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Binding stability of a cross-linked drug: Calculation of an anticancer drug
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One of the binding modes of anticancer and antibiotic drugs bound to DNA is the formation of a cross link,
i.e., binding is made through the formation of covalent bonds between a binding drug and DNA. In this work
we present a computational method to calculate the binding stability of a drug cross linked to DNA.
Our method is based on the modified self-consistent harmonic approach in which the disruption probabil-
ity of the cross-linked bonds as well as hydrogen bonds is calculated from a statistical analysis of micro-
scopic thermal fluctuational motions. A Morse potential with appropriate parameters is used to model the
cross-linked covalent bonds. Our method is applied to an anticancer drug cisplatin-DNA oligomer
d(CTCTAGTGCTCAQ-d(GTGAGCACTAGAG complex. We calculated the equilibrium binding constant
of a cisplatin bound to this DNA oligomer. Our method can also be used to analyze the effect of drug binding
on DNA base-pair thermal stability. We find that, despite the disruption of certain interbase H bonds, the
thermal fluctuational opening probabili°? of base pairs in the cisplatin binding region is enhanced by the
formation of non-Watson-Crick H bonds as well as cross-linked covalent bonds. Although the entire DNA
helix is bent by cisplatin binding, the stability of the base pairs outside the binding region is only slightly
affected by this deformationS1063-651X97)05805-4

PACS numbgs): 87.15.By, 87.15.Kg, 63.78-:h

[. INTRODUCTION cus of many investigations. An important element in the ef-
fectiveness of a drug is the dynamical stability of binding.
DNA is a major target of anticancer and antibiotic drugsAn analysis of this stability is therefore important in probing
[1,2]. Experimental structural studies have revealed thathe underlying mechanisms and drug-design principles. Al-
drugs bind to DNA through a few well-defined modes. Thesehough cisplatin has been under intensive investigation, to
include (i) intercalation, in which a drug is inserted into the our knowledge, little work has been done on the binding
inner space between base pdit3; (i) groove binding, in  stability of cisplatin-DNA or other cross-linked drug-DNA
which a drug resides in one of the two grooves on the side afystems. In this work the cisplatin binding stability and its
DNA molecule[2]; and (iii) cross linking, in which a drug effect on host DNA base pairs will be analyzed.
forms strong covalent bonds with DNF8]. A key task in The dynamical binding stability of a cisplatin-DNA sys-
computer-aided drug design is to estimate the dynamicakem is determined by cross-linked covalent bonds, non-
binding stability of a drug. In principle, the dynamical sta- bonded interactions, and solvation effects. Because of the
bility of binding can be studied both from a dissociation small size of cisplatin, which is composed of only three at-
process and from an association process. However, becausms in the DNA-bound state, the second and third interac-
of complicated effects related to association, it is difficult totions are expected to be much smaller than the first. There-
study binding stability from this process. Therefore, a pracfore the overall binding stability of cisplatin is
tical way to study binding is from the analysis of the disso-predominantly determined by cross-linked bonds. As a good
ciation process. As dissociation is a rare event, molecularapproximation one can neglect the second and third interac-
dynamics simulation would have to run for prohibitively tions in the calculation of the binding stability of cisplatin.
long times to probe it. In our earlier studies we have devel-The disruption probability of cross-linked bonds can be de-
oped computational methods, based on a self-consisteteérmined from an analysis of thermal fluctuational motions
statistical-mechanics approach, to calculate the rare probabibf these bonds. As the harmonic potential normally used to
ity of dissociation and hence the binding stability of drugs.model these covalent bonds does not permit disruption, a
We have applied our methods to study the first and seconthore appropriate potential needs to be introduced. In this
types of drugg3,4]. It is the aim of the present work to work we use the Morse potential to model cross-linked
extend our method to determine the binding stability ofbonds. The parameters of this potential are derived based on
cross-linked drugs. data from experiments and quantum-mechanical calcula-
A typical cross-linked drug is cisplatin. Despite its simple tions. The Morse potential has been proposed to empirically
structure, this drug is one of the most widely used anticancemodel covalent bondg7,8]. Our recent work on protein di-
drugs[5,6]. The effectiveness of this drug against a numbersulfide bonds indicated that this potential gives the covalent
of cancers, particularly testicular cancer, has made it the fobond free energy in fair agreement with experimdsis
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In addition to the blocking of the active site of a biomol-  The cross-linked covalent bond parameters are deter-
ecule, drugs can perform their task by enhancing the dymined as follows. The potential depiy,=14 kcal/mol is
namic stability of the target biomolecule. This enhanced stafrom self-consistent molecular orbital calculatidid®]. The
bility hinders those biological processes that involve aparametem=3.44 A~ is determined by matching the cal-
conformation change or an induced fit. Cisplatin binding re-culated second derivative of the potential at potential mini-
sults in two changes in a host DNA. One is the formation ofmum to the ir force constaritL6]. r} is the potential mini-
the non-Watson-Crick chemical bondd bonds and cross- mum for a strained cross-linked bond. These bonds are
linked bond$ coupled by the disruption of several Watson- strained due to strong cross-bond forces and this is evidenced
Crick interbase H bonds in the binding region. The other ishy the observed variation of bond lengttieom 1.99 A to
the bending of the entire host DNA oligomer. The effect of 2 09 A). ro can be divided into two terms,=r o+ &r, where
these changes on the base-pair stability of host DNA will be  is the potential minimum for an unstrained bond ands
analyzed from our calculated base-pair opening probabilithe strain induced by cross-bond strags=2.038 A is from

P°in the drug-bound oligomer. a neutron diffraction study on L-cystirjd7,18. The value
of or is determined by a variety of interactions across the
Il. THEORETICAL MODEL bond. It can be determined empirically by equating the cal-

_ , culated thermal average bond lendth, (r)=rq+ r +dr,
_ The system studied in the present WOrK ity the observed length in x-ray crystal structure. In this
IS a i:|splat|n-bound DNA ollgoTer way 8r=r,—ro—dr, wherer, is the x-ray length andr is
d(CTCTAG*TG CTCAC)'d(_GTGAGCACTAGAG)' G the thermal expansion determined from the zero average
represents the base cross linked to the drug. The structufgyce condition(V')=0. Notice that effects associated with
of the corresponding drug-free  DNA oligomer is ¢qces other than the cross-linked bond are shifted itto
generated from fiber coordinate$l0. The nomen- these forces are relatively unchanged over the small dis-

clawre of ~the bases in this oligomer iS hacement leading to the disruption of the cross link. Thus
C1T2C3T4A5GET7G8CITI0C11A12C13 on one strand an nly the cross-linked bond potential needs to be included in

G14T15616A17G18C.19A20021T22A23624A25G26 ONthe zero force calculation. The calculatéd for the cross-
the other. The cross-linked bases are therefore G6 and G hked bonds is in the range betweer.062 A and 0.038 A.
The coordinates of this complex is from the NMR structure H-bond parameters are given as.follows. Thé potential
deposited in the Brookhaven_proteln d_ata baRIDB file depthV,=3.5 kcal/mol is the average from those used in our
pdbldad.ent The mtema] motions of this complex can be study of H-bond breaking in DNA19] and also those used
modeled by the Hamitonian in simulation studieg16]. The parametea=1.22 A1 is
from ab initio calculationg14]. r is the potential minimum

2
H=> P_+ EKr(r _req)2+ > EKG(H— geq)Z for a strained H_bond. H bonds are strained because of strong
atoms 2M  bonds 2 angles2 cross-bond static forces. These forces are responsible for the
v observed wide variety of bond lengttfsom 2.5 Ato 3.5 A
+ > L[1+cogng—17)] in biomolecules. r, can be divided into two terms
difiedral 2 ro=ro+or, wherery is the potential minimum for an un-
strained H bond andr is the strain induced by the cross-
+ > [Vo(l—e arro)2v ] bond stress. Based on values used in our DNA calculations
cross link [19] and in simulationg20] we tentatively assigm,=2.89
) A. The exact value of , will not affect the calculation as any
+ D [Vo(1—e a0 r0))2—v] error will be compensated for b§r, which is adjusted to the
H bonds observed x-ray crystal bond length. The valuesofis deter-
A By ag mined by many factors including hydrophobic, Coulomb,
+ 5§ . (1) and van der Waals interactions. It can, however, be deter-
nonbond| Fij™ i €ijlij mined empirically by equating the calculated thermal aver-

. age bond lengtkr) with the observed length in x-ray crystal
Except for the cross-linked and H-bond terms, the aboveyrcture. In this waysr =r—ro—dr, wherer, is the x-ray
Hamiltonian is the same as that used in molecular-dynamicgngth andir is the thermal expansion determined from zero
simulations of biomoleculefl1]. The covalent force con- average force conditiofV')=0. Notice that effects associ-
stants are from refinements with respect to observed vibrasieq with forces other than H bond are shifted idto These
tional spectrg12,13. The nonbonded parameters are fromy, ceq are relatively unchanged over the small displacement
AMBER [11], a computer software package for simulation ¢ 1y hond disruption. As a result, only the H-bond Morse

of DNAs, proteins, and organic molecules. We use a Morse,nantia| needs to be included in the zero force calculation.
potential to empirically describe cross-linked and H-bond in—r. calculatedsr for the H bonds is in the range of

teractions. The H-bond pote_zntial is _bet_vveen '_[he donor and_( o1 10 0.031 A.
acceptor heavy atonj&4]. This potential is applied to every

donor-acceptor pair whose separation is less than 3.5 A. To
further simplify the calculation we use an extended united
atom representation in which no hydrogen atoms are explic-
itly expressed and the mass and charge are added to their Our algorithm is similar to the self-consistent phonon
parent atoms. theory of anharmonic lattice dynamics developed for the

lll. SELF-CONSISTENT CALCULATION OF
CROSS-LINKED BOND AND H-BOND DISRUPTION
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study of quantum crystal21] and later applied to H-bond probability of the bond{u?) is the mean-square vibrational
disruption in DNA polymer$19,22). This approach is based amplitude of the bond given by

on the Bogoliubov variational theorem, which states that the

free energyF of a system can be approximated by the solu- 2 , N ho,
tions of an effective Hamiltoniaf23]. From the Bogoliubov {u >:2| SIoMm wlcot 2kgT
inequality

: ®)

wherew, andl are the frequency and the index of the normal

F<Fo+(H-Hp) (20 modes, respectivelyT is the temperatureks Boltzmann's

) ) _constant, and Planck’s constant divided by2
one can self-consistently adjust the parameters of the trial The self-consistent harmonic approach gives rise to statis-
HamiltonianH, with respect to the true Hamiltoniaf to  tical probability distribution functions for finding a particular
find a trial system that minimizes the left-hand-side termsgross-linked bond with a particular length. From these distri-
and thus best approaches the true free energy. Figiethe  pution functions one can determine the probability of finding
free energy of the trial Hamiltonian system. Both the freea cross-linked bond fluctuating beyond a certain breakdown
energies and Hamiltonians have two components, one statigoint, i.e., the disruption probability of an individual cross-
and one dynamic. The dynamic component is the internginked bond. This probability is given by
thermal fluctuational vibrational energies. For small dis-
placement thermal fluctuational motions up to the point of % - ()2
chemical bond disruption, the hydrophobic forces are rela- P= L dre ' (6)
tively unchanged and the changes in dihedral and nonbonded max
van der Waals and Coulomb interactions are small. Thereyherel . is the maximum stretch lengthreakdown point
fore, we can use a normal mode Hamiltonian as the dynamigg the cross-linked bonds. It is determined as the potential
component forH,. The effective HamiltoniarH, can then  hfiection point [where V'=0, which gives Lyac—r)
be given by +(1/a)In2]. Given the bond disruption probability, the free-
energy changA G associated with the disruption can be de-

P2 1 1 :
Ho= >, TR > EKr(r_req)2+ > SKo(6- Oeq)? duced from the Boltzmann relation
atoms <M bonds angles
AG=—-RTInP. 7
1 2
dihedra|S§K‘1’(q) ~Peg The computation procedure is as follows. Starting from an

initial set of force constants and given the structure of a
1 2 drug-DNA complex, the equations of motions derived from
+Cr§"nk§KCL(r_<r>) the Hamiltonian in Eq(3) are solved to determine the nor-
mal modes. The calculated normal modes are then used to
2 ) calculate(u?) and P from Egs.(5) and (6). These are then
t bondSEKH(r =) used to calculate the parametérusing the method given in
the structure and force fields section and a new set of force
) constants from Eq4). The newly calculated force constants
+no%0nd§KNB(riJ —(rp)*+ Vs, (3 are then used to restart another round of calculation. Such a
process continues until every output force constant matches
whereVy is the static part of the Hamiltonian, i.e., the po- e input force constant, judged by the condition
tentials at equilibrium positions. Since the changes in diheAK/K<0.01. The self-consistently determin& are then
dral angles are smalk 4, can be given by the second deriva- Used to calculata G's from Eq.(7). Our computations were

tive of the relevant potential. The nonbonded force constant@rfied out on IBM RS6000 servers at Purdue computing
Kyg is from a simple empirical algorithrf24]. The cross- center. The diagonalization of the dynamic matrix from Eq.

linked bond and H-bond force constatg, andK,, are de-  (3) was performed by theapAck routine DSYEV.
termined by minimization of the free-energy expansion in

Eqg. (2), which gives IV. RESULTS AND DISCUSSIONS
= d2V(r) A. Cisplatin-binding constant
dr e~ (r=(M22u?) . . .
. arZ There are two cross-linked bonds between cisplatin and

— , (4)  DNA. These are the PT-N7 bonds between the drug and base
f dre— (1= (r)%2(u?) G6 and between the drug and base G8, respectively. The
re calculated disruption probability of these bonds is given in
Table | along with bond lengtfr) and bond disruption free
where r. is the inner-bound cutoff determined from energyAG. We have not found any relevant experimental
V(r.)=2V,. Our analysis indicates that the calculations aredata to compare with our results; nontheless, we can com-
not sensitive to the exact choice of the cufdf(r.)=0 and pare our calculated\G with observed values for cross-
V(ro)=4V, give similar results The scaling factor linked disulfide bonds in proteins. These disulfide bonds are
(1—P) is introduced to take into account the disruptedcovalent bonds of similar length and energy. Included in
bonds in the statistical ensemble aRdis the disruption Table | are the observeG for disulfide bonds in various

K=(1-P)



5846 Y. Z. CHEN, YONG-LI ZHANG, AND E. W. PROHOFSKY 55

TABLE I. Calculated mean bond lengfn), disruption probabilityP, and disruption free energyG of
the cross-linked bonds in cisplatin-DNA oligomefGTCTAGTGCTCAQ-d(GTGAGCACTAGAG). For
comparison the observeXiG for the disulfide bond in BPTI24], ribonuclease T{25], a-lactalbumin[26],
and ribonuclease f27] is given. TheAG for the CYS 6—CYS 103 bond in ribonuclease T1 is deduced from
the observed value for the two disulfides in the protein. i@ for ribonuclease A is the per bond average
from the observed value of 19 kcal/mol for all four disulfide bonds.

(r) AG
Method System Bond A) P (kcal/mo)
MSHA cisplatin-DNA PT CPT 1-N7G 6 2.05 3.4500°° 5.99
PT CPT1-N7G 8 2.05 3.45810°° 5.99
EXPT BPTI SG CYS 14-SG CYS 38 5
a-lactalbumin SG CYS 6-SG CYS 120 3.12
ribonuclease T1 SG CYS 2-SG CYS 10 3.4
SG CYS 6-SG CYS 103 3.8-5.9
ribonuclease A each disulfide bond 4,75

proteins. Our calculateB is ~5.99 kcal/mol, which is close probability. For base pairs without a direct cross link to the
to the observed values ranging from 3.12 to 5.9 kcal/modrug, theirP°P is given by[19]
[25-28.

As discussed in the Introduction, nonbonded interactions por=T] P, (10)
can be neglected in the calculation of binding stability. Y
Therefore, the dissociation probabiliBg of cisplatin can be

p.—p <P ) the individual H-bond disruption probability. In cisplatin-
D™ T PT-NAGE ™ T PT-NAGS) - bound oligomer the G6 and G8 bases in G6-C21 and G8-C19

base pairs are cross linked to cisplatin. The separation of
these base pairs occurs only after the disruption of the re-
spective cross-linked bond. Therefore, ¥ of these base
pairs is given, respectively, by

The calculatedP, for the cisplatin-DNA complex studied is
1.19x10 °. The equilibrium binding constant in terms of
Pp is

1-Py 1

Keq= Pb P’ © P&%-cor= PPT-N?(GG)H Pi,

Substitution of the calculatengD into this equation gives a

binding constanK.,=8.4X10°. We have not found a re- op _

portedgbinding conegtant for cisplatin. Nontheless, our calcu- Pascis PPT'N7<GB)H Pi- 1

latedK ¢ is of similar order to the observedi,, of the groove

binding drug netropsin+ 10°) [29] and that of intercalating TABLE Il. Opening probability P°° of the base

drug daunomycin £ 10") [30]. pairs in drug-free and cisplatin-bound DNA oligomer
In our study we used a Morse potential to describe &@(CTCTAGTGCTCAQ-d(GTGAGCACTAGAG).

cross-linked bond. The Morse potential has been suggested

as a potential for the covalent bond stref@h8] as well as poP

for the H-bond stretchl14]. All the potential parameters are Base pair drug-free cisplatin-bound

determined by a si_mple _ scheme .based on AMBERCl-GZG 45%10°° 7 21% 10"

molecular-dynamics simulation force fields and molecular- 4 4
. . - . . . T2-A25 3.12<10 1.62x<10

orbital calculations. The statistical-mechanical algorithm Sg.Gog 4.6% 10-5 5 93¢ 10-5

developed based on Bogoliubov variational theorem. There: ' 5 ' 5

fore, our calculation should give a reasonable estimate of thgAA23 3.28<10 1.6710

disruption probability of a covalent bond. Our earlier analy-'°‘5'T22 3.2/ 1072 1.68x 107;
sis on protein disulfide bonds indicates that the calculate@6-C21 4.6410 2.49<10

dissociation free energyG is not sensitive to a small varia- 1 /"A20 3.15¢10°° 1.73x10°°

tion of the parameters. G8-C19 4.5%10°° 1.36x10° %

C9-G18 45610 ° 6.01x10°©

—3 —3

B. Effect of cisplatin binding on base-pair thermal stability -(211221176 :Z35§ 18’6 ;gz 18’6

The thermal stability of a base pair can be described by12-T15 3.1 102 1.70< 103

the base-pair opening probabili§°P. This probability can c13-G14 4.56 108 3.85x10°6

be determined from the individual hydrogen-bond disruption
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TABLE Ill. Calculated mean bond lengtfr), disruption probabilityP, and disruption free energy
AG of the H bonds(H) and cross-linked bondsC| in the cisplatin binding region of DNA oligomer
d(CTCTAGTGCTCAQ- d(GTGAGCACTAGAG). Only those H bonds with length smaller than 3.5 A
are included in this table.

(r) AG

System Bond Type A) P (kcal/mo))
G6-C21 N1 G 6-N3 C 21 H 2.85 4.3610°2 1.85
N2G6-04T7 H 2.93 4.1910°2 1.85
06 G 6-N6 A 20 H 2.75 4.1410°2 1.86
N7 G 6-PT CPT 1 C 2.05 3.45¢10°° 5.99
T7-A20 O4T7-N2G 6 H 2.93 4.2910°2 1.85
N6 A 20-06 G 6 H 2.75 4.1410°2 1.86
G8-C19 N1 G 8-N3 C 19 H 2.89 2.8910°3 2.66
N2 G 8-02 C 19 H 2.94 3.5110 2 1.95
06 G 8-N4 C 19 H 2.88 3.8710 2 1.89
N7 G 8—PT CPT 1 C 2.05 3.4510°° 5.99

The calculatedP®”s for all the base pairs in the cisplatin- gion. However, there are two H bonds formed to the G6
bound as well as in drug-free DNA oligomer are given inbase: one is O&7)-H-N2(G6) and the other is N&\20)-H-
Table 1l. We found that, except for the base pairs in theO6(G6). To allow for the large-amplitude motions of the T7
binding region(T7-A20, G6-C21, and G8-C19 base pairs and A20 base needed to separate these bases, these two H
the P°P of other base pairs changes only slightly by cisplatinbonds have to be disruptgd. Therefore, one can define the
binding even though the oligomer bends considerably. OuP " of the T7-A20 base pair as the product of faef these
analysis indicates that, although cisplatin binding induce§Vo H bonds. Our calculated®” for this_base palir is
bending of the entire host DNA oligomer, such a deforma-L-73% 10", which is compared to 3.2510" " in the drug-
tion does not result in a significant change in the hydrogeni’€€ oligomer. One can see that despite of the disruption of
bond configuration in the base pairs outside cisplatin bindiné;g"'te.rb"”‘se H bonds, the bases are stablized to a similar extent
region. In addition, the change in the base stacking pattern i S in the drug-free configuration.

. .~ All the interbase H bonds in the G8-C19 base pair are
_also small. Therefore, the ‘h'?rm."’!' stability of these base PR act. Moreover, there is no additional H bond formed with
is not expected to change significantly. There are, howeve

r i
exceptions. As shown in Table I, tHe of C1-G26, C3- other bases apart from the {GB)-PT(CPTJ) cross-linked

T : ond. Therefore, th®°P of this base pair is the product of
G24, and C9-G18 bass pairs is increased slightly as a resyiie p of the cross-linked bond and those of the interbase H

of cisplatin binding. It is not clear whether this is an artifact y,,4s The calculate®® is 1.36x 10 %% which is com-

arising from a particular x-ray crystal structure used in OUMared to 4.5& 10 ° for drug-free base pair. Therefore, the

study. o o _ o _thermal stability of this base pair is significantly enhanced by
The stability of base pairs in the cisplatin binding region cisplatin binding.

is significantly affected. As shown in Table Ill, several inter-

base H bonds in this region are disrupted. However, there are

additional H bonds, which do not exist in drug-free DNA, V. CONCLUSION

formed with other bases. These non-Watson-Crick H bonds . . - . .

not only compensate for the broken interbase H bonds but A microscopic statistical-mechanics method is developed

also enhance thermal stability of the base pairs in this regiorf,0 calculate the equilibrium binding constant of a drug cross

In the G6-C21 base pair there are two broken interbase h"ked to DNA. This method is based on a self-consistent
bonds. However, G6 base forms two additional H bonds wit!2"monic approach. The cross-linked bonds are modeled by
neighboring bases apart from the cross-linked bond. Thes@ Mors.e potential with parameters determl.ned from AMBER
include N2G6)-H-O4T7), O06G6)-H-N6(A20), and force _flelds and molecglar obital calcglat!ons. Our method
N7(G6)-PT(CPT1) bonds. These bonds have to be disrupted@" 9'V€ reasonablt_a estimate qf drug binding stability as wel
to allow for large-amplitude motions needed for the separaas individual chemical bond disruption free energy without

tion of G6-C21 base pair. Hence tR&° of the G6-C21 base parameter fitting. Therefore, it has potential application in
pair is the product oP of all these bonds. Using tHe's in computer-aided drug design. Our method can also be used to

Table 11l we found 8% of 2.49x 10-2 for the G6-C21 base analyze the effect of drug binding on base-pair stability.

pair, which is compared to 4.6410°° for the drug-free
case. Therefore, the thermal stability G6-C21 base pair is
significantly increased by these non-Watson-Crick H bonds The authors gratefully acknowledge the support of K.C.
as well as the cross-linked bond. Wong Education Foundation Hong Kong, the National Sci-

A similar situation occurs in the T7-A20 base pair. As thisence Foundation of the People’s Republic of China, and the
base pair is sandwiched between two bases cross linked tdinistry of Personnel of the People’s Republic of China. We
cisplatin, all the interbase H bonds in this base pair are disalso thank the Computing Center of Academia Sinica for
rupted due to severe bending of the double helix in the reproviding us with their computer facilities.
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