tl 
less than 2 will sho\\ s1gmfican1 toxicity. 111 

some patients when used chmcall} at 
1hcrapeu1tc doses. Thu,, ,uch dru~ 
should be used onl)' ,f the risk-bcnefn 
analysis fo r a particular p.tticnl ~ farnr­
ablc. The sclccttvity of ,1 dmg is very 1m­

por1an1 m dctcmunmg tts s..1rc1y proftle. 
A d rug can have m.my to,ic effect,, o[ 

chffercnt degree, or sc,·cntv RcLtuveh nnl<l 
side eITccLS like nausea, gastrointe-.tu1.,I 
upset, or hcad.tchc, 111,1\' on:ur .ll lo" do,,....., 
whereas mon:: ,cnou, to'\.ic elkct;. hkc h, er 
or kiclnC)' damage m.ty occur ,11 higher 
dose,. Therefore. ,1 drug h,1.s ,hlkn::nt TD1,., 
and Tl value, fot c-,tth ol it, w,ll dk,L, 

Certain Safety Factor 

I he thl-r,tpl'lttlc m<le, ts tll'l .,h, ,I\, ,I 

good mc.1S11r,· of th,· ,1k11 l>l ,1 drng t-..·­
c'.111,c tt ,nmp.uc, ,,nh th,· nmlp,,1111' ,,t 
dlkae1 ,ind lll'\.Ktt1 d,,_,.__,,..,1x1 1l,,' cur,,·, 
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D 
igoxin 1s among the top 50 
most" idclr prescribed drugs in 
the Unncd States, and has been 

u~ed therapeutically for more than 
300 years. It belongs to a class of 
drngs kno,vn as cardiac glycosides and 
is \\idely used in management of con­
gcsu,·c heart fa ilure. weakened heart, 
and irregular heart beat (arrhythmia). 
The common garden plam, the fox­
glo\'e or Digiralis purpurca, is the source 
of digox1n. 

Few drugs in clinical medicine have 
a therapeuuc index as low as that of 
digoxin. or are a more frequelll cause 
of ad,-crse drug reac11011s. Digoxin 
toxictl)' is observed in a significant num­
ber of patients. Anorexia, frequently ac­
companied by muscular weakness, 
lctharg)\ ,·omiting, diarrhea, and abdom-

These cun·es could have sigmficant over­
lap, so that some patients might expen­
ence toxicity without significant rhera­
peuuc benefit even though the average 
patient IS elTecuvely treated. 

Tlus problem is apparent in the dose­
response a m•es shown in Figure 17.11 for 
drug Y. Although the Tl of drug Y is the 
same as that of drug X in Figure 17.8, drug 
Y is obviously not as safe as drug X. The 
reason for this is that we would need po­
tentially toxic doses of drug Y to obtain de­
sired elTecuveness in some parients. Thus, 
Tl alone is not useful for true detem1ina­
Lion of drug safety because it docs not give 
any mformation about the slopes of the 
DRCs for therapeutic and toxic effects. If 
the therapeutic DRC is relauvcl)' flat there 
may be significant overlap between the two 
cun•es even if TD50 and ED50 of a drug arc 
quite different. 

inal pain, arc common Tlie . ' 111051, 
ous and hfc-rhrcatening ADRs en. 
diac arrhythmias and distuib arc car. 

d. 1 . anccs of car iac cone uc11on whicli • 
. , n~) I 

velop wllhout warning. 'c-
One antidote for d1goxin 10 . 

d. . . b \ Kil)' IS 
1gox,n immune Fa (Digibmd D 

Fab), an amibody produced in sl ' 
1r 

immunization \\~lh a digoxm dc.rtccp l) 
. . ' 1va11vc 

\1/hen given to pat1cn1.> \\1 th di . 
• • 1 'b d go\ln 1ox1Cll)\ t 1e an11 o )' bmds to c1·1 . . go\111 

nwlcculcs, makmg them unavailable for 
bmdmg at their receptors in rhc l~id)' 
!he_ affinity of_ digoxin for the anribodi 
1s lngher than its affinity for its rercpto~ 
The_ net effect is lO shi rt rhe b111ding 
cqmhbnum away from bindrng of 
d1gox111 to 1LS receptors, rhercb) rc,ers­
'.ng its elTects. The Fab-d1goxin complc\ 
1s then excreted by the kidneys. 

ldcall)\ we would like a drug that is cf. 
fecrive in all individuals al a do.,c 1h.11 
does not produce toxic effecrs 111 am ,n. 
dividual. This concept is charactcn:cd b, 
a parameter called 1hc certain ,.,fct, f.ir, 

tor ( CSF) as fo llows: 

Tl = TDso 
ED50 

Here, TD1 represents the 111i111malh 
toxic dose, the dose that is 1ox1c w onh 
1% of indi~duals, whereas [D40 1cp1l'· 
scnts the maximally cffcc111·c d,,s.-. th,· 
dose that is effective in 99% of 111chrnlu· 
als. The percenragcs used here-I'' , ,111d 
99%-arc just illustrar ions. In pratlll' 
one can establish the desired popul,@111 

percentage acceptable fo r both 1orn 111• 
and effectiveness. 
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f igure 17.11. Quanta! dose-response curves for the 1herapcuue effect and toxic effect of drug Y. The 
rauo TD50/ED50 gives the thcrapcuuc mdcx (Tl) of the drug. Drug~ has a Tl = 10. :Sotc that signifi­
cant 10x1c11y will be seen at a dose 1ha1 gives 1herapcu11c effect m greater than 90% of individuals. 

The CSF is a measure of the overlap of 
the lngh end of the therapeutic DRC with 
the low end of the toxic DRC. A drug 
"' th a CSF of l can be dosed cffcctivcl)' 
to 99% of individuals while being toxic 
m only 1% of individuals. A higher CSF 
means that there 1s virtually no overlap 
between the two DRCs, and a maximally 
effective dose can be used with linlc 
chance of toxicity. 

Risk Versus Benefit 

A drug is usually considered safe if seri­
ous side effects or toxicity arc unlikely 

when the drug 1s used at its recommended 
dosage 111 the average patient. This does 
not mean that there are no ADRs; it only 
means that rhc risk- benefit ratio of the 
drug is acceptable in most patients. 

The Tl and CSF are often used to pre­
dict the probability of toxicity in patients. 
When side effects or toxicity are likely. 
patients arc given low doses to begin 
wnh and the dose is slowly boosted while 
monitoring the patient for ADRs. A drug 
that is safe in most patients may be toxic 
in a pa11cnl with a specific disease. im­
paired physiological function. or genetic 
pred1spos11ion. 
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Kev C ONCEPTS 

• Drug action at receptors or enzymes 
can be depicted as graphical dose­
response relationships. 

• Response plateaus at high concen­
trations or doses because receptors 
are saturated. 

• Graded dose- response curves com­
pare efficacy, potency, and toxicity 
of different drugs. They also reveal 
whether a drug is a fu ll or partial 
agonist, or a competitive or non­
competitive antagonist. 

• Quantal dose-response rel 
are useful in illustrating u

1
:tior1sh r,~ 

ity of drug response in a p v;ir,ilb11 
• The safety of a drug can be oiiulati,;11 

by dose-toxic response relat
1 

ustraterJ 
• The clin ical therapeutic ind ionships 

drug is a ratio of the media ex of a 
dose to the median effectiv~ to-<ic 

• Dose-response and dose ·to dose 
XIC r<>. 

spo_nse curv~s are used together~ 
define the risk-benefit of a dru to 
and to select an appropriat d 9 e ose. -------
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REVIEW QUESTIONS 

1. Explain the important features of a 
concentration- response curve for a 
full and partial agonist. What are 
the similarities of this curve and a 
curve of enzyme activity? How do 
these curves change when the con­
centration is plotted on a logarith­
mic scale? 

2· How does the concentration-
~esponse curve for an agonist change 
in the presence of competitive and 
noncompetitive antagonists? 

3• How does the concentration­
response curve for a substrate 
c_hange in the presence of competi­
tive and noncompetitive inhibitors? 

4. What are the differences between a 
concentration- response relationship 

and ~ dose-response relationsh p? 
Why Is the latter more useful in ther­
apeutic application? 

5. Explain the difference between po­
te~cy and efficacy of a drug. How 15 
this revealed in a dose-response 
curve? 

6. What is meant by a selective drug? 
How can one determine select v ty 
from a dose-response curve? 

7. Clarify the difference between the 
pharmacological therapeutic index 
and the clinical therapeutic ndex 
Why is the latter more rele,ant to 
drug therapy? 

8. Discuss why the certain safet1 f ~ 
is more appropriate in the cho c o• 
a drug dose than the clinical th a 
peutic index. 
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Chapter 18 

Therapeutic Variability 

Types of Therapeutic Variability 

Pharmacokinetic Variability 

Pharmacodynamic Variability 

Immunological Variability 

Drug Allergy 

Drug Compliance 

Individualization of Therapy 

Key Concept s 

Additional Reading 

Review Quest ions 
Earlier chapters have discussed what 

the body does to the drug (absorp­
tion, distribution, metabolism, and ex­
cretion [ADME] and pharrnacokinetics) 
and what the drug does to the body (drug 
action and pharmacodynamics). More­
over, previous chapters have focused on 
the disposition and action of drugs in 
normal, relatively healthy individuals, 
suggesting that most patients process the 
drug in the same manner and that the 
drug works similarly in all individuals. In 
fact, the standard dose and dosing fre­
quency of most drugs are based on the 
drug's behavior in an average patient 
population: approximately 18 to 65 years 
of age, weighing about 70 kg (150 lbs), 
with normal body functions. 

However, patient attributes can affect 
the nature and degree of pharmacological 
response significantly. Not everyone re­
sponds to the same dose of a given drug 
in exactly the same manner at all times; 
variability in response to drug therapy is 
the rule rather than the exception for 
most medications. Even at the recom­
mended standard doses of a drug, the in­
tensity of the response is of ten different 
among patients because of individual 
differences in pharmacokinetics or phar­
macoclynamics. Even the nature of the 
response may vary in some patients, re­
sulting in effects (such as drng allergy) 

29 
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n lh• weraoc p.rncnt. Alter-not ,cen 1 ' • " • 1 
Of l,h,--.wlogical and patholog1ca anon - 1. conditions m patients further comp I · 

catc; th1 picture. 
Even the most succcs,,ful dmgs pro­

,,dc optimal benefits to onlr a fraction of 
paucnts. Variab1ht)' in paucnt response to 
drug thcrap) mt1;t be tJkcn 111w account 
10 adapt dmg treatment to md1v1dt1al pa­
tient need . 

Types of Therapeutic 
Variability 

ThcrapCt1tic variability may be i111erpa-
1icnt, i.e., between different people, or i11-
1rapa1im1, in which the drug response 
changes for a giver. person at different 
times. Many interwoven and overlapping 
factors contribute to vanability Scientists 
are reaching the conclusion that genetic 
variability among ind1vidt1als is the pri­
mary underl)ing cause of altered re­
sponse to drugs: we shall discuss genetic 
factors in detail in Chapter 20, Phanna­
cogenotrucs. Drug interaction, in which 
one drug influences the behavior of an­
other, also contributes to therapeutic 
variability; this too, 1s the subject of a 
separate chapter (Chapter 19, Drug In­
teractions). 

This chapter will deal with common 
and generally predictable factors con­
Lribuling to therapeutic variabilit); such as: 

• Pharmacokinetic factors that produce 
differing concen1rations of the drug at 
the target receptor 

• Pharmacodynamic factors that cause 
different pharmacological responses to 
the same drug concentra1ion 

• Immunological factors that result in 
allergic response 

Other non-drug-related factors such as 
the personality; beliefs, and attitudes of 
both pauem and clinician have been occa­
SIOnally linked to therapeutic variabili1y. 
We will not ell'J)lore these in 1his book. 

lllany different factors c· 
• nnt11t 

ther.1pct1tic rnriabili t)', and th '111r 1 
I C ,,1111, f 

tolr may catllSC p rnr111acokinct1e ,1, \\ ·11'' 
p iamtacoc yna1111c vanab1i111 \ ' 1 

f ,• . 0111( l 
111011 cat1ses o va11abllit) can hr '" 1 
pated by proper cvalt1ation of •1111,, 

l . . ,1 p,11, In ot 1cr cases, vanab1lH)' i, 1 <111 
cl l . lllt'\pt I 

an can rcst1 t 111 thcrapeui,c f 
1 

' rd 
toxicity. .i, 11rt o, 

Pharmacokinetic Variability 
Pharmacokinetic variab1lit)' refer 
b·1· • cl I' f 1 ' lo iari 

a I nyf m c_1veryfo c rug to or rcmoial oi 
drug rom sites o action invoh-"cl 

• • ' 111 df1. 
cacy ancVor tox1cny. The obvious res 

1 h' • h . I . u lof t 1s 1s a c ang~ 111 t 1e m1ensuy or drug rf. 
feet becat1se either too much or loo I 

1 h I . HI t 
drug reac es t 1e Site of action, and side 
effects becat1sc of higher 1han nonn.il 
drug concemrations. Pharmacokmci . 
variability is particularly problen1a11c f" 
drugs with a narrow thcrapet111c range~: 
therapeutic wi11dow (or low therapcui,c 
index) because small differences ma, ,e. 

st1lt in therapeutic failure or to\lcui: ,1, 
illustrated in Figure 18. l. 

A patient who does not fit 1hc ·asc1. 
age" patient mold can show d1ffcrrncc, 
in absorption, distribution, me1aboh,m. 
and excretion of drngs. Much of 1l11s c,n 
be amicipated, and appropriate changes 
in the dose or dosing schedt1lc made k 
fore the initiation of drug 1herapy. 

Pharmacokinetic variabilil)' may al,-0 
be attributable to gene1ic cffws. ,irismg 
from alterations in certain biomolccub 
st1ch as drug-metabolizing enzymes. and 
dmg transporters that mediate drug up• 
take in to and efn t1x from in1raccllular 
sites. Such genetic effects are oflen un­
predictable, al though new research h JI­
lowing clinicians to iden1 ify pa11cnh 1111h 

an abnormal ADME profile for a crn.1111 
drug. The relationship between genrlll 
characteristics, drug effects, and 10,icll) 
is cal led plwnnacogenctics; we ,hall d,,­
cuss this in greater detail in Chap1rr V 
Pbarmacogenomics. 

Let us disct1ss common sour«·s ,,I 

pharmacokinetic variability. 

JR/ Tt1f.R.Arn 1m V,R1,111111v c,1,rrr• 

Minimum toxic 
concentration 
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(MTC) r --------

A Time 

Minimum toxic 

Pai<ent 1 
W,de 

Patient 2 therapeutie 
'iNldow 

Patienl 3 

§ concentration 

~ (MTC) h~~M~-tfr..'th-\-Hr=-t'-1'~PU Narrow 

~ p 
2

] 1herapeut>C 
g Minimum effective rf-.A:_.,._,..,_,,n'-\++~rf~..:. ~~~-"~.. wrndow 
8 concentration 
~ (MEC) 

~ 
a: 

B Time 

figure 18.1 . Effect of mtcrinchvidual pharmacokmet1c van.1b1ht) on the effica~· and tox1cit) of .i 
drug wnh a w1de (A} and narrow (B) thcrnpcuuc window. after muluple <lcisme. m thr~e paue:nb. 

Body Weight and Composition 

Phannacological effect depends on the 
concemration of drug reaching the site of 
action, which in turn depends on the 
drug dose and pharmacokine1ics. The 
recommended standard dose of most 
drugs is typically based on a 70-kg aduh 
male. If we assume ADME proccssc arc 
functioning normally in an individual , 
then drug concentration at 1hc site of ac­
tion depends on close and volume of dis­
tribution V. For a given close. the greater 
the V, the lower the concentration 111 ,ill 
tissues, including the site of action. Tl11s 
means that a given close or drug )\iws 
lower tissue concentral ion in large 1nd1-
viduals compared with small ones. ·1 hu,. 
overweight individuals may need .1 
higher than standard close 10 achic, c .1,k­
quatc tissne concen1rat ion,. whc1,·.h 
small individuals may need a lower th,1n 
s1andard close. Many chug proclnc1> art' 

available m muluple strengths (e.g .. 10-. 
20-. and 30-mg tablets) to allo" dose ad­
jt1stments in indn idt1al cases. 

Although l&rger mdiv1dt1als generally 
require a higher dose to achieve thera­
peutic plasma or t1s,t1e concentrations. 
the chfficulty lies in defining "hat large 
and sm,1ll mean when referring to pa­
tients. A s11nple appro.ich IS to adjust 
closes b.1sed on bodv weight a,- follows. 

~,, trag~ dose 
dn,e rcqum:d = --''"---

70 kg 
, "''1ght of imh,iJ\ul (kg) 

lEq. l~.I) 

DOM' .1dju,tmt·t1t< b-tS~I on Equ.uion 
lt, I d,, not ",,r~ for p(t)pk wh,, are ex­
trnuch k.m or ,,b,·,,· b<.-.:.1us, lt does not 
,1,·n,unt ft,r dr,1m.1t1,·.1lh· alt~n'll bod) 
,·,1mp,1,i11,,n ,urh .1., b,.,J) fat .md bod}· 
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".ucr. Re, all 1h.1t \ or drug, depend, on 
drug hp,,philiut, Thu,. man obese 111d1-
Y1dual, a hpoph1lic drug ma, ha,·c an 
unu,ualh 1.,~e \'. whcrca, the \ of ,1 hy­
dr,,phlhc drug ma, not be changed a, 
dr,1ma1Kalh Con, equcnth, dtbes for 
hpophihc and l11·droph1lic drugs may 
han to be adJtl'>tcd bv d11Tercn1 factors m 
ohc,c paucnb. ln such case:,, body sur­
face arc., rather than bod) \\ C1gh11s often 
u,cd 10 adju,l dosage. 

Age 

!'.fam drugs beha, e differently in chil­
dren and the elderly compared with the 
a,crage adult. Some or 1h1s d ifference 1s 
cau,ed bl' nriation in body size and 
composition, as discussed earlier How­
c,·cr e,·cn when bodv si: e is taken mto 
acc~unt. additional r;ctors are responsi­
ble for mcrcascd scnsim~l}' or the very 
,oung and the ,·eT)' old 10 drugs. 

Special populauons- the \'CT)' young 
(mfants and pediatrics) and the very old 
{gcriatrics)-are usually e,xcluded m 
clinical testing or drugs, and their re­
sponse 10 drugs is generally unknown 
when a drug LS first marketed. This is 
changmg. however, and more and more 
drugs are now being tested in geriatnc 
and pediatric populations 10 identify 
appropnate doses and dosmg schedules. 

Infants a nd Children. Infants constitute 
a , cry special subgroup of pauents in 
which drugs must be used w11h extreme 
care ln addition to a much smaller body 
weight. there are significant physiological 
d11Tcrcnces between infants and the aver­
age adult. The most important of these 
arc. 

• Increased penneability or all ussues, 
mcludmg the skin and blood-bram 
barrier 

• Proportionately greater volume of 
body water, and a consequently higher 
V for certain drugs 

• 1.owcr rate of blood no" to most organs 
Decreased b1otransfonnation as a resul t 
of undcrde,eloped metabolic enzymes 

• Dccn:,hed renal clca1,1ncc 
i I I ,ll111h 

to rec uccc g omcrul.1r filtr t 11•1 
a l(ln rat, 

Con,cqucntl), U5c of aiw <lru, in 
fant must be carcfullr con;idc/1 •1n n 
do c adiu,tcd appropriateh ·\t<( and th 

, • an ~•• about I )'Car, metabolic and ',.e '' 
b 

• l'\nu 
functions arc Cller dc,·cloJlcd ton 

k r d • and th 
ns o u,mg rugs in youn" ti I I c 

r " 11 < rrn less than in 111,ams. At about I J . 11 

d l 1 r - \C,11,c,f 
age, a u l coses arc o ten used 11 . r 0\\C\p· 
compen a uon ,or a lower bodv 

cl I d b d 
11<rgln an a tcrc o y compos111on 111 11't al 

ways be con 1dcrcd when usmg all dru • 
in children. ~' 

Elderly. Many organ S)'Stems sh0\1 a n •r• 
ma! decline m funcuon wnh age 1n the cl<l. 
crly population Muscle mass dccrl'a<(, 
whereas percentage or bod) fat n," \h. 
sorption cfficicncy LS usually onli ,lighth 
reduced, but there arc sig111ficant dccr,a,,, 
m cffic1encr or metabolism and cxcmiun 
or drugs. Hepatic effects mcludc 

• Decreased hepatic mas, 
• Decreased hepatic blood no" 
• Decreased enzyme acti\lt)' 

Renal cITccLS consist of· 

• Reduced number or ncphrons 
• Reduced number of funct1<1111n~ 

glomcruh 
• Decreased renal blood flow 

The result is that plasma and u,,u,· 
concentrations in genatncs arc ohm 
higher than expected, and scns111, II\ to 
the drug is mcrcased. 

ex-Related Differences 

Until the 1990s, health researcher, ti-,d 
male subjects to determine safm and 
efficacy o f new dmgs and trcaunrn:, 
Reasons fo r this were concern al11,ut 
the poten t1ally confounchng effects ()I J 

woman's ho rmonal changes on 1rc,111111 n1. 

the desire to protect a potcnual fclll, •111d 

fea r or liabiltty if a few s was h,nmlulh 
exposed. As a result, women nf tlul,I 
bearing age were systcmaticallv e,, Jud d 

chntcal trials Treatment tnlcrvcn-
from 1 r 1 utln.,, wxtcity, anc sa ety c ata were stud-
ied in mer\ and then applied or as~umecl 

10 be the same m women. 

S~· The d iscovery or d ifferences between 
male and female response to disease and 
ircaunents has changed the landscape of 
new drug developmcnl. Women arc now 
,ncludcd 1n clinical tnals unless the risk 1s 
unacceptable 

Sex-related d ifferences m body weight 
nd compo;,ttion account for some phar-

3.iacokmeuc variabiltty Women generally 
~ave a lower body weight and a higher 
propom on o r body fat , and may therefore 
require a d11Teren1 drug dose. There 1s 
endencc that metabolic rates mar also be 
different (usually lower) 111 women com­
pared with men, reqmring dosage adjust­
ment The issue or sex 111 drug safety 
becomes parucularly important m women 
of childbearing age, and m pregnant and 
lactaung women. 

Pregnancy and L'lclation. Many drugs 
adm1111s tcrcd to a mother du nng preg­
nancy and lactation may adversely mnu­
encc the embryo, fetus, and infant. The 
placenta allows transport of many drugs 
from mother Lo embryo or ferns by pas­
swe diffusion, and drug concentrations m 
the embryo and in fetal circulauon arc 
often the same as those 111 the mother's 
rnculauon. Embryonic and fetal cells arc 
highly sensiuve 10 drugs, and severe toxic 
effects arc seen when these are exposed 10 
drugs. The type and extent or toxicny de­
pend on the stage or embT)•onic or fetal 
development when exposure occurred 

The embryonic stage is the time be­
tween fertilization and the eighth week 
or pregnancy. Because maior o rgan 
structures arc being formed clun ng tins 
period, a major toxicity 1s 1era1ogenic11y, 
the ab1ltty or a drug 10 cause damage 10 
a developing fetus, resulting in congcm­
tal malfo rmation or various s tructures 
Serious malformations result m a 1111S­

carriagc. The fetal s tage of dcvclopmcnt 
occurs after di fferentiation of maJOI 
organ s1ruc1Urcs; here, toxic effect, of 
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drugs can he seen on .1lre,1dy formed 
organ ,y,tcms 

\lany drugs parttcul.1rly l1poph1l c 
drugs, cl1stnbu1r n·,1clil) 11110 the breast 
milk of the mother dunng lactation. In­
fants m their f1r,1 3 months of hfe do not 
have fully developed enzyme systems for 
b101ransform,1t10n and renal cxcrcuon or 
drugs Thu, toxic level~ may accumulate 
111 nursing infants, rcsuh1ng 111 a vanely 
of effects depend mg on the drug. 

Health a nd Disease 

The O\'crall health of the pauent 15 cnu­
cal 111 dctcmumng how a drug behaves 
and works m the bod)' Drugs are often 
used m paucnts "hose organ S}stems are 
not funcuon111g nonnally; pamcularly 
important are organs mvol,ed in drug 
chmtnatron-thc hver and k1dnev. Pa­
tients wnh impaired hepauc or · renal 
funcuon do not eliminate drugs readily. 
resulting m lughcr plasma levels and re­
sultant potennal toxicnv. A change in 
dose or dostng frequenc} ts often neces­
sary 111 such pauents 

Impaired circulation (resulting m lower 
blood now rates to organs) seen in cardio­
vascular d isease can affect all aspects or 
drug pharmacokmctics. Other factors 
such as body temperature. hydrauon or 
deh)dranon, and acidosis or alk.~losis mav 
also change the phannacokincucs of some 
drugs. The dosage regimen for p;itients 
with disease often needs 10 be md1vidual­
izcd on the basis or assessment of hcp.itic, 
renal. and cardiova,cuhr funcuon 

The nutriuonal q.11us of a patient can 
1nnuencc drug ph.1rm.1cokmc11cs \l.1lnu­
trnion, ,11am111 dcficicncie,, or dccrc.1,cd 
protc111 ,nuhc,1, 111.11· rc,ult m .iltcrcd 
plasma prn1c111 and mctab,,hc en=, me 
levels. 

Pharmacodynamic Variability 

Ph,tnn,tt·n<h 11,11111< ,·.m,1lnlit, rda, t,, 
v.mabk d111g dkc1, lkspit,· ,·qtm .,km 
drug ,khvcn w the ,a,·, ,,f ,Ku,,n It m.l\ 
rdk,t d1lk1c11n·, m the ,1rnc1m,· _m,J 
funcuon ol 1.11g,·1 1,·,·q1t,,r, ,,r m th,, 
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bh,1'1 p,11h,,ph, ,1t1h,gll•,1I . ,mt~~t n'. 
"h1d1 ,1 ,ln.1),\ mt,·r.1et, ' 111h 11' tn~<I , 1 h, 
c'1,tcncc ,,t ph,mn~c,,J, 11,umc, an,1b1ht) 

11 ., ,[, i·d ll1<\n,l1111 htt\\'CLll drug 
tth.';\ll' 'lh l • ' • I 
T\'l"'n,c and pl,1,m,1 ,,,nccntn11wn •• 111c 

ph,1mu,,,kinct1c'-ph,11111,1c,,d n.1m1c c,1r­
rcla11,,11, arc n,>t useful m the c s11u.1-

t1t.,n!-

c-x-Rrlatcd Diffcrcn cs 

rh, ,i,,logical differences hem ccn men 
and women ma) result m ,,ltcrcd phar­
macodynam1cs of some drugs in women 
comp.ired wnh men. For example. diffcr­
cncrs haYc been sh0\\11 between men and 
women m both perception of and rc­
spon,e to pam. Emergmg scicn11fic 
c,·1dcncc pomts to scx-rcbted phannaco­
looic.11 differences 111 op101d-receptor 
bi~dmg and in re ponscs to certain opi­
oid pam mcdicauons The c difference 
suggest the importance of dcl'elopmg 
sex-specific strategics for pam rchcf and 
highlight the need for fun her investigation 
of sn-rclatc-d pain treatment. 

ldio yncra y 

A fc" mdil'iduals respond IO dmgs in a 
highly unusual and unpredictable manner, 
gl\ing a response quantitauvel)' much dif­
ferent than m the average pat1enL For ex­
ample, some pauents mar ha,·e an mtense 
response lo a \'Cl}' small dose of the dmg, 
whereas others may not respond lO very 
high doses. The response may also be 
qualitaU\'el)' different JJ1 some situations, 
"ith new pharmacological effects being 
observed. Such responses, referred IO as 
dmg idiosyncrasy or ,diosyncrauc re­
sponse, are infrequent and believed to re­
sult from a genetically detennmed meta­
bolic or enz) me deficiency that is not 
expressed under normal situations (e g., 
hemol)1ic anemia occumng in patients 
with glucose-6-phosphate dehydrogenase 
deficiency after receiving an oxidant 
drug) . These responses show a dose-re­
sponse rela11onsh1p, but not the same one 
shown by the average patient 

.ir adi;m Rh •thms 

,\ ircadi:m rh thm is the 11. 1 r 1 . g11 ,\f I 
rcncc o .1 1iolog1 al p, ore,, " 1 <J11 
• 1 f I 2 I •1<111 111 c,· c, o a 10111 -I hou, , 1 hr 11• 

clcs arc ,ct by a b1okw1< II 1 '' li 
" • l "' k I ccms to respond to ren111111 , 

1 
11a, 

nnd darkncs . l his clock II lig 1' 
•1
1
\ hRh1 

• It l 1, 
the brnm. regulates organ; Id c 11 " 111 
k.d d '·1 ' •r 111 ·1 ncys, an u ood "essels h, ' 1 

1. . d . 1 k . . tn111,,1 
mg circa . mn c oc ·s w11h 111 th . 1 

• 

I d I I 01. lllf 
cquent )', a a1 )' rcproduc,bl. . • 
f k d I C 11•111« 11 o pea ·s an troug 1s is seen 111 111111 

physiological vanables The 1 , • 1 

f . • ''llll\\ I 
cdgmelll o c ircadian rh ) thn,, 1 1 • 

1 II d ff 
', p 1110 

sop 11ca y 1 erent fro m the con . • 
1 • I 1 « pt "1 
1omeost:1s1s, w 11c 1 assume, th 11 1 . I . I . • rnn,1 
p 1ys10 og1ca processes arc 111 a ,i.itr 

111 
equilibrium and do 1101 change "gn,f,. 
cantly wtth tune. 

1t is now generally understood that 
there are circadian rhythms 111 man, ,,_ 
ceptors, in signaling path11 ay,. and 1;1 J~­

tivny of enzymes. If these arc targcl!> of a 

drug, then pharmacoclynam,cs of ihr 
drug can also be different at chffrnnt 
Limes. There are a number of honnon,, 
that are primarily secreted 111 the morn. 
mg, such as cortisol . catccholannn,, 
plasma renin. a ldosteronc. and 311. 

giotcnsin. In contrast, other sub,1anrc, 
peak at the end of the day or at mght. for 
example, gasmc acid , gro11 th hornwn, 
prolactin, melawnin, foll1cle-s1111111 I.11 111,· 

hormone, lutcmiz,ng hormone. and 
adrenocorucot ropic hormone. 

There are consequences to the crrc1-
dian changes in these hormone, and 
many common diseases show s1gmf1,am 
circadian variation in onset or C\.1cc rb.1• 

11011 of sym ptoms. Asthma S\ mptnm, 
generally worsen dunng the nrght, lll 

fact, estimates arc tha t symptom, nf 
asthma occur 50 to 100 times more, trn 
at night than dunng the da)' \tam urea· 
d1an-dependent factors may contribute 
to the worsening of nocturn,11 a<thrna 
For example, researchers have rcpn11n1 
that cortisol (an anti-inOa111111a1,111 Ii~ 
and) levels were lowest ,n the mrddlt ,,I 
the night , and histamine (a med,.11, r 0 ' 

Jtt/111111.APLUTJ( Vo1An111rY 
lll~rll 

(horonsmction) peaked at a level 
!)ron h h .0111c1dcd wll t c greatest degree of 
th,tt c . 4 

r l,oconstncuon at AM. 
bron 

Because of ns effec t on phys1olog,cal 
csscs, circadian rhythm can affect all 

Proc d d . . 
Cts of rug 1spos1uon and action 

,spe r • d 15 one of the actors responsible for 
.in • I I • '· l t f d' • .,nd1v1c ua vanaur I y o me 1ca11ons 
,ntr, . f 
depending on umc o aclmm1str:uion 
Mall)' drugs d1sp.lay normal, reproducible 
dai l)' varlauons 111 pha.nnacokmetics and 
harniacoclynan11cs. C1rcadrnn effects on 

~rug phannacokineues have been related 

10 111nc-dependenl clrnnges m the fol ­
lowing processes and parameters· 

, Gastromtestinal motility and intestinal 

absorpuon rates 
, Intestinal enzyme activity 
, Gastric acid secretion 
, Hepatic drug metabolism activity and 

enzyme concentration 
• Glomerular filtration rate 
• Blood now rate 
, Unne pH 

The narrower the therapeuuc wmdow 
for a specific drug, the more important 
the ,mphcation of circadian vanat1on 111 

plasma levels . Although most drug doses 
and dosmg schedu les have not yet taken 
mto account such diurnal variation in 
drug acuon and disposition, mounting 
e,1dencc suggests these factors must be 
considered in drug therapy. 

For example, rhythmic changes in cell 
division may explain circadrnn vanation 
m sensitivity o f rapidly proliferating 
tumor tissues to chemotherapy. Many 
anticancer agen ts are most cytowxic to 
normal tissues that are actively dividing 
during specific phases of the cell division 
cycle. Studies indica te the timing of can­
cer chemotherapy may be of prawcal 
importance in im provrng the therapeutic 
mdex of common cancer treatments 
Corticosteroids and imcrfcrons arc le s 
toxic and no less effective when given, 
respectively, on awakening and just be­
fore sleep. 
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Dntg Tolerance 

Tolerance 1s the body's ability to adapt to 
the presence of a drug The magmtude of 
the body's response to a particular drug 
depends on the concentration of drug al 
Its sue of acuon and the sensnivny of the 
target receptor to the dmg. Tolerance 
may be defined as a state of progressively 
decreased responsiveness to a drug, as a 
result of which a larger dose of drug 1s 
needed to achieve the effect originally 
obtained by a smaller dose. Tolerance ap­
pears counterintuitive because add1t1on 
of more of an activaung ligand lessens 
the elicited response. 

Tolerance may be pharmacokineuc in 
ongm, but 1s most often related to drug 
phannacodynamics. Pharmacokineuc tol­
erance develops when a drug induces its 
own metabolism and thus decreases con­
centration of drug at the site of action. 
Pharmacodynanuc tolerance anses as a 
result of adaptive changes in receptor sen­
snivity in response to repeated exposure 
lo a particular drug. The result is usually 
a decrease or loss of senslllvit:y to the 
dmg, resulting m a decreased response. 
Adaptl\·e changes may be related to recep­
tor down-regulauon, cellular adaptation, 
or racl1ypliy lax1s (a rapidly decreasmg re­
sponse to a drug after adminislrauon of a 
few doses) 

Drug Resistance 

Drug resistance is defined as insensitivity 
or decreased scnsiuvit)' of cells to drugs 
that ordinarily cause growth mhibition 
(such as anti-tumor drugs) or cell death 
(such as anti-microbial drugs) It occurs 
despne administrauon of closes equal to 
or lughcr than those usually recom­
mended but wnhm limits of safet)', and 
despite adequate absorption from the ad­
n11nistra11on site. 

Dmg resist,rnce may be cb;,1ficd as 111-

r, insic 1rs1srm1u·. in which the cell or or­
g.mism is inherently inscnsillw to the 
drug and prcd1;posed to re,.pond P<'Orh 
to 11, or <1c,11111.-,I 101\t<l11a. m wh11:h 
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C
hronopathology is the stud)' of 
biological rhythms_ m di case 
processes and morbid and nwr­

tal events, a good example 1s ecn m 
cardiornscular disease. Mrocard1al in­
farcuon, stroke, and sudden cardiac 
death occur with greater frcquellC)' be­
tween 6 A\I and noon. These events 
can be cxplamed by changes in multi­
ple factors. With acuvation of the 
,mpathetic nervous srstem before 

a:vakemng, blood pressure and heart 
rate begm to increase. Blood pressure 
peaks between 6 AM and noon. These 
changes m blood pressure parallel the 
mommg acth·ation in catecholamines, 
rcnin. and angiotensin. Acuvity and 
sleep influence the level of blood pres­
sure throughout the day. and blood 
pressure is generally lowest between 
midnight and 6 AM. At 1he same time, 
increase in catecholamines in the 
morning promo1es pla1elet aggrega­
tion. This is especially imponant be­
cause fibnnogen also increases, 
whereas endogenous tissue plasmino­
gen aetiva1or decreases. promoting a 
procoagulant state \\~th increased 
blood viscosity. 

and myocardial oxygen consu 
• · lllpJ1011 creaung an cnv1ronn1cnt for 1 • 

0 I Jl aquc mpturc. nee p aque ruJ)turc 
b occur, 

throm os1s results, _exacerbated by th~ 
procoagulant state 111 the cir!)· 
. ' morn. 
mg; the rcsultmg consequence 
clinical event. i; a 

Chrono1herapeutics is 1hc purpose­
ful contro l of plasma drug concentra. 
1ions to match in1rinsic disease 
rhythms to optimize therapeutic out­
comes and minimize side effects. Opti­
mum therapy is more likely when ihc 
right amoun1 of drug 1s deli\'ered to 
the correct_ target organ at the most ap­
propnate t11ne. In contrast. man) side 
effects can be min11111zed if a drug 15 
not present when ii is not needed. 

The higher blood pressure and 
heart rate in 1he early morning in­
crease shear forces m blood vessels 

organisms or cells ini1ially respond 10 the 
drug, but C\'en1ually some or all fai l to re­
spond because of an acquired resistan1 
property. 

lntrins ic Resistance. Intrinsic or pri­
mary resistance may occur as a result of 
S)'Stemic or cellular factors: 

• S) s1em1c faaors: factors causing low 
drug concen1ra1ion in the orgamsm or 

To achieve such customized dosing. 
scienllslS ha\'e developed c/11ono1l1na­
/Je111ic Jommlations of drugs. Unlike 
convelllional comrolled-relcasc for­
mula1ions, which pro\'1dc rclali\'ch 
constant plasma dmg lewis for 2➔ 
hours, chronothcrapeuLic fomrnla­
tions use various release mccham.,ms 
to provide varying plasma drug lcnl, 
1hroughout the day Cui rcnili: 1hcrc 
are four chrono1herapeu11c a111ihn1cr­
tensive products, two using w1apa1rnl 
and one each containing d1lua:c111 and 
propranolol. 

1umor such as decreased ab,orpuon. 
increased ehn1111a1ion, or dcoc,1,,·d 
distribution to 1he slle of awon ~c­
cause of func1ional membrane h.umr, 
(e.g., blood- brain barrier limn, dfc,­
tive therapy of bac1cnal mfcrnon, '11 
the brain). 

• Cellular factors: fac1ors 1ha1 affcrl ,ib,l­
ity of the dmg t0 reach and inimd 
wi1h 1he drug target reccpwr <'I en· 
zyme. Such factors include 1,m 11111•1• 

J8 / Tll[AAPl.llTIC VAR1'"1llTY c ,1,1,rr~ 

cellular levels of dn'.g (owing 10 cfnux 
roteins) , low affini ty of receptor for 

~rug, ab ence of a parncular receptor. 
or Jack of activation of a prod rug to an 
active metabolite 111 the cell. 

Uircd Resistance. Acquired rcs1st­j\cq 
• is usually related to genetic changes 

anc~ . . . f h 
that alter the sens1uv1ty o t e target to a 

le drug (or to a chemically similar sing 
roup of drugs) through a variety of 

g clia111sms. Acquired resistance is an 111e '-
inheritable trait. It may be the result of 
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llccause subtherapeutic concentrac,ons 
encourage development of resistance, 
this approach reduces the probability 
that dn1g-rcs1stant populauons will 
develop. 

• Combmat1on therapy wnh two or 
more drngs with different mechanisms 
of action The probability that DNA 
changes n1II emerge in the same cell 
resultmg 111 resistance to both drugs 1s 

small. Thus. this approach reduces the 
probab1l11y of selecuon of a population 
of resJS1an1 cells. 

• Cells res1s1ant to one drug often ex­
hibn mcreased sensi1ivity to another 
drug that acts bv a different mecha­
rnsm. Thus, kno,~ledge of the mecha­
nism of resistance IO a drug can provide 
an approach 10 specifically target drug­
resis1ant orgamsms or cells 

induction by 1_he drug of DNA mutations 
in some cells rn the populat10n. tllterna­
lll'ely, it may arise as a resu lt of a drug 
selecuvel)' affecting the genetically sus­
cepublc cells within a popula1ion while 
nol affec1ing a small number of resistant 
cells m 1he population. In bo1h cases, the 
drug will be initially effect ive, but will 
become progressively less effective as 

d Immunological Variability acquired resistance evelops. 
Once a cell has developed acquired 

resJStance, 1.c., is altered such 1hat it is 
partially or complc1ely resis1an1 to a drug, 
ihere is a selec1ive advantage for its sur­
,fral in a dmg-containing environment. 
Selce1ion ts the process by which drug­
rcsJStant organisms or cells are enriched 111 

Drug allerg)' is a variabili1y m drug re­
sponse among md1\'1duals that 1s related 
10 an 1mm1molog1cal reaction and is seen 
onlr after a second or subsequent expo­
sure of 1hc pa11en1 10 the drug. The ef­
fecls are qual11a11vely different from the 
normal phannacolog1cal effecis of the 
drug. Allergic rcaclions to drugs do not 
show 1he usual dose-response relauon­
sh,ps; even a small, subtherapeuuc dose 
may be sufficient 10 cause allergy 

a cell population. Consequent!), wil11 
conunued presence of drug, evemually 
only drug-resistant organisms or cells will 
sumvc, resuhing in a resisiam populauon. 

Different drugs may share 1he same bio­
chemical mechanism leading 10 develop- Drug Allergy 
mem of resistance. Cross-resistance arises 
when cells become resistant to drugs 1hat 
are chemically rela1ed or have 1he same 
mechamsm of action. More problerna11c 1s 
multiple d111g resistance, or muilidrug re­
sistance, in which cells become res1s1ant 
10 drugs with dilTerent chemical structures 
and mechanisms of ac1ion. 

Several clinical approaches have 
been implemented 10 avoid or minimize 
res1s1ance. 

• Use of high doses to achieve adequaie 
in1racellular concen1ra11ons to inh1bi1 
or kill the intended organism or cell 

tin allergic reac1ion JS an adverse response 
10 a drug as a result of a previous exposure 
to 1he same drug. Drug allergy JS different 
from drug 1ox1e11y or 1d1osyncrnsy m that 
ii 1s nol dose-depcndenl and no! drug­
spec1fic. Thus. e,·en 1hcrapeu11c doses c:in 
cause an allcrg1c rcac1ion Ill some patients. 
Symptoms of drug allerg)' are sinular for 
all drugs 1ha1 cause an allergic re,ponsc. 
and arc nol rdaied IO usual phanuacologi­
cal effect, of 1hc drug 

~!any macmmoleculcs (such as foreign 
pro1cins) arc \'ICwed a, an11gens b" the 
bod); and their pr~scncc 1nggers fonnallon 
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M 
uhidrng resistance (MOR) oc­
curs when cells become re­
·istanl to a broad mngc or 

irnciurally and func1ionally unrelated 
drug, after exposure to a mglc C)'IO· 
toxic agent This t}l)C of rcs1s1ance 1s a 
serious problem in chemothcrapr and 
in antiviral and antimicrobial themp)', 

A number of different mechanisms 
can cause de,·elopment of MOR, in­
cludmg increased drng effiux from the 
cell by ATP-dependent transporters, 
decreased drug uptake into the cell, or 
actl\"aUon of biotran formation en­
=,,nes. Howe\'er, MOR has most often 
~en linked to the ovcrcxpress1on of 
P-glycoprotein (P-gp), a 170-kilodal­
ton ATP-dependent membrane trans­
porter that acts as a drug effiux pump. 

Clinical obser\'ation has shown 1ha1 
MOR may develop after a course of 
chemotherapy (acquired resistance) or 
may be present on diagnosis (intrinsic 
resistance). MOR in chemotherapy has 
been associated with overexpression of 
P-gp transporters that acl as efflux 
pumps to remove cytotoxic com­
pounds from tumor cells, thereby 
pre,·enting drugs from reaching thera­
peutic concentrations in the cell. The 
cytotoxic drugs most frequently asso­
ciated with MOR are hrdrophob1c, 

of antibodies. Thus, many biopharmaceu­
tical protein drugs have the potential of 
1muaung antibody formation. However, 
small molecule drugs can also indirectly 
cause sensitization. This indirect effect oc­
curs if the drug (or its metabolite) binds 
covalenll)' to an endogenous protein (hap­
ten), crcaung an antigen complex wuh 
spcc,!lcity for the drug part of the com-

amphipa1h1c n,llural produu, . , ~uch 
1he taxanes (paclnaxel doc a, 

lk I . 1 ( . . • cta\cl) 
v111ca a ·a 01c s v111orclh1nc 1111 • 

. • cn11tnc 
v,nblasllne), an1hracrcltnes (do. • 
I . . 1 b' . ~oru. 
i1c111, c au noru 1cm e!JI rub· 

. . ' l<JnJ 
cp1podophyllo1ox111s (c1oposidc . • 

.d ) I . • ten,. 
p~s1 e , topotecan, c acunoinycin. and 
1111l011l)'C111 C. 

Expression of P-gp is muall, hi1sh 
es1 in 1nmors that arc clcn"cd f;001 ll\, 
sues that normall)• express P-gp. ,uch 
as epithelial cells of the colon, kidnc\'. 
adrenal, pancreas, and ltver uch t~­
mors may how resistance to sonic 
anutumor dmgs even before chemother­
apy is 1111uatcd. In other tumors. the 
expression of P-gp mar be low ,ll the 
begmnmg of treaunem bUl incr,a,, 
after exposure to the drugs, rc,ulun~ 
111 the development of MOR 

Inhibiting P-gp as a war of rc,m. 
ing MOR has been extensi,cl) s1ud1rd 
Many P-gp inh1b11or , both comp,11-
tivc and noncompctil i"e, ha,·c hcrn 
idenuficcl, with the objectwe of ad­
ministering the 111 hibnor along II uh 
tl1e antitumor drug. However, chmcal 
results have been disappmnting fhc 
inhibitors arc either 100 1ox1c 1hc111-
selves, have a relatively low affinu, fer 
the transporter, or have other undc,1 -
able drug interactions. 

plex. A subsequent exposure to ti '1 , 
drug then mggers an antigcn-anuh I r, 
sponse in the body; a chain rcac11011 1h.11 '' 
always the same regardless of drug 

The most important clmg cau,c, 11 " 

mediate hypersensitivity reacuon, .11 , 11 

tibiotics. Other common drugs 1h.11 ,.w, 
such reactions arc insulin, enzyme, ' 11 '1' 
1okinase and chymopapa111). hc1crol,•~• '' 

P
enlcill1n anubiot,cs arc one of 
the most common causes of 
mcd1ca1ion allcrg1cs Pemc11lins 

arc a fan11ly of ant1b1ot1cs rnllcd ~­
iactams and include bcnzrlpemc1ll111, 
cnici llin V and pc111cdlin G. amox1-

~ilhn, a111p1c1lhn, chcloxac1llin, and 
naficillin. These drugs arc generally 
used to eradicate man)' common bac­
terial infections ,uch as skin. car, 
snrns. and upper respirator)' mfec­
uons. 

benzylpenicill in 

Common allergic reactions to pcn1-
cilhn mcludc rashes. hives. nth) crcs, 
and swollen lips, tongue, or face. Seri­
ous and occasionally fatal hypersensi­
tivity (anaphylaxis) has been reported 
in patients on pe111cillin therapy The 
anaphylactic reaction can develop 
wnhin an hour of takmg pcmcillin 
Symptoms include difficult)' brca1h­
mg, hives, wheezing, dizziness, loss of 
consc1ousness, rapid or weak pube, 
skm turning blue, diarrhea, nausea, 
and vomiting. Although anaph)'bx1s is 
more frequent after parenteral therap), 

1l also occurs in pauents rece1vrng oral 
[lCntlillm 

,\llrrgK rc,1r1ions arc more likely to 
occur 111 mdl\ ,duals w11h a history of 
re111c1ll1n h,prr,cns111, 11y or a history of 
senSIIJ\II)' lo muh,plc alkrgens. Some 
people who arc allergic to pcmc1llin 
show cross-srnsili\ltV 10 other closelv 
rel,llccl an11h1011cs, p;rt,cularly other ~ 
lac1ams. Drng, m thts category include 
ccphalosporms (e.g., ccphalexin, cef­
proz1l, and ccfurox1md, carbapcnerns 
kg. im1pcncm), monobactarns (e.g., 
az1rconam), and t·arbaccphcrns 

The prc\'alcncc of pcmc11lm hyper­
scnslll\ ll)· in the general populauon is 
not kno" n. &fore an) penic1lhn 
therapy is 1muated in a pauenl, it 15 

11nponant 10 make a careful mquiry con­
cerning prc\1ous hyper;ensiti,it:y rcac-
11ons 10 pemc1lhn. ccphalosporins, or 
other an11bio11cs. ,\pproximately 10% of 
hosp11alized patients report a history of 
allergy 10 penicillin, and for this reason, 
many of these patients recci1c altema-
11ve an11microbial drugs. The most 
reliable method for evaluating pcmcillin 
allergy is b) skin 1csung 10 both 111.1jor 
and mmor determinants of penicillin. 

If an allcrg1c reaction occurs. the 
pemeilhn product should be d~con­
unued immcdia1dy Emcrgcncv treat­
ment of penicillin .1llc~, mclude;, 
inJccuons of epinephrine or intra­
venous adm1111str,1tion of antih6ta­
mim·, ,ind cort1cost,·ro1d,. Oxygen 
imravcnous >1cw1cb. ,md ain"" man­
agement , mduding intttbauon, are 
also .1 lmims1en:d as indicated. 
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(c umc .rn11to'1n, .md anulym• 
ann,em lq l I n) munnc mono lon.11 

hoc\"tC g O ll1 1 • 

~m1h,-.d1cs. pn,tammc. and hcpann 
The fir.,t contact of the dmg " nh a po• 

11 . llc"'IC 1,aticnt h called scnsltl· 
tcnt1a ' a •t- I b d ' 

On -tib, •·qucnt conrncts. l ,c o } --auon ~ - ... 
~· d . la,..,c amounts of h1stammc, an pro ucc, • .,.. . 
autacc11d that c.rn,c potential!\" scnous 
dkct,. uch a, a km rash. brcathmg d1ffi-

ll decrease m blood pressure and , ulu-
cu ' · d . C 
match: shock TlllS exaggerate immu n 

C lo 3 forcign agent such a an 
rc,pons • . . , 
antigen or dmg is called hyprn,cns1u,~l} 
·ymptoms ma, occur wuhm cconds or 

,-­
Compliance 
Age 

I We1ghl 
Renal disease 
HepatJC disease 
Card,ovascular disease 
Nutntlonal status 

"-It fJrn.: \ 1,,, 

1111nutc~ after the second cli, 
1g C\n. 

(1111111cd111fc hyper ~crr11111 II\) 01 1·•><u, 

gradually w11 h maxin1un1 effcct'nai hegin 
f 111 da 

weeks a tcr the second C\j>o,
11 

. ( ), r 
• ) I t{ cld 

h)pcrscrrsrf11 rfJ . T 1c mo,1 scrt '11rd 
<.lU1,, Ill 

fcstalion of such an alleri•ic r• Jn1. 
I I " ,ac Iron 

called <11111p 1y <l\'11 or arraphi /uci1 1 
1' 

d l·f 1 • < 11•~1-a severe an I e-t 1rcatcn1ng ,illcr -
II g1, tCJ 

uon Stmctura y s11111lar drugs \\iih • 
same detcnnmant group (group he 
mzcd b}' the antibod}') can ,1,

011 
re "~-

••• • l II Cin11 
cnsrttvrty, 111 l iat an a c1g1c rc,

1
l0 • 

- 11'.t lo 
the second drug ts shown even 

11 
th 

I OU• previou contact wnh 11. ' 

Reslslance ] ( Allergy ) 

~ 
j 

,--------.., 
Pharmacolonetic 

vanabilrty 
Pharmacodynamic 

vartabihty 
Immunological 

variability 

-------. l --------

Monitoring of 
blood le'lels 

Variabdrty in drug 
response 

Monitoring of 
response 

~ ~ 
lindivlduafizalJOn of drug or dose 

r,gur, 18 2. Sumrll.11)· oflactors causing vanah,hty 111 drug response 

,, 
,rflF' lS / TlttllAPH 11< V\IU,ftll IIY 

fhl' prcdispos1tton of a_pa11cn110 be dl­
ic 10 a particular dmg ts p,mly genetic 

!erg "}" be related to o ther f,1t1ors such .1~ 
bUl Ill•• 

·on of treatment or route of admims-
dur,ill . . 

n Allergic reactions often occur 
1rauo cl b 

I ut warning an cannot c predicted. 
\\ll 10 

orug compliance -Cornphancc is the willingness and abilny 
fo llow a prescribed course of drug 

io d" r treatment. Mc 1cauon no ncomp 1ance or 
nonadherencc, 1 e., the failure lo take 
drugs on time in the doses and manner 
prcscnbed, 1s as dangerous and costly as 

many illnesses. 
oncomplrnnce can be classified as c1-

hcr complete nonadherencc (missmg 
~osagcs) or partial adherence (prescribed 

dose is not complc1cl}' admm1s1cred) 10 a 
therapeutic reg11nen \Vhether compliance 
IS absent or partial, the outcome IS a reduc­
uon of pham1acological effect or emer­
gence of drug resistance. Some causes for 
noncompliance arc: 

, The patient is taking many 111cdica1tons 
(polypharrnacy) on a complex dosing 
schedule and is unable to keep track of 
them 

, The cost o f medications may cause the 
pauent 10 miss doses or take reduced 
doses. 

• Side dfccts m,,y cl1srnur.1gc the p lltrnt 
from 1,1k111g the drug. 

• fhc p.111rnt may l,1ck undcrst,mdmg of 
a drug"s h<-ncf1ts. 

Ahhough an obvious c.1usc of thcra• 
peu11c vanalJ1lt1y, noncomphancc must 
be taken 11110 account and s1r:11eg1cs dr­
vcloped lo encourage adherence to a dos­
mg regimen 

Individualization of Therapy 

The standard drug therdpy, 1.e , drug, 
close, and dosing frequency. for a parucu­
lar disease or cond111on is merely the 
starung pomt of treatment. Before the 
standard drug or dose 1s used, the pauent 
needs to be assessed fo r factors d15cusscd 
in this chapter lo see whether thl5 ap­
proach 1s sunable. Even if a pauent 15 
started on standard therap}: momtonng 
of response (efficacy, adverse effects) 15 
necessary as therapy contmues. For drugs 
with a narrow therapeutic wmdow and m 
ccnarn scnslll\"C panents, blood levels 
may need 10 be momtored lo ensure the, 
arc \\1th1n the thcrapelllic range. The 
dose or the drug may have to be changed 
10 ind1v1duahzc themp, to each patient 
Figure 18 2 summan=cs factors c:m,111~ 
thempemic ,·anabtlity .md acuon,, to be 
taken in these situations. 
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Kev CONCEPTS 

• The standard dose of a drug is based 

on response of a majority of aver­

age patients. 

ceptors or in pathophysiology of the 

patient. 

• Circadian rhythms are an important 

source of pharmacokinetic and 

pharmacodynamic variability. • The effect of a particular dose of a 

particular drug is never the same in 

all persons, or even in the same per­

son at different times. The standard 

drug or dose may need to be modi­

fied for the needs of a particular 

individual. 

• Pharmacokinetic variability arises 

because of differences in ADME of 

the drug in patients. 

• Pharmacodynamic variability is 

caused by differences in target re-

• Drug tolerance and drug resistance 

can limit the therapeutic utility of a 

drug in some patients. 

• Immunological varia?ility, e.g., drug 

allergy, can cause serious adverse 

reactions in certain patients. 

• Poor drug compliance is an impor­

tant component of interindividual 

therapeutic variability. 
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REVIEW QUESTIONS 

1. Why do patients respond differently 

to the same dose of a drug? 

2. Why is pharmacokinetic variability 

particularly problematic for drugs 

with a narrow therapeutic range? 

3. What factors can cause pharmacody­

namic variability among patients? 

4. What factors can cause variability in 

the same patient at different times? 

5. Differentiate among drug toxicity 

drug idiosyncrasy, and drug allergy. ' 

6. Differentiate between drug toler­

ance and drug resistance. List the 

clinical approaches to minimizing 

drug resistance. 

7. Differentiate between cross-resistance 

and multiple-drug resistance. 

8. What is an allergic reaction to a 

drug? How does an allergic response 

differ from other responses seen 

after administering a drug? 

9. What are the clinical approaches to 

ensuring that each patient is given 

the right dose of the right drug? 




