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ABSTRACT

The photophysical properties of deoxyguanosine, dG, have been studied in

aqueous solution as well as in organic solvents of varying polarity. The fluorescence

quantum yield, q, is found to increase as the solvent polarity is decreased: in diethyl

ether, the solvent of lowest polarity used in the present study, q has been found to

increase by a factor of 35 relative to the value of q in aqueous buffer. This suggests that

hydrophobic interactions reduce considerably the rate constant of the radiationless

process of intemal conversion. On the other hand, upon increasmg the viscosity, r\

(through addition of sucrose), q has been found to increase by a factor of 1.7 for "q = 14

cP and by a factor of 7.4 for t\ = 149 cP. These results suggest that the increase m the

ngidity of dG and of the hydrophobic nature of its environment, which occur when dG

becomes part of DNA, are not responsible for the very small value of q in DNA-

0.8 X 10"^ as compared to that of 0.8 x 10"^ for free dG m water. An attractive altemative

IS provided by differences m the hydration network between free dG and dG m DNA.

Support for this proposal was obtamed from an expenment with an 8% water/butanol

mixture which suggested that the hydration network affects profoundly the photophysical

properties of free dG. Measurements in this water/butanol mixture were pursued further

Surpnsmgly, it was found that the results depended on the sequence of the steps used in

preparing the solution. This is consistent with the reported very large, about

- 20 kcal/mol, solvation free energy of guanine We measured the fluorescence of dG at

room temperature after the solution was incubated for 10 minutes at a number of

temperatures ranging from 23 to 40 °C. An Arrhemus plot yielded AH ~ - 6 kcal/mol

and AS ~ 48 cal/mol K. A potential implication of these findings is that intermolecular
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hydrogen bonds in DNA, once broken by thermal fluctuations, would tend to remain

broken; consequently, the helix would appear to contain a number of GC open or

"unzipped" base pairs. Because of the known coupling between base pair opemng and

bending, it would take relatively little energy for the DNA to bend at GC open sites

We have also employed the theoretical analysis of Jarque and Buckingham, for

two ions of the same charge embedded in a polanzable medium, to calculate the

contnbution which is made by the polanzation effects to the electrostatic interaction

between the negatively-charged phosphate groups m DNA It is found that many-body,

non-additive polanzation interactions greatly dimmish the effect of the repulsive

Coulomb interactions between phosphates both across the DNA minor groove (but not

across the major groove) and along the same DNA strand. This reduction is found to be

dramatic for groove widths in the range of about 3.5-5 A for a nearest neighbor distance P

of about 3.5 A. This value of p appears to be realistic for DNA Thus, vanations in the

minor groove width caused by sequence effects or by thermal fluctuations induce local

amsotropic interactions with concomitant local DNA bending toward the groove with the

smaller width. Other values of P ranging from 3 2 to 5 A have also been used From the

derivative of the effective potential with respect to the groove width, the overall force F

was calculated and its magmtude and direction were found to be strongly dependent on

the value of P for small groove widths F is negative, i e attractive for P ;£ 4 A, and

positive for larger p values. Thus, the conformation of DNA exerts a profound effect on

the ability of DNA to control its dynamics. Based on the fact that the A-tracts have a

narrow groove width of about 3.5 A, the present fmdings suggest that they would tend to

bend toward that groove This prediction is m agreement with the results of



electrophoresis studies. Because of the known coupling between DNA bending and

opening of its base pairs, the present findings suggest that base pair opening is a process

that does not appear to be very infrequent and is driven by both sequence effects (of static

ongin) and by thermal fluctuations (of dynamic origin). Such a process may contribute to

the creation of the mtercalation cavity durmg drug-DNA interaction. This analysis also

offers an explanation for the wrapping of DNA around the histone octamer m

nucleosomes: because the A-tracts m DNA are known to bind with their minor grooves

facing m toward the histone octamer, the DNA m those regions would bend toward those

tracts. Because of the known gradual decrease of the width of the grooves of these tracts

from 5' to 3' and the large mcrease of the strength of the polarization interaction that

occurs with this groove width decrease, the DNA wrapping would be done with

considerable force. The present analysis brings into question the validity of the

contmuum dielectnc screemng model currently being used in the literature to calculate

electrostatic interactions.
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PARTI

EXCITED-STATE PROPERTIES OF DEOXYGUANOSINE



I. INTRODUCTION

This work has been done m order to investigate the photophysical properties of

the internal environment of the DNA double helix. The bases are connected to the sugar

and are situated in the intenor of the helix; however, they have some access to their

extemal aqueous envnonment through the major and minor grooves. The excited-state

properties of nucleic acids yield a great deal of information with regard to their

environment. Although free deoxyguanosine, dG, has a fluorescence quantum yield

comparable to that of free thymidine, T, (m buffer), 0.8 x 10"'' and 1 x 10"*, respectively

(Vigny and Balhm, 1997), T remams the major emitter m DNA, with guamne fluorescmg

minimally (Huang and Georghiou, 1992). We would like to gam an insight into the

mtemal environment of DNA to determme why this is so regarding dG. Our study uses

free dG m a variety of orgamc solvents The stracture of dG is shown m Fig. 1.

An mterestmg property of guamne is its affimty for water. It has a high free

energy of solvation AG, approximately - 20 kcal/mol (Bash et al, 1987, Mohan

et al, 1992; Elcock and Richards, 1993). The ability of guanine to remam solvated may

explain several important processes, properties, and conformations of DNA. We will test

this possibility m this study. There is also an interestmg property of the polynucleotide

poly(dG-dC)*poly(dG-dC), for which dG is the only fluorophore (Georghiou and

Saim, 1986)- the intensity of the fluorescence spectrum drops rather slowly at long

wavelengths, and this results m the formation of a tail. Studies regarding the mtemal

environment of DNA may explam this formation.

The aims of this study are to investigate (i) the quenching of the fluorescence of

dG in native DNA, (li) the extent to which dG is exposed to the aqueous environment,
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(iii) the extent of hydrogen bonding effects on the photophysical properties of dG, (iv) the

affinity of dG for water, (v) the formation of the tail in the fluorescence spectrum of

poly(dG-dC)»poly(dG-dC), and (vi) the effect of the ngid structure of DNA on the

photophysical properties of dG by allowmg the bases less freedom to move.

The first five aims are investigated by using organic solvents, selected according

to their purity and absorption m the UV region, that have varying dielectric constants and

polarizabilities As a result of the fact that the internal environment of DNA is less polar

than its extemal environment, exposmg free dG to different polarities should provide

information about the environment of dG m DNA. A companson has been made of the

shifts in the peak wavelengths of the fluorescence and absorption spectra, of changes in

the fluorescence quantum yield relative to that in buffer, and finally of changes in the

tail-to-peak fluorescence ratios.

The third aim of this study utilizes the above approach but, in addition,

investigates effects of hydrogen bonding. First, pH solutions of 0.5 and 11 are used to

study whether adding or removmg a proton from specific binding sites of dG makes any

significant difference m the absorption or fluorescence spectra. The sites involved are at

N7 and Nl, respectively. The second method has utilized a small percentage a water that

has been added to butanol, and the observed changes in the peak wavelength, in the

quantum yield, and m the tail-to-peak ratio were quantified. Methylation of the N7

position has already been studied by previous work done in our laboratory. Other sites of

interest, N3 and N2, cannot be studied due to lack of product availability.

The fourth aim arose as a result of the aforementioned experiments that employed

a mixture of a small percentage of water with butanol. The water was added by using
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three different methods: (i) injecting water into a solution that contained dG and butanol,

(li) dissolving dG in neat water, then adding this to butanol, and (lii) mixing the water

and the butanol together, then adding the dG. The photophysical properties of dG are

found to depend on the sequence of the steps which are used to add the water. The results

have implications regarding the solvation of dG m DNA and the extent to which dG

regions m DNA are "unzipped."

The final aim, to imitate the ngid structure of DNA by allowmg the bases less

freedom to move, was addressed by varying the viscosity of the environment while

retaimng the aqueous polar environment This was accomplished by studying the

changes in the fluorescence spectra through a set of five experiments: (i) dG m buffer at

5 °C for which the viscosity is 1.5 cP compared to that of 1 cP at room temperature (Lide,

1992-1993), (ii) dG m a 60% w/v sucrose solution, viscosity of 14 cP (Barber, 1966), (lii)

dG m a 60% sucrose solution at 5°C, viscosity of 29 cP, (iv) dG in a 77% w/v sucrose

solution, viscosity of 58 cP (Barber, 1966), and (v) dG in a 77% sucrose solution at 5°C,

viscosity of 149 cP.



II. MATERIALS AND METHODS

Deoxyguanosme was obtained from Sigma (St. Loms, MO). Optima grade

methanol, optima grade 2-propanol, and nonstabilized HPLC grade methylene chloride

were all obtained from Fisher Scientific (Pittsburgh, PA). HPLC grade acetomtrile

manufactured by Mallinckrodt and high purity grade n-butanol manufactured by Burdick

and Jackson were obtained from VWR (Suwanee, GA). Carbonyl free, high purity ethyl

acetate and nonstabilized HPLC grade diethyl ether were obtained from Burdick and

Jackson (Fisher, Pittsburgh). Ultrapure sucrose was obtamed from Boehringer Mannheim

(Indianapolis, IN) and further purified in our laboratory usmg activated charcoal (Sigma,

St. Louis). All absorption measurements were made with a Shimadzu UV-254

spectrophotometer (Columbia, MD). Fluorescence measurements were made with a

spectrofluorometer employing a 1 kW Xe-Hg lamp (Spectral Energy Corp, Hillsdale, NJ)

for excitation and a 0.32 m focal length HR-320 Instruments SA monochromator

(Metuchen, NJ) for emission, a Stanford Research Systems SR440 preamplifier and a

SR400 photon counter (Sunnyvale, CA), and a thermoelectncally cooled 9558 QB EMI

photomultiplier (Fairfield, NJ) (Ge and Georghiou, 1991). Unless noted otherwise, all

absorption and fluorescence measurements were made at room temperature, 23 °C. All

measurements in this study were made with an excitation wavelength of 265 nm with

emission and excitation bandwidths of 5 nm and 1.7 nm, respectively. The excitation

entrance/exit slit widths of the monochromator were 4 mm/3 mm, whereas those for the

emission slit width were 2 mm/2 mm, respectively. For the aqueous measurements, a

0.1 M NaCl (Fisher, Pittsburgh), 0.05 M sodium cacodylate (Fluka, Ronkonkana, NY),

pH 7 buffer prepared m triply distilled water (Carolina Biological Supply, Burlington,
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NC) was used. Sample absorbance was kept between 0.05 and 0.06 to insure

proportionality between the fluorescence signal and the sample concentration. In diethyl

ether and methlyene chlonde lower absorbances were used because of the low solubility

of dG in these solvents All organic solvents used were selected by previous work done

m our laboratory (Taylor-Gerke, 1996), and all solutions were formed by using glassware

that had been washed in chromic acid. The full-width at two-thirds maximum (FWTTM)

Av (cm"') of the fluorescence and absorption spectrum were calculated using the

following formula:

Av=(AX)
10^

where AX is the two-thirds widths in terms of wavelength and <X> is the average

wavelength of the spectral band. We chose to use the two-thirds maximum, instead of the

half-maximum, in order to avoid any contnbution to Av from the fluorescence spectral

tail. The estimated uncertamty in the fluorescence spectral peak wavelength was ± 2 nm,

and that for the absorption spectral peak wavelength was ± 0.25 nm The tail-to-peak

calculation was made by using the followmg formula:

•^"460Y =-

flupeak

where flUp^g^ is the fluorescence intensity at the peak and flu46o is the fluorescence

intensity at X = 460 nm Quantum yields were determmed relative to that in buffer. A
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plot of the fluorescence spectra of dG in various solvents is shown in Fig. 2. Figure 3

shows the spectra normalized at their peaks.

Solutions m organic solvents were prepared in Kimax culture tubes that had been

washed in chromic acid. The solvent was added to the tube followed by a very small

amount of dG. The solution was then stirred until dG dissolved. The absorbance was

then checked and adjusted. Diethyl ether and methylene chloride were the only

exceptions to this procedure. Because these solvents are highly unstable and sensitive to

the formation of photoproducts upon exposure to light, solutions in them were prepared

in a fume hood in the absence of light. Due to the volatile nature of diethyl ether, it could

not be stirred. Consequently, the solution prepared in this solvent was kept overnight

covered with aluminum foil to protect it from light.

The butanol/water mixtures were made as outlined above. It should be noted here

that water was used in these mixtures instead of buffer because buffer is not miscible with

butanol. In this regard, there is no change m the fluorescence spectrum of dG in water vs

that in buffer (Fig 4) Also, after mcubatmg the butanol/water mixture at 40 °C, it was

observed that upon cooling to room temperature the absorption spectrum of dG did not

change. We should note that that was also the case for the absorption as well as the

fluorescence spectrum of dG m pure butanol (Figs. 5 and 6). Therefore, no chemical

reaction occurred between butanol and dG upon heatmg. We should also note that the

two peaks appearing m the absorption spectra stem from the two excited states of dG

(Ge et al, 1990). At an excitation wavelength of 265 nm, 85% of the absorption is due to

the second excited state (Ge et al., 1990). Within the range of interest, this is the best

place to excite because the absorption of the first excited state is at its minimum, and our

8
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Hg- Xenon lamp has a strong intensity line at this wavelength

The pH 0.5 solution was also prepared in acid washed glassware, and the base

solution was prepared in a 250 ml acid-washed flask. Both were diluted to the reqmsite

pH and then formed as outlined above.

Sucrose solutions were made by mixing the appropnate amount of sucrose and

buffer in acid-washed vials. These solutions were hand shaken, and then allowed to sit

overnight. For the 77% sucrose solution, some vortexing was also done. Low

temperature measurements were made by pumping a 50% v/v deionized water and

ethylene glycol mixture through the cuvette holder. Dunng the coolmg penod and durmg

the measurements, the cuvettes were kept free of water condensation by allowmg a gentle

stream of purified mtrogen to pass through the cuvette chamber.
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III. RESULTS

SOT,VKNTS

The solvents used m this study were selected according to their purity, absorption

in the UV region, physical and chemical properties, and ability to sufficiently dissolve

deoxyguanosme, dG. Listed m order of decreasing dielectnc constant, the solvents were:

buffer (80), acetonitrile (38), methanol (33), 2-propanol (18), methylene chlonde (9),

ethyl acetate (6), and diethyl ether (4) (Dean, 1992). All calculations for fluorescence

quantum yields were made relative to that in buffer.

The relative quantum yield in acetonitnle was found to be 1.2 (Fig. 7, Table 1).

The appearance of the fluorescence spectrum is quite narrower than that in buffer with a

full width at two thirds maximum, FWTTM, of 3048 ±183 cm"' as compared to

4432 ± 267 cm'^ m buffer. The peak has shifted slightly to shorter wavelengths, to

320 nm compared to that of 330 nm m buffer (Fig. 8). The value of the tail-to-peak ratio

Y of 0.19 m acetonitnle is the same as that for poly(dG-dC)*poly(dG-dC) (Huang and

Georghiou, 1992) (Fig. 9). The absorption spectrum m acetomtnle peaks at 255 nm,

whereas that m buffer peaks at 252 nm. The FWTTM for the absorption spectrum m

acetomtrile is slightly narrower being 4883 ± 293 cm"\ while that m buffer is

5419 ± 325 cm"' (Fig 10). The quantum yield in methanol is equal to 1.6 (Fig 11,

Table 1); the fluorescence spectrum is narrower than that m buffer, but the difference is

not as dramatic as that of the spectrum m acetomtnle: its FWTTM value is

3602 ±216 cm"' In methanol, like in acetomtnle, the peak wavelength is 320 nm

(Fig. 12). The Y ratio for dG in methanol is 0.24. The absorption spectrum of dG m

methanol is very similar to that m acetonitrile, having a peak wavelength of 255 nm and

15
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Table 1

Companson of the quantum yields, full-widths-two-thirds
maxima of the fluorescence and absorption spectra, tail-to-peak
fluorescence spectral ratios y, and absorption and fluorescence
spectral peak locations of deoxyguanosme m the solvents used

m the present study.

SOLVENTS: q FWTTMf
(cm-')

FWTTM,
(cm-')

tail-to-peak

Y (nm) (nm)

buffer 1 4432 5419 0.25 252 330

acetomtnle 1.2 3048 4883 019 255 320

methanol 1.6 3602 4883 0.24 255 320

n-butanol 1.8 4071 5228 0.23 255 325

2-propanol 2.6 4989 4849 0.33 255 325

methylene
chloride

21 5408 0.06 330

ethyl acetate 6.3 3944 4776 0.04 255 315

diethyl ether 35 3703 0 305

pHO.5 88 4981 5408 0.16 252 360

pHll 93 3429 0 07 325
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an FWTTM value of 4883 ± 293 cm"' (Fig. 13). The quantum yield in 2-propanol is 2.6

(Table 1), and the fluorescence spectrum has a y ratio of 0.33 (Fig. 14). The fluorescence

spectrum is the widest with an FWTTM value of4989 ± 299 cm"' and peaks at 325 nm

(Fig. 15). The absorption spectrum m 2-propanol is remimscent of those m methanol and

acetonitrile peakmg at 255 nm with an FWTTM value of 4849 ± 291 cm"', makmg it

slightly narrower (Fig. 16). The quantum yield m ethyl acetate has a much greater value

than those m the solvents discussed so far (Table 1), but the fluorescence spectrum in that

solvent has a very small tail: the y ratio is only 0.04 (Fig. 17). The peak has shifted

considerably to shorter wavelengths, to 315 nm, and the spectrum is narrower than that in

buffer having an FWTTM value of 3944 ±237 cm"' (Fig. 18). The absorption spectrum,

as in the previous solvents, peaks at 255 nm, and has an FWTTM value of 4776 ± 287

cm"' (Fig. 19), which is slightly smaller than those m the other solvents It should be

noted here that the solubility of dG m ethyl acetate was not very good. The absorption

spectrum was acquired by usmg a maximum absorbance of 0.07 The quantum yield m

diethyl ether has a huge value of 35 (Table 1) and the fluorescence spectrum has

absolutely no tail with a y ratio of 0 (Fig. 20). The peak has shifted dramatically to

shorter wavelengths to 305 nm, which is much shorter than the peak wavelength of the

fluorescence spectrum of any DNA reported (Ge and Georghiou, 1991, Huang and

Georghiou, 1992, Vigny and Ballini, 1977). The FWTTM value is 3703 ± 231 cm"'

(Fig 21). In this solvent, dG has insufficient solubility, and so an absorption spectrum

could not be obtamed.

The quantum yield m methylene chloride is large having a value of 21 (Table 1)

The y ratio has a value of 0 06 (Fig 22). This y ratio is higher than that m aprotic
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solvents (acetomtrile, ethyl acetate, and diethyl ether), except acetoiutrile, and lower than

those in the alcohols. The fluorescence spectrum is very narrow having an FWTTM

value of 3306 ±198 cm"' The peak wavelength, 330 mn, is the same as that m buffer

(Fig. 23). In this solvent dG also has insufficient solubility and so an absorption

spectrum could not be obtained. Relative quantum yields, FWTTM, y values, and peak

locations of the fluorescence and absorption spectra are shown m Table 1 while the

polanzabilities, dielectnc constants, and values for the various solvents are shown m

Table 2. We should note m this regard that the solvent parameters varied in this study

represent individual contributions to the change m the fluorescence spectra, this is

evidenced by the absence of a correlation between the parameters (Figs. 24,25, and 26).

HYDROGEN BONDING

Other work that has been done in the present study with dG was aimed at

simulating the hydrogen bonding that occurs in DNA by using very low and very high pH

values. The pK^ for the N7 hydrogen is 2.1 and the pK^ for the N1 hydrogen is 9.2

(Bloomfield et al, 1974). We dissolved dG m a 0.0032 M NaOH solution of pH equal to

11 to remove the N1 hydrogen, simulating an extreme case of hydrogen bonding. For the

other extreme case, a 0.316 M HCl solution was prepared of pH equal to 0.5. This will

serve to protonate the N7. Under basic conditions, the quantum yield is equal to 9, the

peak wavelength is 325 nm (Table 1), and the y ratio is 0.07 (Fig. 27). The spectrum is

narrow having an FWTTM value of 3429 ± 206 cm (Fig. 28). The absorption spectrum

displays a much larger long-wavelength peak, and this may stem from a pH effect on the

excited state of dG (Fig. 29). For pH approximately equal to 0.5, the quantum yield is

equal to 88, the peak wavelength is 360 nm (Table 1), and the fluorescence spectrum has
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Table 2

Values of the polanzability, dielectnc constant, and solvent polarity
empirical parameter ̂  for the organic solvents used m the

present study.

SOLVENTS: a

(A^)
8

buffer 1 45 80 1 000

acetomtnle 4.4 38 0.460

methanol 3.3 33 0.762

n-butanol 8.9 18 0 602

2-propanol 7.3 18 0 546

methylene
chlonde

7.2 9 0.350

ethyl acetate 9.7 6 0.228

diethyl ether 9.5 4 0117
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a Y ratio of 0.16 (Fig. 30). This spectrum is very wide having an FWTTM value of

4981 ± 299 cm"' (Fig. 31). The absorption spectrum is quite similar to that m buffer m

that the peak location is the same but it is somewhat wider having an FWTTM value of

5408 ± 324 cm'^ (Fig 32). Previous work done m our laboratory has shown a large

increase m the quantum yield with a dramatic shift to a longer wavelength upon

methylation of G at position N7 (Ge et al, 1990). Thus, the large fluorescence

enhancement we observe at pH 0.5, where a proton is actually added to dG at N7,

precludes any conclusion to be drawn regarding the importance of hydrogen bondmg at

this site, where a proton would be shared.

The N2 and N3 sites are capable of protonation, but cannot be studied due to lack

of product availability.

VTSCOSTTY

All the fluorescence quantum yields of the 60% and 70% sucrose solutions were

measured relative to that m buffer. The relative quantum yield of the 60% aqueous

solution at 20 °C has been found to be equal to 1.7 (Fig. 33), while that of the 60%

solution at 5 °C has been found to be equal to 2.5 (Fig. 34). The viscosities of these

solutions are 14 cP and 29 cP, respectively, while the viscosity of buffer at 20°C is about

1 cP. Furthermore, the quantum yield of the 77% solution, for which the viscosity is

58 cP, IS 3.7 (Fig. 35), while the quantum yield of the 77% solution at 5 °C, viscosity of

149 cP, IS 7.4 (Fig. 36).

The shapes of the fluorescence spectra for both sucrose solutions at room

temperature exhibit differences from that in buffer For the 60% solution, the

fluorescence spectral peak is located at 335 nm, and the FWTTM of the spectrum is
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5525 ± 273 cm"' (Table 3); this compares to an FWTTM of 4432 cm"^ for buffer

(Table 1). As Fig. 37 shows, the absorption spectrum for this solution is very similar to

that m buffer. The tail-to-peak ratio, y, is 0.20 (Fig. 33, Table 3), while for the buffer

solution It is 0.22 (Table 1). The fluorescence quantum yield mcreases by a factor of 1 7

relative to that m buffer (Table 3). The fluorescence spectral peak location of the 60%

sucrose solution at 5 °C is 325 nm, and the spectrum has a y value of 0.18 (Fig. 34). This

solution has an FWTTM value of4554 ± 122 cm"' (Fig. 34 and Table 3). The spectrum

has become narrower by about 970 cm"' compared to that for the room temperature

solution and has shifted by 10 nm to shorter wavelengths. The fluorescence quantum

yield mcreases by a factor of 2.5 relative to that in buffer (Table 3). The 77% solution at

room temperature has a fluorescence spectral peak located at 340 nm and an FWTTM

value of 5190 ± 60 cm"' (Fig. 35, Table 3). The corresponding y value is 0.27 (Table 3)

and the quantum yield is greater by a factor of 3.7 relative to that m buffer (Table 3). The

absorption spectrum shows very little change compared to that m buffer (Fig 38) When

the temperature of the 77% sucrose solution is lowered to 5 °C, the fluorescence peak

location shifts from 340 nm to 325 nm. (This wavelength is identical to that of the 60%

sucrose solution at 5 °C.) The spectrum has an FWTTM value of 5018 ± 61 cm"'

(Fig. 36) and a quantum yield which is greater by a factor of 7.4 relative to that m buffer

(Table 3). The y value is 0.18 (Table 3), which is the same as that of the 60% solution at

5° C. The absorption spectrum shows very little change as compared to that m buffer

(Fig. 39). It should be noted that the absorption spectrum of the solution in buffer

exhibits very little change upon going to 5 °C (Fig 40) The tail of the fluorescence

spectrum exhibits only a small change whereas the spectrum becomes narrower by about
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Table 3

Companson of the viscosities, fluorescence quantum yields, and
fluorescence spectral peak locations for deoxyguanosme in the sucrose

solutions used in the present study.

Sucrose solution q Tl(cP) Y FWTTMf(cm-') Af(mn)

0% 1 1 0.22 4432 330

0%at5°C 1.03 1.5 .22 4700 330

60% 1.7 14 0.20 5525 335

60%at5°C 2.5 29 0.18 4554 325

77% 3.7 58 0.27 5190 340

77%at5°C 7.4 149 0.18 5018 325
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270 cm'^ (Fig. 41); the peak intensity increases by about 20 %, but the peak wavelength

does not change. The fluorescence quantum yield, however, increases only by about 3%

(Table 3). Therefore, for the sucrose solutions, upon gomg to 5 °C the observed

fluorescence spectral shifts and the increase m the quantum yield are effects that stem

from viscosity, not from temperature. On the other hand, the observed narrowing of the

spectra, which is very similar to that observed upon cooling the solution in buffer

(Table 3), most probably stems from temperature effects. A comparison of the

fluorescence spectra for all the measurements for the different viscosities is shown in

Fig 42, and a plot of the fluorescence quantum yield vs viscosity is shown in Fig. 43.
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rv. DISCUSSION

SOT.VENTS

In an effort to understand the vanation of the fluorescence quantum yield with the

solvent physical properties, we have considered the dielectnc constant, e, which is a

measure of the ability of the solvent to screen charges from one another. If a solvent such

as water has a high e, then the energy of attraction or repulsion between electric charges

in solute molecules is lower than that m vacuum. We have plotted the fluorescence

quantum yield, q, vs. e m Fig. 44. This plot is seen to be nonlinear; nevertheless, q

decreases as e is mcreased which suggests that the dielectnc constant affects the

photophysical properties of dG. (The point for methylene chloride is an exception, and a

possible explanation is discussed below) In this regard we have considered the Lippert's

function which has been used as a measure of polarity in connection with the difference

between the wavenumbers of the fluorescence and the absorption maxima. We show in

Fig. 45 a plot of the difference m the peak wavenumbers of the absorption and the

fluorescence spectra - Vf) vs the Lippert's function; the plot is seen to be linear This

suggests that polar interactions effect the photophysical properties of dG (see also below)

This strong correlation leads us to consider polarity effects on the quantum yield.

Although there exists no theoretical equation expressing the fluorescence quantum yield q

as a function of the refractive index or the dielectnc constant, it is customary, on an

empincal basis, to plot q vs the Lippert's function. This plot is shown in Fig. 46. As the

Lippert's function increases, the quantum yield is seen to decrease. This suggests that

polar interactions have an effect on the quantum yield. Despite all of this, the solvent

polarity needs to be defined and quantified. This is not a simple task because it cannot be
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defined by one variable alone such as the dielectnc constant. Qualitatively, solvent

polarity is a measure of the solvatmg power of the solvent (Reichardt, 1994). However,

quantitatively there are a number of scales of empmcal solvent polarity of which Ej is the

most widely used (Suppan and Ghoneim, 1997). In this scale, high values of the

empirical parameter of solvent polarity correspond to high values of solvent polarity,

such as water that has an Ej value of 1 (the highest value on this normalized scale). The

plot of the fluorescence quantum yield q as a function of Ej for the present study is

shown m Fig. 47, and can be seen that it is nonlinear; nevertheless, it follows a trend: as

the EJ increases, q decreases following the same pattem as the plot of q v^. e (Fig 44).

Therefore, the solvent polarity does have an effect on the quantum yield. We next need

to consider the effect of the solvent polarizability, a. We have plotted q v^. a and this

plot IS shown in Fig. 48. Although the plot is nonlinear, the quantum yield increases as

the polarizabihty is increased indicating that polarizability also affects the photophysical

properties of dG. Thus, solvent polarity serves to dimimsh the quantum yield, while

solvent polarizability serves to enhance it We have also plotted the quantum yield as a

function of viscosity (Fig. 49). It is seen that, for small viscosities, the quantum yield

decreases sharply as the viscosity is increased, and then slowly increases as the viscosity

mcreases. This sharp decrease is difficult to understand because typically an increase in

viscosity is known to reduce the deformation of the structure of an emittmg molecule

through viscous damping by the solvent and to result m an increase in the quantum yield.

We should note that m this plot the point for methylene chloride exhibits a regular

behavior; this is not the case for the plots as a function of e, Lippert's function, E^, and

polarizability (Figs 44,46,47, and 48). This behavior may be related to the high
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electronegativity of chlorine in a way that currently is not clear.

Lippert has developed an equation that relates his function (in terms of the solvent

e and the refractive index n) to the change in the wavenumber of the maximum of the

absorption spectrum, v^, and the wavenumber of the maximum of the fluorescence

spectrum, Vp, which follows below.

v -v = ^+constant

"  ̂ hcR' 26+1 2«2+i

In this function, Pg and are the permanent dipole moments of dG in the ground and m

the excited state, respectively, h is Planck's constant, c is the speed of light m vacuum,

and R is the cavity radius m Onsager's theory of the reaction field, which is calculated to

be 3.1 A (Edwards, 1970). A plot of (v^- Vf) vs. the bracketed function (Lippert's

function) is shown in Fig 45, and can be seen to be linear. From the slope of this plot we

can calculate Ap, which is the difference between the dipole moments of the excited and

the ground states for dG. From this, since Pg is known, 6.9 D (Alyoubi and Hilal, 1995),

Pg can be calculated. We find a value of 9.7 D for the dipole moment of dG in the excited

state. The fact that this value is larger than that m the ground state means that dG

becomes more polar upon excitation. Thus, shifts m the fluorescence spectra relative to

the spectrum m diethyl ether, which is the most inert solvent we have used in the present

study, are expected to be greater than those m the absorption spectra. As can be seen

from Table 1, this expectation is bom out. Another potential source of spectral shifts is

hydrogen bond formation. With reference to a non-hydrogen bonding solvent, shifts to

longer wavelengths in the fluorescence spectra are observed when the hydrogen bond is
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stronger in the excited state (Pimentel, 1957; Georghiou, 1981). Although dG is not

soluble m a completely non-hydrogen bonding solvent, the solution in diethyl ether can

be taken as an approximate reference; this is the most mert solvent m this study. With

this reference, it can be seen that shifts are to longer wavelengths and, therefore, dG does

form stronger hydrogen bonds upon excitation. However, because dG is not soluble m

nonhydrogen-bondmg solvents, the hydrogen bond strengths m the different solvents

caimot be quantified.

For the solvents used m the present study, there is no clear trend with regard to the

spectral widths. For the fluorescence spectra, as the dielectric constant is decreased or the

polarizability is increased, changes are observed but there are no clear correlations

(Table 1 and 2). Also, withm the experimental error, no changes are found in the spectral

widths of the absorption spectra in all the solvents with the exception of that m buffer,

which IS slightly larger (Table 1).

The results of the present study indicate that dielectnc and polarization

interactions greatly influence the fluorescence quantum yield and the location of the

fluorescence spectral peaks; however, no clear correlation has been found between the

widths of the fluorescence spectra and the solvent dielectnc constant or the polanzability.

In this regard, we need to investigate the contribution of the breaking or forming of

hydrogen bonds and to explore the change in the shape of the spectra regardmg the

fluorescence spectrum tail; this is done below.

FLUORESCENrF SPFGTRTTM TATT,

A charactenstic property of poly(dG-dC)*poly(dG-dC) is the pronounced tail in

its fluorescence spectrum (Fig 9). To investigate the origin of this formation, we have
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plotted the y ratio v^. the solvent dielectric constant e, Ej, and the polanzabihty a It can

be seen from Fig 50 that the y ratio increases as the dielectric constant increases, and the

same holds tme for the plot of the y ratio V5. (Fig. 51). In contrast, it can be seen from

Fig. 52 that an mcrease in the solvent polarizabihty results m a reduction in the y ratio.

As can be seen in all three plots (Figs. 50-52), 2-propanol is the exception to the

goodness of the fit. A plot of the y ratio V5. the quantum yield (Fig. 53) finds that there is

no correlation between these two parameters. On the other hand, a plot of y vj. viscosity,

•q (Fig. 54) finds that there is a good correlation, y mcreases sharply from zero (m diethyl

ether) as q is slightly increased for small values of q: as q is increased further, the plot

reaches a plateau at y = 0.24 In sucrose solutions, the values of y are not very different

from this plateau value: y = 0.20 for q = 14 cP and y = 0.27 for q = 149 cP (see Table 3).

We conclude that there is some contnbution of viscosity to the magnitude of the tail of

the spectrum at small viscosities.

We need to explore whether hydrogen bonding affects the photophysics of this

system, and this is discussed m the next section.

HYDPnGEN RONDTNG

We have tested the importance of hydrogen bondmg groups at the N1 and N7

positions in the optical properties of dG. The N1 position is involved m mterbase

hydrogen bondmg in DNA. The pIC^ of the N7 position is 2.1 and the pK^ for the N1

position is 9.2 (Bloomfield et al, 1974). dG was dissolved in solutions of very low

pH, 0.5, and very high pH, 11, and both the fluorescence and the absorption spectra were

measured. In the pH 0.5 solution, where a proton is added to dG at the N7 position, the

changes in the fluorescence spectrum were so dramatic (see Results) they precluded any
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conclusions to be drawn regarding the photophysics of the hydrogen bonding at this

position where a proton would actually be shared. Supporting this is previous work done

in our laboratory that has shown a large increase in the quantum yield with a dramatic

shift of the fluorescence spectrum to longer wavelengths upon methylation of guanosme

at the N7 position (Ge et al, 1990).

At pH 11, the fluorescence spectrum is seen to display a very large enhancement,

the fluorescence quantum yield is 9.3 times larger than that in buffer (Fig. 27 and

Table 1). The absorption spectrum, however, displays large broadening which may

suggest a large perturbation of the excited electronic surface. This perturbation is the

result of a complete transfer of proton to dO at position N1 [pK3= 9.2 (Bloomfield et al,

1974)]. In DNA, position N1 is involved in interstrand hydrogen bonding. The fact that

the absorption spectrum of DNA has a shape which is very similar to that of an equimolar

mixture of bases (Gueron et al, 1974) suggests that hydrogen bondmg at position N1 of

dG, that mvolves sharing of proton rather than complete transfer, does not greatly perturb

the electronic structure.

The N2 and N3 positions are also capable of protonation, but cannot be studied

due to lack of product availability.

The question arises as to how well we can simulate the photophysical properties

of the dG residue in DNA on the basis of the results of the present experiments that are

based on the photophysical properties of dG m aqueous buffer, m the absence and m the

presence of sucrose, and in organic solvents. The large increase m the fluorescence

quantum yield, q, with viscosity (Fig. 42 ) as well as that in solvents that are not very

polar. I.e. diethyl ether and ethyl acetate (Table 1), suggests that the mcrease of the
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ngidity of dG and of the hydrophobic nature of its environment, which occur when dG

becomes part of DNA, are not responsible for the very small value of q in DNA:

0.8 X 10'^ (Huang and Georghiou, 1992) as compared to that of 0.8 x 10"'^ for free dG m

water (Vigny and Ballini, 1977) We should note that of these two increases m the

quantum yield, the one caused by the hydrophobicity of the environment is by far the

largest, by a factor of 35 (Table 1). It is not known how rigid the intenor of DNA is, but

were we to assume that it corresponds to a viscosity of 29 cP, the increase in the quantum

yield would be by a factor of only 2.5 (Table 3) We propose mstead that the quenching

of the fluorescence of dGm DNA stems from specific interactions between polar groups

of dG in the grooves, N7 and 06 in the major groove, and N2 and N3 m the mmor

groove, with the aqueous environment. Support for this proposal was obtained from the

expenments descnbed m "Affinity of dG for Water" (see below) which suggest that a

network of water is formed around free dG m an 8% water/butanol mixture; this network

is found to affect profoundly the photophysical properties of free dG. The difficulty then

m the simulation stems from the inability to describe the hydration network in terms of

those formed around dG in the orgamc solvents. We should recall that the 06, Nl, and

N2 positions are involved m interstrand hydrogen bonding in DNA, whereas these

positions in free dG are available for hydrogen bonds in solution. We should note that

the solvent effects on the fluorescence quantum yield of dG, either free or in DNA, are

most probably stemming from effects on the rate constant of internal conversion: this

mference is based on the observation that intersystem crossing is inefficient for nucleic

acids, with mtemal conversion bemg very efficient (Gueron, et al, 1974).
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AFFTNTTY OF DFOXYGTTANOSTNK FOR WATER

We have also attempted to quantify the effects of hydrogen bonding on the

photophysical properties of dG by using aqueous mixtures of orgamc solvents

Specifically, we wanted to look at small percentages of water so that the bulk properties

of the solvent would not be changed. We should note in this regard that attempts were

made at utilizing water mixtures with methanol or 2-propanol. The results m these

solvents were found to be mdependent of the sequence of steps m which the solutions

were prepared. The reason for this appears to stem from the fact that these solvent

compete well with water m forming hydrogen bonds For this purpose, we chose

n-butanol because it is a weak alcohol, i e it does not form strong hydrogen bonds As a

consequence of this, the maximum miscibility of water m this alcohol is only 20%

(Merck, 1983). In the process, it was discovered that the results depended on the

sequence of the steps used in prepanng the solution. We prepared the butanol/water

solutions using three different methods. In the first method, which we call "injected", we

started with dG dissolved m butanol and we then added 8% water. In the second method,

which we call "pre-mixed", we first mixed butanol with 8% water and then added the

(solid) dG. The third method, which we call "earned its own water," utihzed a high

concentration of dG dissolved in water. This concentration was specific because an 8%

addition from it to pure butanol in the cuvette gave the correct absorbance of about 0.05

at the excitation wavelength of265 ran. We have found that these three different

methods of solution preparation gave different results Figure 55 shows the results. It is

seen that dG m the "pre-imxed" solution shows a large fluorescence enhancement, by

about a factor of about 2.5, relative to the solution in pure butanol By contrast, the
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Companson of the fluorescence spectrum of deoxyguanosine in
8% water/butanol mixtures in which the water was added using

three different methods: "earned its own water," where deoxyguanosine
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. which may have its ongin in the sensitivity of the fluorescence
signal to relatively small variations m the hydration pattern of water

around deoxyguanosme.

80



"injected" solution shows virtually no change Finally, the "earned its own water"

solution exhibits fluorescence quenching by about 40% relative to the pure butanol

solution.

We presume that m the "premixed" solution different solvation sites are occupied

by water molecules and/or by butanol molecules, depending on the affinity of the sites.

In order to test this supposition, we ran a series of expenments in which the solution was

heated for 10 mmutes, allowed to cool to room temperature, and then have its

fluorescence tested The results are shown m Fig. 56. It is seen that the fluorescence

intensity is reduced as the incubation temperature is mcreased. The spectrum for 40°C is

virtually identical with that for pure butanol This indicates that m the "premixed"

solution at room temperature the dG has a network of water formed around it which is

disrupted at higher incubation temperatures, leaving only butanol to occupy the solvation

sites. This desolvation of dG was further quantified by considermg this process to follow

an Arrhenius behavior of the form

Ag

RT

Here, R is the gas constant = 1.987 x 10'^ kcal/mol-K, T is the mcubation absolute

temperature, AE is the activation energy, and Iq is a constant. This equation yields

ln/=ln/o-—
RT

A plot of the In I as a function of 1/T is shown m Fig. 57. The plot is seen to be linear

with a slope = (3.3 ± 0.7) x 10^ K. Therefore, AE = - (3.3 ± 0 7) x 10^ K x 1.987 x 10"^
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Companson of the fluorescence spectrum of deoxyguanosme
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kcal/mol*K = - 6 ± 1 kcal/mol. AE may be considered to represent the enthalpy AH of the

desolvation process. The solvation free energy AG for guamne is quite large,

approximately - 20 kcal/mol (Bash et al, 1987; Mohan et al, 1992; Elcock and Richards,

1993) AG relates to AH and to the entropic change AS of the desolvation process

through the following equation

AG=AH-TAS

where T is the absolute temperature. This yields TAS = 14 kcal/mol as the entropic

contnbution to the desolvation process. At room temperature, 293 K, this value yields

AS » 48 cal/mol-K This result implies that there is a very large entropic contnbution to

the desolvation process, which is about twice as much as the enthalpic contnbution.

For the "carried its own water" solution, water being the sole solvator induces

fluorescence quenching compared to the spectrum of pure butanol: this is in line with the

quenchmg of the fluorescence of dG in buffer (Fig. 55). In the case of the "injected"

solution, dG already has a butanol network formed around it which water cannot dismpt

because of the preponderance of butanol; as a consequence, the fluorescence spectrum is

very similar to that in pure butanol. It should be noted that in all the aqueous mixtures,

the fluorescence spectrum has a tail contribution which is similar to that in pure butanol

(Fig 56). This suggests that the bulk properties of butanol make a sigmficant

contnbution to the shape of the fluorescence spectra.

These results suggest that at room temperature dG tends to retam the solvent

network imtially formed around it. Let us now consider dG m DNA. The sites of

hydration are N7, 06, and N3 (Pullman and Pullman, 1981; Schneider and Berman,
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1995). Thennal fluctuations are known to transiently break the mtermolecular hydrogen

bonds of the DNA base pairs in the millisecond range (Leroy et al, 1988), allowing the

bases to swing into the aqueous environment. For free dG (Fig. 1), the sites mvolved m

mterbase bonding (Nl, N2, and 06) can become hydrated, while for dG in DNA only the

06 site can be hydrated (Pullman and Pullman, 1981). Therefore, when the interstrand

hydrogen bonds of dG break, allowmg it to swing into the aqueous environment of the

major or minor groove, the sites Nl, N2, and 06 would become hydrated. Theoretical

studies report that guanme has a very high free energy of hydration, approximately

-20 kcal/mol (Bash et al, 1987; Mohan et al, 1992; Elcock and Richards, 1993).

Cytosme has a comparable free energy. However, ademne and thymine have free energy

values that are smaller by about 10 kcal/mol (Bash et al, 1987; Mohan et al, 1992;

Elcock and Richards, 1993). Thermodynamic studies also report that GC base pairs are

more strongly hydrated (Chalikian et al, 1994). Thus, guanme (and presumably

cytosme), once exposed to the aqueous environment, will have a network of water formed

around it. The results of the present study suggest that guanine will tend to preserve this

network As a consequence, the intermolecular hydrogen bonds in DNA that involve that

particular guanme residue would tend to remam broken. We therefore infer that at any

instant there will be a number of GC open base pairs along the DNA double helix. Thus,

DNA appears to have "unzipped" segments along its helix. Because of the couplmg

between base pair opening and bending (Manning, 1983; Ramstein and Lavery, 1988),

DNA would bend very easily. Thus, the GC base pairs are sites of locally bent DNA.

Presumably, collisions with energetic solvent molecules would disrupt the hydration

network and allow the guamne residues to reform the intermolecular hydrogen bonds
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Also, in the cell interactions with proteins would result in water removal from the

solvent-exposed guamne residues. This picture raises the question of the abihty of smgle

strands to form double-stranded DNA in solution: if the GC base pairs are hydrated and

unable to form hydrogen bonds, a double-stranded structure would not be formed It is

known, however, that smgle-stranded DNA is highly compacted and its bases are exposed

to water to a much smaller extent than the bases of double-stranded DNA (Watson et al,

1988) This preserves the ability of the bases of smgle-stranded DNA to form a hydrogen

bonded double-helical structure. In order to make double-stranded DNA, the smgle

strands are annealed to a high temperature. As we have found in the present study, under

those conditions water is "shaken off the guanine residues. Judging from the similarity

of the free energy for desolvation of cytosme to that of guamne (Bash et al, 1987; Mohan

et al, 1992, Elcock and Richards, 1993), a similar "shake off would be expected to

happen to its water as well.
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PART II:

ELECTROSTATIC INTERACTIONS IN DNA



I. INTRODUCTION

Customanly, the effect of the medium on Coulomb interactions is taken mto

account by treating it as a contmuum with a screemng dielectnc constant. This

descnption, however, breaks down at short distances where pairwise non-additive

polarization effects that take place in the medium make a considerable contnbution to the

total interaction (Buckingham and Pople, 1955; Warshel, 1978; Stone, 1996). The need

for incorporating polanzation effects in electrostatic interactions has long been

recogmzed and a number of studies have been earned out (Stone, 1996) Jarque and

Buckingham (1989; 1992) used the Fade Approximant method to carry out a Monte Carlo

simulation of many-body effects m a polarizable medium with two ions embedded m it.

In the present study, we employ the results of their analysis to calculate the contribution

the polanzation effects make to the electrostatic interaction between phosphates m DNA.

These effects are found to greatly dimmish the contribution of the Coulomb interaction to

the total interaction between the phosphates across the minor groove; their contribution,

however, across the major groove is much smaller The results are found to shed

considerable light on several aspects of the structure-dynamics relationship in DNA.
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IL THEORY

DNA

The intrastrand separation between adjacent phosphates on the same DNA strand

vanes considerably, e.g from about 5.9 A to 7.2 A for a senes of four dodecamers; a

similar distance span for each dodecamer was also observed (Saenger, 1986). As a

consequence of this vanation, the strength of the repulsive Coulomb interactions would

change depending on the sequence. Also, because of the much smaller width of the

mmor groove (about 6 A) relative to that of the major groove (about 11.6 A) (Neidle,

1994), the repulsion would be greater for the former case. The correspondmg Coulomb

e  o

interaction potentials Vgoy, for two charges q, and at distances r of 6 A and 11.6 A are

calculated from = qjqj Mite/, where is the permittivity of free space, and found to

be about 55.2 kcal/mol and 28.6 kcal/mol, respectively. However, shieldmg of the

charges by counterions reduces them by about 50% (Padmanabhan et al, 1988; Jayaram

et al, 1990, Ramstein and Lavery, 1990; Gurhe and Zakreskwa, 1998). This reduces the

aforementioned potential values by a factor of 4 to about 13.8 and 7 1 kcal/mol for the

interactions across the minor groove and the major groove, respectively.

With reference to the theoretical analysis of Jarque and Buckmgham

(1989, 1992), the parameters used are the reduced polarizability, a* = a/p^, where a and

P are the polarizability of the medium (in A^) and the nearest neighbor distance (in A),

respectively, and 6 which is given by 6 = s/P; here, s is the distance between the two

charges. For water, a = 1.45 A^ (Lide, 1992) For the DNA base residues, a =11.8 A'

(Miller and Sachik, 1979; Lymann, 1982). For the backbone sugar residue, a= 9 5 A^

(Miller and Sachik, 1979; Lymann, 1982) DNA and its environment are not a
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homogeneous medium. Therefore, in applying the theoretical analysis of Jarque and

Buckingham, we need to take averages over the polarizabilities and the nearest neighbor

distances for the different components of the system. The above polanzation values yield

o  o

for the average polanzabihty <a> = 7.6 A The approximate distances are: 3 4 A for

adjacent bases on the same strand, 5 A for bases across the two strands, 5A for adjacent

sugars, 1.5 A for a sugar-base set, and 2.85 A for water (Saenger, 1984, Jeffery, 1997).

This jdelds an average nearest neighbor distance <P> = 3.5 A. Thus, a* = <a>/<P>^ =

7.6/3.5^ = 0.18. Shown m Fig. 58 are the results of the analysis by Jarque and

Buckingham (1992) regarding two negative charges embedded m a polanzable medium

for a* values of 0.05, 0.1, and 0.5. By using ̂  interpolation computer program based on

Lagrange's method, values for the effective potential Vgg- (a*) for a* were obtained from

the following equation:

(«*-«*2)(«*-«*3) (a*-a\)(a*-a*3) (a* -a\)

Here, y,, yj, and yj are the values of the effective potential V^g- for a particular 6 obtained

from the data of Jarque and Buckmgham (Fig. 58) for the three values of a*: a*, = 0.05,

a*2 =0 1, and a*^ = 0.5 Such a curve is presented for a* = 0.18 m Fig. 58. For the

minor groove, the average value, <s>, is 6 A. Thus, 6 = <s>/<P> = 6/3.5 = 1.7, for which

a relative value of -0.43 is obtained from Fig. 58 for the polarization potential; this yields

a value of -40.7 kcal/mol for the absolute polarization potential, (see caption to

Fig. 58). With the charge reduced to -0.5 e, this potential is about -10.2 kcal/mol This
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A plot of the relative polanzation potential for electrostatic interactions
as a fiinction of 6 = s/p, where s is the distance between two ions of the

same sign and P is the nearest neighbor distance, for the reduced
polanzability a* values of 0.05, 0.1, and 0.5. a* is defined as a/p^
where a is the polanzability of the medium. The open circles are data

obtained by using an mterpolation computer program based on
Lagrange's method to obtain data for a* = 0.18. These values of
the potential must be multiplied by 2.3 x lO'^Vp, with P m A, for

converting their units to Joules.
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compares with the value of 13.8 kcal/mol for Thus, the effective interaction

potential, Vgg, which is the sum of the Coulomb and the polanzation potentials, is equal to

about 3 6 kcal/mol. It is seen that the polanzation mteraction makes a large contnbution

to the effective potential. This contnbution is shown for other values of the groove width

in Fig. 59, which compares plots of and Vp^, for P = 3.5 A.

Other values of P have also been used m the present calculations, ranging from

3.1 to 5 A. As can be seen from Figs 60 and 61, m the range of 3.1-3.7 A,\i{ is quite

sensitive to the p values, decreasing considerably as P is decreased. This decrease is the

result of the large contribution to which is made by the attractive polarization

mteraction (Fig. 58). This is particularly pronounced for small widths By contrast, for

larger P values, ~ 4.1 - 5 A, and small widths the Coulomb mteraction predominates; V^g-

exhibits a relatively large mcrease as the width is decreased, which is more pronounced as

P is increased (Figs. 60 and 61). It is also seen that for large widths, all the curves tend to

converge practically to the same plateau value. This implies that for the major groove,

width =11.6 A,Vjg is insensitive to the width of the groove.

We recall that the effective force F is given by F = - dV^g/ds, where s is the

groove width, this denvative can be approximated by the slope of the tangent Ime. We

have done this by approximatmg the curves for the effective potential using the following

polynomial

J(x)=c^+c^+c^^

Using a analysis of the followmg form
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f=^\Kx)-yj\

and taking the derivative of yields

2 dcj

Upon expanding, this becomes

Let

and

2 3cj

=Sc,x/ +Sc2*/ +SC3X/ =0
2 dcj

— "'"^'^2*/
2 Scj

^„=sx;
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Then, collecting alike terms, we have

Therefore, if f(x) = c, + CjX + C3X^, then dfdx = 03 + 2C3X, which can be solved readily

usmg the above method.

As s is decreased, the slope is seen to be positive which implies a negative force

F; consequently, the direction of the force coincides with the direction of the

displacement, and so the force is attractive and drives the system toward smaller values of

s. This analysis has therefore yielded the very important conclusion that any reduction m

the minor groove width, e.g as a result of thermal fluctuations or interactions with

proteins or drugs, would tend to dnve the system further toward smaller groove widths.

Conversely, as the width is increased, the direction of the force is opposite to that of the

displacement and thus it tends to restore the system to its ongmal width. Figure 62

shows a plot of F as a function of the groove width s for several P values. It is seen that

for P = 3.5 A and s = 8 A, F = -23 pN, whereas for s = 5 A, F = -75 pN. Furthermore,

upon going from s = 4.5 A to s = 3.5 A, F mcreases from about -85 pN to about -140 pN;

this represents an increase of 55 pN/A. The changes m the force values per A are seen to

be much smaller for larger widths. The force values are seen to be smaller across the

width range for P = 3.7 A. On the other hand, for P ̂  4.1 A, the plots exhibit an upward

curvature for small widths, which is the result of a reduced polarization interaction In

that case, the Coulomb mteraction predommates and the force is positive, i.e. following a

decrease m the width, the force tends to restore the system to its ongmal width. For the

case of P = 5 A, F = 250 pN at s = 4 A, as compared to the value of about -110 pN for
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A plot of the effective electrostatic force F as a function of groove width
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P = 3.5 A also at 4 A . Furthermore, for s = 4 A a value of P = 3.9 A yields F = -30 pN,

whereas a value of P = 4.1 A yields F = 50 pN; thus, within aO 2 A difference in fi, the

force changes from being attractive to being repulsive and its magnitude changes by

80 pN! These results emphasize the great importance of the structure of the medium in

modulating the magnitude and the direction of the effective force in electrostatic

interactions. This finding is contrary to the inference of the model that neglects

completely the molecular structure of the medium and treats it as a continuum with a

screening dielectric constant: in that case, the force is always positive, i.e. repulsive The

presentfindings cast doubt on the validity of such a procedure.

Regarding the value of 3.5 A for the nearest neighbor distance p used m the

present study, it is instructive to recall that this is very close to the axial rise m B-DNA;

thus, the aromatic stack of the bases may provide a pathway for the propagation of the

polanzation interaction Of course, because of large-amplitude thermal fluctuations

(Georghiou et al, 1996; Young et al, 1997; Shih and Georghiou, to be published) and

interactions with proteins or drugs, P would be variable. In view of the large sensitivity

of the electrostatic force to the value of P (Fig. 62), this variability may represent a way

by which DNA exerts control in its function. With regard to the appropriate value of P,

as was discussed above, 3 5 A appears to be realistic. We should note that opposmg these

polarization-dnven forces are repulsive forces at short interphosphate distances (typically

below 3 A) that stem from overlap of electronic clouds. Regarding the stackmg

interactions, as Manning (1983) pointed out, they are compressive and therefore they

actually act constructively with the polanzation-dnven forces. Retummg to the effective

electrostatic forces, for comparison purposes we note that the forces which are holdmg
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the AT and GC base pairs through inteimolecular hydrogen bonds are about 10 pN and

15 pN, respectively (Essevaz-Roulet et ah, 1997), and those necessary for stretching

DNA are about 70 pN (Cluzel et al, 1996). The implications of these findings regarding

the wrapping of DNA around the histone octamer are discussed below.

It should be noted that the width of the minor groove is not constant but variable

because of (a) static and (b) dynamic effects. In a senes of seven dodecamers,

crystallographic data show that the width varies firom 2.6 A m one dodecamer to 8.9 A in

another Also, within the same dodecamer it vanes by as much as 5.2 A, fi"om 3.0 to

e

8 2 A, over four base pairs (Hememann et al, 1994). A large vanation of the minor

groove width with sequence was also reported for four dodecamers m a theoretical study

(Stofer and Lavery, 1994). Thus, there is a strong sequence-dependence of the minor

groove width. Moreover, a molecular dynamics simulation study (Young et al, 1997) for

the Drew/Dickerson dodecamer has reported that the minor groove width undergoes a

large vanation (standard deviation equal to about 2 A over a 5 ns time penod). Thus,

thermal fluctuations can induce large changes m the groove width. For relatively small

widths and for the value of P = 3.5 A that appears to be realistic for DNA (see above),

these changes m the groove width would induce large changes m the attractive forces

(Fig. 62). Consequently, a vanable width of the minor groove would cause a local

asymmetry in the overall forces exerted on the phosphates of minor grooves across the

two strands; this would give rise to DNA bendmg toward the minor groove with the

smaller width (for which the attractive force is larger). It is instructive to note that the

minor groove has been reported to be very easily deformable (Akiyama and Hogan,

1996a; 1996b), requiring a very small energy. It takes only about 0.5 kcal/mol to bend a
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dodecamer by 19° (Dickerson and Drew, 1981) and about 0.25 kcal/mol to bend a

decamer by 20° (Jeltsch, 1998). The extent of bending would, of course, be expected to

depend on the deformability of the base steps involved; eg, the TA step has been

reported to be very deformable (McNamara et al, 1990; Dickerson et al, 1996).

These considerations suggest that base sequence variations m the width of the

minor groove cause local bendmg of DNA toward the groove with the smaller width. In

this regard, crystallographic studies find that the structures of a number of ohgomers

contam bends of 15-24° (Dickerson et al, 1996). Furthermore, thermal fluctuations

would cause instantaneous changes in the width of the mmor groove with concomitant

compression of the minor groove that would result in transient DNA bendmg toward the

narrower rmnor groove. Bending is known to be coupled to the opemng of the DNA base

pairs (Mannmg, 1983; 1985; Ramstem and Lavery, 1988; 1990). Thus, the present

findmgs suggest that base pair opening is a process that does not appear to be very

infrequent and is dnven by both sequence effects (of static origin) and by thermal

fluctuations (of dynamic origin). This process may also lead to the formation of the

intercalation cavity during drug-DNA mteraction. In this regard, kinetic measurements

find that it takes about 4 kcal/mol to form the intercalation cavity (Macgregor et al,

1987; Chaires, 1998).

Regardmg interactions between phosphates on the same DNA strand, the average

distance mvolved is about 6.6 A (Saenger, 1986; Neidle, 1994). For a series of four

dodecamers, the distance vanes firom about 5.9 to 7.2 A (Saenger, 1986). The

polanzation mteraction would greatly reduce the effect of the repulsive Coulomb

interaction (Fig. 59). The induced DNA distortion, however, would be much smaller
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relative to that for interaction across a narrow minor groove [as narrow as 3 A

(Heinemarm et ah, 1994)], because of the small change in (Fig. 59) and therefore m F.

F IS reduced by about 20 pN in the width range of 5.9 to 7.2 A, whereas F would be

reduced by about 40 pN for a groove width change from 4 A to 5.3 A (Fig 62).

DNA IS generally considered to behave as a stiff rod because of the effects of the

Coulomb repulsive interactions (Maiming, 1983). Manning stated that "were it not for its

polyelectrolyte aspect, DNA would be locally bent instead of locally rodhke." Because

of the considerable magmtude of the polanzation interaction found in the present analysis

(Fig. 59), the effect of the repulsive Coulomb mteraction is reduced and DNA exhibits a

locally bent behavior rather than a rodlike behavior. These findmgs suggest that DNA has

a pliable structure, which possesses considerable flexibility This inference is in

agreement with the results of an mtnnsic fluorescence amsotropy study (Georghiou et al,

1996) in which we reported that DNA undergoes large-amplitude motions m the

picosecond range, as well as with the results of a molecular dynamics study (Y oung et al,

1997) and of a harmomc dynamics analysis study (Shih and Georghiou, to be published).

Regarding bending by A-tracts, currently there is a dichotomy: measurements m

solution suggest that these tracts are bent; the techmques employed include

electrophoresis (Koo et al, 1988; Nadeau and Crothers, 1989; Crothers and Shakked,

1999), NMR (Nadeau and Crothers, 1989; Ulyanov et al, 1993, Behlmg and Keams,

1986), and hydroxyl radical footprinting (Burkhoff and Tullius, 1987; 1988; Pnce and
\

Tullius, 1993). On the other hand, crystallographic studies (Dickerson, 1999; Young et

al, 1995; DiGabnelle and Steitz, 1993; Nelson et al, 1987; Shatzky-Schwartz et al,

1997; Coll et al, 1987) find that the A-tracts are straight. Based on the fact that these
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base sequences have a very narrow minor groove, about 3.5 A (Yoon et al, 1988, Fratim

et al, 1982; Lipanov and Chuprina, 1987; Neidle, 1994; Crothers and Shakked, 1999;

Zurkhin et al 1991, Young et al, 1997; Stofer and Lavery, 1994; Steitz, 1993), the

present study suggests that they would tend to bend toward that groove. Electrophoretic

studies by Crothers and co-workers (Koo et al, 1988; Nadeau and Crothers, 1989,

Crothers and Shakked, 1999) suggest that bending occurs in the direction of the minor

groove relative to the center of the A-tracts. This inference is m agreement with the

results of the present analysis. Of course, by how much these sequences bend would

depend on how deformable they are. There is a debate m the literature as to how stiff

these sequences are (Zhurkm et al, 1991; Dickerson et al, 1996, Levene et al, 1986,

Boutonnet et al, 1993, Hagerman, 1990), if they are stiff, they may serve as a hinge

around which the general-sequence segment would bend. The large reduction of the

effect of the repulsive Coulomb mteraction across the narrow minor groove of the

A-tracts, which stems from a relatively large attractive polanzation interaction, would

reduce the tension between the phosphates; this would result in the formation of more

stable intermolecular hydrogen bonds than those formed by general sequence base pairs.

This prediction is bom out by experiment: Leroy et al (1988) have reported that the

lifetime of the hydrogen bonds formed by A-tracts is by one to two orders of magmtude

greater than those for general sequence base pairs. This difference in lifetimes becomes

less pronounced at higher temperatures, an observation which is consistent with the

mechamsm proposed here in terms of an increase of the width of the A-tracts minor

groove as reflected in Fig. 62 (see below).

High temperature is known to greatly reduce the bending of A-tracts (Diekmann,
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1987; Haran et al., 1994). The spine of hydration is thought to stabilize the DNA

structure (Chupnna, 1987). Thus, disruption of the spine at high temperatures would

destabilize the structure and result in a wider mmor groove. This is in agreement with the

reported premeltmg behavior of A-tracts (Park et a/., 1991) and of poly(dA)*poly(dT)

(Herrera and Chaires, 1989). A wider mmor groove for the A-tracts would reduce the

asymmetry m the helix and the concomitant bending.

In the nucleosome the A-tracts bind with their minor grooves facmg m toward the

histone octamer (Travers and Klug, 1987; Drew and Crothers and Shakked, 1985;

Satchwell et al., 1986) Because of the very small width of their mmor grooves, about

e

3 5 A (Yoon et al, 1998), DNA will be compressed as a result of a very large force, about

-120 pN (Fig 62), and bent toward them. In this regard, the width of the mmor groove of

A-tracts decreases gradually as one goes from 5' to 3' (Katahira et al, 1988,1990,

Ulyanov et al., 1993). This observation was also made for the kinetoplast DNA

(Burkhoff and Tullius 1987; 1988). Such a gradual decrease in the width would result m

a relatively large force m the direction of that decrease for P = 3.5 A (see Fig. 62) As a

result, the minor groove of the A-tracts would be compressed, and the DNA would bend

toward that groove This would cause the DNA to wrap around the histone octamer. The

very large compaction of DNA m the nucleosome could result m a very dense DNA

structure with a P value smaller than 3.5 A, the resulting force would be quite large, see

e.g. the curve for P = 3.2 A in Fig. 62 that yields a value of about -200 pN for a groove

width of 3.6 A. Proposed models in the literature consider either smooth bending of

DNA (Levitt, 1978; Sussman and Tnfonov, 1978), bending into the minor groove

through kink formation in DNA (Crick and Klug, 1975), or bending into the major
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groove through DNA kinking (Sobell et al, 1976). Although smooth bending cannot be

excluded, it appears that the known coupling between DNA bending and base pair

opening (Manning, 1983; 1985; Ramstein and Lavery, 1988; 1990) would give nse to

kink formation (a deformation which mvolves base pair opemng); such a scenano is

presented by the bending of A-tracts that was discussed above. This would support the

model of Cnck and Klug (1975). It was previously proposed that DNA wraps around the

histone octamer because of charge neutralization accomplished through the mteraction of

phosphate groups with histone basic amino acid groups (Mirzabekov and Rich, 1979,

Arents and Moudnanakis, 1993). Such interactions may be operating in the DNA folding

to some extent. However, their contribution would be greatly reduced as a result of

repulsive polarization interactions that are known to operate between charges of opposite

sign (Jarque and Buckmgham, 1992; 1989). As a consequence, the stabilization of the

complex would be at a distance greater than the contact distance, and that would result m

a relatively weak complex. Moreover, a large degree of charge neutralization is

necessary for this mechanism to account for the wrapping of DNA around the histone

octamer (Manning et al, 1989).

It has long been puzzling as to how gene regulation at a distance is achieved

Effects exerted at one DNA site affect the properties of another site which is removed by

many base pairs (Bird et al., 1975a; Bird et al, 1975b; Hogan et ah, 1979; Sullivan et ah,

1988; Schurr et al, 1997). A protein bound to one site influences the transcription of a

gene that lies hundreds of thousands of base pairs away. The following mechamsms have

been proposed for this communication between proteins at a distance (reviewed m

Ptashne, 1986; Schleif, 1988): (i) loopmg, (ii) twisting, (iii) sliding, (iv) oozing The
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results of the present analysis suggest an alternative mechanism. As was discussed

above, the magnitude and direction of the electrostatic force depends strongly on the

value on the structural parameter P: a change in P by only 0.2 A results in the reversal in

the direction of the force and in a change m its magmtude by almost two orders of

magmtude' Thus, many-body polarization interactions are extremely sensitive to

structural changes and, being electrostatic in nature, can travel veryfast over long

distances and alter the dynamics of remote DNA sites

The present analysis is also relevant to the B to A transition of DNA. In the

region of 73 to 95% relative humidity there is a coexistence between A- and B-DNA.

B-DNA exists for relative humidities ̂  95% (Saenger, 1984). Particularly, for AT base

pairs It IS known that there is a hydration pattem in the minor groove which is called the

spine of hydration (Fratim et al, 1982). Therefore, at a low relative humidity that

induces the B to A transition, the spme would be disrupted. That would reduce the local

polanzation interaction and increase the width of the minor groove because of repulsive

Coulomb interactions. By contrast, the width of the major groove would not be

sigmficantly affected (Figs. 60 and 61). Thus, DNA would become stiffer m the mmor

groove, and to a much smaller extent stiffer in the major groove. Consequently, the

minor groove would tend to expand to a much greater extent than the major groove,

resulting in a major groove compression. This mechanism is compatible with the wide

mmor groove and the narrow major groove of A-DNA, 11.1 A and 2 7 A, respectively

(Saenger, 1984).

Regarding the heterogeneous polanzability of DNA and its environment, the large

difference between the polarizability of DNA (11.8 A^) and that of water (1.45 A^) would
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actually be reduced because of the highly cooperative nature of the polarization

interaction in water (Frank and Wen, 1957; Bene and Pople, 1970; 1973; Hinkins, 1970;

Stone, 1989). Thus, the effective polanzabihty of DNA and of its environment would be

larger than the value of 7.6 used in the present study, and so would the calculated

forces.

PFOTETN-nNA COMPT.RXKS

The average value of the polanzabihty of the amino acid residues m protems is

about 13 (McMeekm et al, 1964; Miller and Savichik, 1979). The average value of

the nearest neighbor distance m a protein is about 4 A. Therefore, by averaging as was

done above for DNA m the absence of a protein, the overall nearest neighbor distance in

the presence of the protein is found to be about 3 6 A. Thus, a* = a/p^ = 8.9/3.6^= 0 21

Figure 63 shows a plot of Vgg- as a function of the groove width both in the presence and

in the absence of protein. It is seen that Vgff is somewhat lower in the presence of the

protein; however, the two curves have very similar slopes and therefore the difference in

the forces is within the uncertainty of the present calculations (data not shown)

Consequently, no clear trend can be discemed for the direction of the mduced DNA

bendmg. This inference is m agreement (i) with the experimental observations that there

IS no unique direction toward which proteins bend DNA (Dickerson, 1998), and (ii) with

the results of theoretical calculations (Dickerson, 1981; Jeltsch, 1998) that a very small

energy is necessitated for DNA bending, less than ~ 1 kcal/mol. Other factors, such as

the deformability of the sequences involved and contnbutions from other interactions,

such as stacking, would then detemune the direction and the extent of bending. Previous

studies (Travers, 1995; Elcock and McCammon, 1996) used the contmuum dielectnc
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screening model and concluded that the interacting protem causes a large Coulomb

repulsion between the phosphates that bends the DNA away from the protem. As was

discussed above, this model is of doubtful validity, and therefore this inference is

questionable and cannot be used as a basis for a general mechamsm of protem-DNA

interaction [see also (i) above].

e

If the protein approaches the DNA from the major groove, for which s = 11.6 A,

as can be inferred from Fig. 63 there would be no significant change in the magmtude of

the force which m the absence of the protem is virtually zero (Fig. 62). Agam, this does

not allow an unambiguous prediction of the direction of the induced DNA bendmg.
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