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7-Substituted Quinolines

Leah B. Casabianca and Angel C. de Dios*
Department of Chemistry, Georgetown aiisity, 37th and O Streets NW, Washington, DC 20057

Receied: March 2, 2006

Chemical shielding tensors are calculated for the carbons in a series of 4-aminoquinolines with different
substituents at the 7-position. The; component is used as a measure of the relathetectron density at

each carbon. By comparing theelectron density at each carbon with the log K of binding to heme (Kaschula
et al.J. Med. Chem2002 45, 3531), the drug-heme association is found to increase with increasstertron
density at the carbons meta to the substituent and with decreasitegtron density at the carbons ortho and
para to the substituent. The greatest change@hectron density is at the ortho carbons, and log K increases
with a decrease im-electron density on the ring containing the substituent, which corresponds to an increase
in the z-dipole between the two rings. An examination of the solution structures ofrthve complexes
formed by amodiaquine and quinine with heme (Leed eBachemistry2002 41, 10245. de Dios et al.

Inorg. Chem2004 43, 8078) shows that the-dipoles in each drug and in the porphyrin ring of heme may

be paired. The chloro-substituted compound has an association constant that is an order of magnitude higher
than the other compounds in the series, butthaectron density at the ring containing the substituent is not
correspondingly low. This lack of correlation indicates that the Cl-substituted compound may be binding to
heme in a manner that differs from the other compounds in the series.

Introduction K K
Malaria remains as one of the most serious health concerns HNJ\/\/NV i >SN

throughout the world. The molecular mechanism that describes 549 )4 s 5 g |4

how quinoline-based antimalarial drugs function is not yet ° @ A\ 8 @ A\ 8

precisely known. During the erythrocytic stage of its life cycle, ol N 2 X N 2

the parasite digests red blood cell hemoglobin as a source of Tog 10 Tg 10

amino acids:2 A byproduct of this hemoglobin digestion is the H H

heme group (ferriprotoporphyrin IX, FPIX), which is toxic to Chloroquine 7-substituted quinolines

the parasite. The toxic heme is sequestered in the form of X=NH,, OH, F, OCH,, H,

hemozoin, a crystalline FeO41 dimer that is structurally CF3, NO,, CH;,, Br, I, Cl

identical to synthetig-hematin® Hemozoin is also known as  Figure 1. Chemical structures of the antimalarial drug chloroquine
“malaria pigment” and appears as a dark spot in the digestive and the 7-substituted 4-aminoquinoline compounds synthesized by
vacuole of the parasite, the organelle in which hemoglobin Kaschula et al. I. Med. Chem.2002 45, 3531) and considered
digestion and hemozoin formation occur. Quinoline antimalarial theoretically in this study. Quinoline carbons are numbered for
drugs such as chloroquine (Figure 1), amodiaquine, quinine, reference, and the A and B rings of quinoline are indicated.

and mefloquine are believed to function by inhibiting the nhemoz0in formation by binding to heme. In addition to binding
formation of hemozoin from heme. This allows toxic heme 0 peme  successful drugs must also inhibit hemozoin formation.
remain in the digestive vacuole, eventually killing the parasite. T B-hematin inhibition can be measured in vitro. This
One major problem in the fight against malaria is the parameter has likewise been used in QSAR studies. To come
emergence of resistance to known treatments. Chloroquine-into contact with heme at all, the drugs must be present in the
resistant strains of malaria are now found throughout Africa, digestive vacuole of the parasite. The concentration of drug that
South America, and Southeast Adidikely candidates for  accumulates in the digestive vacuole has also been measured
circumventing resistance are structurally similar to existing and compared in QSAR studies. Last, drugd€against both
drugs. Hence, an understanding of the different functional groups sensitive and resistant strains can also be measured as a test of
responsible for both antimalarial activity and resistance are antiparasitic activity.
important to the discovery of new drugs. Toward this end, much  These four quantitative responses to antimalarial drugs,
work has been done in developing quantitative struetamivity association constant for heme bindinthematin inhibitory
relationships (QSARs) for quinoline-based antimalarial dfugs. concentration, cellular accumulation ratio, and inhibition of
Several aspects of antimalarial drug activity are relevant to parasite growth (I6), are related to one another. The ability
these studies. First, quinoline antimalarials are thought to preventto bind to heme has been shown to be a necessary, but not a
sufficient, condition for inhibition of3-hematin formation, and
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0670. Fax: (202) 687-6209. E-mail: dediosa@georgetown.edu. necessary, but not sufficient, for antimalarial actiity. a study
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of 4-aminoquinolines with different substituents at the 7-posi- relationship found between lipophilicity, hydrophilicity, or
tion, a correlation was found betwegrhematin inhibition and electronegativity of the substituent and the,d ©f the amino-
antimalarial activity normalized for vacuolar accumulation. quinoline compounds. Kaschula et’aynthesized a series of
Relationships have been found between drug-heme binding K4-aminoquinolines with different substituents at the 7-position.
and inhibition of hemozoin formation as well as between A QSAR developed from these compounds gave good predic-

inhibition of hemozoin formation and drug 468 A correlation tions of theB-hematin inhibitory activity. Two parameters were
was also found between drug 3 and S-hematin formation included in this QSAR: log K for drug-heme binding and the
inhibition normalized for heme binding K. Hammett constant for the meta position. Additionally, log K

Hawley et alt® found a relationship between drug accumula- Was found to be correlated with the published lipophilicity
tion ratios and 1€ values in a series of amodiaquine derivatives. constant of each substituent.
This relationship holds in four differe. falciparumisolates. Egan and co-workefshave recently proposed a structure
Although drug-heme binding constants were not measured activity relationship for the chloroquine functional groups based
directly, they argued that these findings could be rationalized, on measurements of heme-binding abilgyhematin formation
in part, by the assumption that cellular accumulation is presum- inhibition, and IGg's of a series of substituted quinolines. They
ably related to strength of binding to heme, so increased proposed that the 4-aminoquinoline ring is responsible for
accumulation could be due to stronger binding to heme, which chloroquine’s ability to bind strongly to heme, the 7-chloro
could lead to stronger antiparasitic activifyln a series of substituent is responsible for inhibition Gfhematin formation,
quinolines and nonquinolines, the accumulation-normalized and that the aminoalkyl side chain aids in accumulation of the
ICso's (drug accumulation normalized to the highest cellular drug in the digestive vacuole through pH trapping. They found
accumulation ratio multiplied by 1£) were found to correlate  that all three were necessary for strong antimalarial activity;
with inhibition of hemozoin formation in the case of a not all compounds that bound to heme inhibited hemozoin
chloroquine-sensitive (CQS) isolate but not for a chloroquine- formation, and compounds without an aminoalkyl side chain
resistant (CQR) isolate. This indicates that both cellular ~were able to bind to heme and inhilfithemozoin formation
accumulation and inhibition gf-hematin formation are impor-  but did not show antimalarial activity.
tant to antimalarial activity and that the mechanism of chloro- In the area of using quantum-mechanical parameters in QSAR
quine resistance could be related to preventing accumulationstudies of antimalarial drugs, several studies by Rode and co-
of the drug in the digestive vacuole of the parasite. workers appear in the literatut€:1® They have developed

Previous studies relating the structure of aminoquinoline multiparameter QSAR models for series of antimalarial drugs
antimalarial drugs to their function have focused on two areas: similar to primaquiné® mefloquine!” and chloroquind® These
changes to the aminoalkyl side chain and changes to substituentsnodels were based on Mulliken charges calculated by semiem-
on the quinoline ring. In a study by De et al., 7-chloroquinolines pirical CNDO/2 methods at various carbon sites. The carbons
with N,N'-diethyldiaminoalkane side chains with lengths be- that were found to be least important, based on the parameter
tween 2 and 12 carbons were found to be as effective assize, were gradually eliminated, and the “active center” of the
chloroquine against CQS straitisThe compounds with ethyl,  drug was determined to be the remaining carbons. The response
propyl, isopropyl, decyl, and dodecyl side chains were also data that they used were antimalarial activities in laboratory
effective against CQR strains. Analogues of chloroquine with animals®’and human patient§.Recently, they have proposed
branched and unbranched side chains containing 2 and 3 carbong nonlinear predictive model to explain this data set for the
between amino nitrogens were also found to have both in vitro mefloquine derivative$?
and in vivo antiparasitic activity similar to that of chloroquine The nuclear magnetic resonance (NMR) chemical shift is a
in CQS strains of. falciparumand were more effective than  unique parameter to use in QSAR studies, because of its
chloroquine against CQR straitsMadrid et al** synthesized incredible sensitivity to the local environmefit?2 As has been
a series of quinolines with two different amino side chains and known for some time, chemical shifts are sensitive to the
various substituents at the 5-, 6-, 7-, and 8-positions of the electron density surrounding a particular nuclétig? In the
quinoline ring. One side chain was th#&l, (N-diethyl)-1,3- case of aromatic carbons, Strub et%have shown that as the
diaminopentane side chain of chloroquine and the other wasz-electron density increases, going from the tropylium cation
(N, N-diethyl)-1,3-diaminopropane. They found that for all ring to benzene and the cyclopentadienide ion, the carbon chemical
substitutions, the compound with the shorter side chain was theshift decreases. Thé;; and d,, components of the chemical
more potent of the pair against both CQR and CQS strains.  shift tensor were found to be particularly sensitive to the change

QSAR studies of quinoline antimalarials have also examined in z-electron density, while thés; component was found to
the effect of different substituents on the quinoline ring. De et be relatively unaffected by the increasesirelectron density.
al12 found that chloroquine analogues with a methyl group at In aromatic systems, thi; andd,> components are in the plane
the 2-position, without the chloro substituent, or with the chloro of the aromatic ring &1 is radial to the ring anddz; is
substituent at the 6- or 8-position had reduced activity against tangential), while théss component is perpendicular to the ring.
both CQS and CQR strains, as compared to chloroquine. Thusdi: anddz, would be expected to give information about
Vippagunta et af. studied a series of aminoquinolines with the relativez-electron density at an aromatic carbon, with
different substituents on the quinoline ring and concluded that being less sensitive to the radial bond. On the other hagd,
effective antimalarials must have an electron-withdrawing group Would be expected to give information related to ¢helectron
at the 7-position, preferably a chloro substituent. Several other density.
studies have focused on the substituent at the 7-position in  Only the isotropic component (the averagedef, d,,, and
particular. A series of 4-aminoquinolines of various side-chain 0s3) is observed in solution NMR, due to rotational averaging.
lengths with different substituents at the 7-position were tested A solid-state powder pattern gives the magnitude of the three
against CQS and CQR straitfswhile the 7-iodo and 7-bromo  principal components, but their orientation can only be deter-
compounds showed kg values comparable to those of chlo- mined experimentally through single-crystal studies. However,
roquine against both CQR and CQS strains, there was nothe entire chemical shielding tensor can be calculated from first
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TABLE 1: Absolute o1 Values (ppm) for Quinoline Carbons of 7-Substituted Quinoline Compounds Listed in Figure 1

substituent C2 C3 C4 C5 C6 C8 C9 C10
NH2 —64.722 —3.780 —55.252 —52.363 —35.881 18.295 5.488 —54.071
OH —65.144 —5.903 —57.370 —51.393 —40.306 8.697 1.406 —51.390
F —66.207 —6.400 —59.106 —50.469 —37.260 —2.424 —4.315 —48.868
NO2 —66.757 —7.195 —59.774 —46.401 —44.576 —15.020 —14.693 —45.012
CF3 —65.621 —6.938 —59.668 —47.968 —60.884 —27.665 —10.710 —45.261
H —64.451 —6.479 —60.617 —48.137 —68.890 —38.371 —10.977 —48.369
OCH3 —64.470 —5.736 —56.588 —49.542 —43.103 10.733 2.539 —52.492
CH3 —63.788 —5.764 —59.258 —45.973 —65.453 —30.065 —5.147 —47.916
Br —64.841 —5.999 —59.046 —43.817 —61.913 —32.444 —6.243 —44.671
| —64.030 —5.583 —58.659 —40.841 —69.816 —43.059 —6.353 —42.977
Cl —65.341 —6.270 —59.140 —45.679 —56.976 —26.621 —6.187 —45.847

principles. Based on the results of Strub efathe calculated Chemical shift calculations for the iodo-substituted compound
shielding tensor components can be used to gain informationused a triplez basis set for the iodine atéfand a 6-311G-
on the relatives- and zz-electron density at aromatic carbon (2d,2p) basis sét for all other atoms. All calculations were
sites. Previously, we have used shielding tensors calculated byperformed using the Gaussian 98 prog#aon an SGI Origin

ab initio methods to examine the changerilectron density 2000 workstation (Silicon Graphics, Inc.; Mountain View, CA)
upon N-oxidation of the quinoline ring and to compare the with 4 processors.

z-electron density among a series of antimalarial ddigehe

drugs amodiaquine, chloroquine, and quinine were shown to Results and Discussion

have increasing and decreasinglectron density on alternating Listed in Table 1 are the1; components of the calculated

carbons. [n addition, for quinine, which is a 6-methoxy .hemical shielding tensor for 10 of the various 7-substi-
qumollne,_carbons on the ring containing the methoxy Substitu- ;eq quinoline derivatives. The carbon numbering refers to the
ent have increaseg-electron density compared to carbons on g.hame shown in Figure 1. EZ4 and the quinoline nitrogen
the opposite ring. Conversely, for the 7-chloro quinolines belong to the A ring, C5C8 comprise the B ring, and C9 and
amodiaquine and chloroquine, carbons in the ring containing 19 pelong to both rings. The carbon bearing the substituent,
the amino sybstitugnt have ingreasedlectron density relative C7, is not included in the table, as calculated shielding values
to carbons in the ring containing the chloro substituent. for carbons directly bound to heavy atoms are not expected to

In the present work, we explore the validity of using (g6, the trends experienced by the other quinoline carbons
calculated chemical shielding tensor components as structuralgince relativistic corrections were not included in the calcula-

parameters in QSAR studies of antimalarial drugs. #®ec-  {j5n |n general, for compounds with electron-donating sub-

trg_r|1_ der;sir:y on the qulin(_)lilne rir;)g 'j prﬁsumably rilated to the gtityents (NH, OH, OCH,, CHg), the quinoline carbons have
ability of these antimalarials to bind to heme, another aromatic .6 ghieldeds;; values, and for compounds with electron-

system. Based on the above discussion., hemg-bindilng abi”tywithdrawing substituents (N CFs, halogens), the quinoline
is required for a compound to be an effective antimalarial agent, .5t ons have more deshieldeg, values. C6 and C8, which

and thus it is an important parameter to study. Other activity 5 hoth ortho to the substituent, experience the greatest range
parameters such asd¢are not expected to be dependent solely ¢ ;. \ajues, followed by C9 (para) and the meta carbons C5
on drug-heme binding strength and may be complicated by other, 4 c10. carbons on the A ring, opposite from the substituent

factors such as cellular accumulation. A series of chloroquine- (C2, C3, and C4), are least influenced by the presence of the
like compounds with different substituents on the quinoline ring jitrarent substituents.

were recently synthesizédThe heme-binding association

constant for each compound was also meastrdtiese 2. These are the carbons on the B ring of the quinoline and are

compou_nds are shown in Figure 1. This series of co_mpounds,expected to experience a larger changeriglectron density
along with their measured log K values, present an ideal data i, 4 change in the substituent at position 7. The bridging

set from which to construct a chemical shielding QSAR. Thus, .ohons €9 and C10. are para and meta to the substituent
we have calculated the chemical shielding tensor at each Carbor}especti\’/ely but are aI’so part of the A ring as well. Thus, the '
for the compounds shown in Figure 1 and related these to the ;_ojecron density at these carbons will be influenced by both
drug-heme binding strength. The results are expected to providey,o hresence of the substituent at position 7, and by the amino
a rationale for the underlying electronic effects responsible for ¢ it ent at position 4. Experimental log K values are taken

drug-heme binding, and this information may be useful 0 o ref 7. For each carbon, the point for the Cl-substituted
consider in the rational design of future antimalarial quinolines. quinoline (shown as an open square) lies far above the best-fit
line determined by the other substituents. Excluding the
compound with the chloro substituent, the relationship between
Structures of the 7-substituted quinolines listed in Figure 1 o1; and log K for binding to heme is linear witR? values
were geometry optimized using the B3LYP functicidfand between 0.55 and 0.77 for C5, C6, and C8. The log K decreases
a 6-31G basis sét.For the iodo-substituted quinoline, a triple-  with increasingr-electron density at C6 and C8, which are both
basis set was used for the iodine at¥mand a 6-31G basis  ortho to the substituted carbon and C9 (not shown), which is
seB* was used for all other atoms. The quinoline nitrogen was para to the substituted carbon. On the other hand, the strength
protonated in all calculations. In the case of heme, the iron was of binding to heme increases with increasinglectron density
replaced by a diamagnetic Migion and geometry optimization —at C5 and C10 (not shown), which are both meta to the
was performed for a monomer of Mg (protoporphyrin IX) at substituted carbon.
the HF/6-31G levet? Of the compounds studied, the Cl-substituted compound was
Chemical shift tensors were calculated using GFA@ith found to bind to heme more strongly than any of the other
the B3LYP functional?33 and a 6-311G(2d,2p) basis $ét.  quinolines, by an order of magnitud€hloroquine, which also

Plots of log K vsoy; for C5, C6, and C8 are shown in Figure

Computational Details
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Figure 2. Plots of log K vso11 for C5, C6, and C8. K is the experimental binding constant between 7-substituted 4-aminoquinolines and heme,
taken from Kaschula et al. Med. Chem2002 45, 3531. C5 (meta to the carbon with the substitu&dtF 0.77; C6 (ortho)R?> = 0.57; C8 (ortho)
R? = 0.55. In each case, the point for the Cl-substituted compound (shown as open square) was not included in the linear regression analysis.

has a chloro substituent at the 7-position, has a similarly high
drug-heme association constétowever, in the present study,
a corresponding difference in chemical shielding, and thus
m-electron density, between the Cl-substituted compound and
the other substituted quinolines is not evident. This indicates
that the compound with the chloro substituent may be binding
to heme via a different or additional mechanism than the other
7-substituted compounds. This additional mechanism appears
to be uncorrelated with ther-electron density at particular
carbon sites. Previous solid-state NMR measurerftintiicate
evidence for a covalent complex with an-H¢ bond between
heme and chloroquine. Evidence has also been found for a
covalent complex between heme and the drug metaquine, which
contains two 7-chloroquinoline ring8.Thus, an explanation
for the increased drug-heme binding strength of the CI-
substituted compound is that this drug may be forming a
covalent complex with heme in solution.

As shown in Figure 2, an increase dnelectron density on

20
the meta carbons and a decreaserialectron density on the 2 iy
ortho and para carbons may be important to the binding strength £ ok
between antimalarial drugs and heme. In our previous paper, = cal!
S . . = .
we fo_L_md that alternating increasing and decremaj;ectron b .m|
densities, as suggested by, were present on adjacent carbons 0

in the antimalarial drugs amodiaquine, chloroquine, and quinine. CHA C2A C4A C1B_C3B CHC C2C C4C C1D_C3D

" . | . C1A C3A CHB C2B C4B CAC C3C CHD C20 C4D
In addition, there was a-dipole between the two rings, with

th . bstituted i bei lect ich i Figure 3. Visual representation of the relativeelectron density, as
€ amino-substituted ring being more-electron rich in indicated byoy, for each porphyrin carbon of a heme monomer. Larger

amodiaquine and chloroquine and the methoxy-substituted ring spheres represent more shielded carbons and thus carbons with more
being morer-electron rich in quinine. We have performed the x-electron density. Note that data are shown for porphyrin carbons only
same calculation on a monomer of heme, to see if a corre-and not for nitrogen or iron atoms.

spondingr-dipole is present in the porphyrin structure of heme

as well, and if matching of the-dipoles could be responsible  increasedr-electron density? As can be seen in Figure 3, the

for drug-heme binding. Shown in Figure 3 is a plotaaf for heme monomer has alternating increasing and decreasing
each porphyrin carbon of heme. Also shown in Figure 3 is a s-electron density, similar to the antimalarial drugs, but in heme
visual representation of the-electron density at each of these the period of this alternating-electron density is greater than
carbons, as indicated hy,. In this visual representation, larger  every other carbon. This indicates that it may be #heipole
spheres represent more shielded carbons, and thus, carbons withetween the A and B rings of quinoline in the drugs, rather
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than the alternatingr-electron density on individual carbons,
which is responsible for the—s interactions between antima-
larial drugs and heme.

The plots in Figure 2 also indicate that thedipole of these
drugs is more important to the binding between drugs and heme
than is the degree of alternatingelectron density on adjacent
carbons. In most cases, C8 and C9 are more shielded than C5
and C10, so that the combination of increasing the shielding at
the meta carbons and decreasing the shielding at the ortho and
para carbons actually leads to a decrease in the amplitude of
the oscillatingz-electron density. Furthermore, the degree to
which the shielding at C5 and C10 changed( to —54 ppm)
is much smaller than the degree to which the shielding at C6
(—36 to—70 ppm) and C8 (18 te-43 ppm) change. Thus the
factor that is primarily responsible for the increasing strength
of binding to heme in these compounds is the decrease in
m-electron density at carbons C6 and C8. The compounds
considered in the present study have an amino group at the
4-position of the quinoline ring, similar to the drugs amodiaquine
and chloroquine. Thus it would be expected that the A ring
should ber-electron-rich and the B ring should beelectron
poor for optimal interactions with heme. Because the shieldings
of C2, C3, and C4 do not change considerably with the different
substituents (Table 1), a decrease in shielding at C6 and C8
corresponds to a further decreaserielectron density of the B
ring compared to the A ring.

Vippagunta et al. have proposed that—s interactions
between drugs and heme could be reduced to electrostatic
effects. Calculated electrostatic potential maps indicate a region
of decreased electron density surrounding the iron at the center
of the porphyrin molecul@ Their proposed structure of the drug-
heme complex is similar to that of Moredljn which the
quinoline ring of the drug is positioned over the heme Fe.
Chloroquine analogues that showed strong heme-binding af-
finities were found to have greater electron density around the
quinoline ring than compounds that did not bind to héribus
they concluded that favorabfe— interactions arise from the
electron-rich quinoline ring of the drug being positioned over
the electron-poor region in heme.

Recently, atomic-level solution structures of several antima-
larial drugs with heme were solved by a combination of
experimental distance restraints determined by NMR relaxation
measurements and molecular dynamics simulated annéafihg.
These structures indicate that the quinoline ring of the drugs B
do not lie above the heme Fe but instead are positioned above : o
the aromatic carbons of the porphyrin ring. However, the Figure 4. Low-energy solution structures of the (A) amodiaquine-

. . : . . - heme complex and the (B) quinine-heme complex. For clarity, hydrogen
explanation of electrostatic effects dictating-z interactions .o <" S - ond monomer of the heroao dimer are not shown.

still applies. Structures for the complexes formed between the more electron-rich ring of each drug is shown in red, and the
amodiaquine and heme and quinine and heme are shown inelectron-poor ring is shown in yellow. The porphyrin carbons in heme
Figure 4. The xyz coordinates were taken from low-energy are shown with the size of the carbon proportional to #helectron
solution structures of the complexes formed between antimalarialdensity at that carbon, as indicated dy. Larger spheres represent
crugs and hemé:n Figure 4A, the amodaquine molecule S I Peresses e terely n 0 e secton
IS posmqned sy_ch that the A ring, which is electron-rich (shown in Eeme. The glectron-goor B ring of amodiaquine isppositFi)gned ove?
in red), is positioned over electron-poor carbons of the heme gjectron-rich carbons of heme. In (B), the electron-rich B ring of quinine
porphyrin. The B ring, which is electron-poor (shown in yellow), is positioned above an electron-poor pyrrole ring in heme, and the
is positioned above heme carbons that have increasgectron electron-poor A ring of quinine is positioned over electron-rich carbons
density. In Figure 4B, the quinine molecule is positioned in the of heme.
opposite orientation, with the A ring above the electron-rich
carbons of heme and the B ring positioned above electron-poorthese figures were determined from distance restraints between
heme carbons. The A ring of quinine is electron poor, compared drug protons and a single point (heme Fe), and the FPIX
to the B ring, which has increasedelectron density. monomer is presumed to be rotating. Also, the NMR chemical
Although these pictures provide a simple explanation for shieldings were calculated for the heme carbons only and not
drug-heme binding, it is important to highlight some of the for the nitrogen or iron atoms. Nevertheless, drawings of these
limitations of these proposed structures. The structures used instructures do indicate that the pairing between-alectron-
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poor pyrrole-like ring in the heme porphyrin andreelectron
rich ring of the drug is possible in these complexes. In our
analysis we have considered onhelectron density, as indicated
by the o1; component of the chemical shielding tensor. The
distance between the drug and heme in these structure® (4
A)4243is great enough that-electron density is not expected
to play a role in drug-heme binding. Thus an important
contribution to ther— interactions between drugs and heme
may be an electrostatic effect due to a nonuniforralectron
distribution.

Conclusions

The results presented in this work provide an explanation
for the measured drug-heme association constémts series
of 4-aminoquinolines with different substituents at the 7-posi-
tion. Ab initio calculations of ther;; component of the chemical

shielding tensor indicate that the drug-heme association constant

increases with increasingelectron density at the carbons meta
to the substituent and with decreasinglectron density at the
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