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ABSTRACT. The resonance Raman spectra of 4-thiothymidit¥&][have been recorded (a) in the free
deoxynucleoside form, (b) when incorporated into the single stranded oligodeoxynucleotidé<a{AG]

TC), and (c) within the double-stranded self-complementary dodecamer d(GAEGATCGTC).
Vibrational mode assignments of almost all the major Raman bands observed in each spectra have been
made, mainly by comparison with the published assignments of related nucleosides and nucleotides.
Differences between the spectra were observed, particularly WPdrahd d(AG[ST]TC) were compared

to d(GACGA[ST]ATCGTC). This is explained in terms of the variations in structure between single-
and double-stranded DNA. Good quality spectra were obtained at nucleotide/oligonucleotide concentrations
of between 100 and 5Q¢M and this coupled with an apparatus that uses small volumes{10&llowed
measurement of the spectrum of d(GACGH]JATCGTC) bound to theEccRV endonuclease. This

well characterised nuclease, for which crystal structures are available, recognizes d(GATAT) sequences.
When this is replaced with d(GAJT]ATC), a poor substrate results but turnover can be prevented during
data accumulation by omission of the essential catiod™Md.arge shifts in several of the Raman bands
were observed, and these have been related to the environment éffthedse in the protein-bound
oligonucleotide as deduced from the crystal structure. The wavenumber fortBesttetch vibration in

free d(GACGAFPST]ATCGTC) has been used to calculate the strength of the WatSoick hydrogen

bond between the sulphur atom f8T] and the 6-NH group on its partner dA. On binding to the enzyme,

the shift in the wavenumber of the=€S stretch indicates this Watserick hydrogen bond is weakened,

in good agreement with X-ray structures. The advantage of uéfig) s a resonance Raman probe is

that it absorbs at 340 nm, a wavelength where other nucleic acid and protein absorbance is minimal.
Thus the spectra obtained are very simple and consist of signals that arise predominantly from the thiobase
alone, and this facilitates data interpretation.

Over the last decade it has become apparent that B-DNAKostrewa & Winkler, 1995), and methylases (Klimasauskas
does not consist of a regular repeating structure, but ratheret al, 1994). The appreciation of the structural variability
that considerable deviations from idealized B-DNA geometry of DNA has made methods for the determination of local
can be observed over dinucleotide steps or short sequencegligodeoxynucleotide conformations very important. Crys-
[for reviews, see Drew et al. (1988), Travers (1989), and tallography gives extremely detailed information for both free
Dickerson (1992)]. Furthermore, large distortions in “ideal” pNA (Dickerson, 1992) and DNA bound to proteins [see
B-DNA parameters are often observed on binding to proteins, gpove references and reviews Harrison (1991), and Pabo &
as shown by X-ray structures of oligodeoxynucleotides bound g4 ,er (1992)]. Much useful information has also been
to, for example, repressor proteins (Otwinowski et al., 1988; obtained from NMR spectroscopy [for a review of DNA

Beamer & Pabo, 1992; Somers & Phillips, 1992), endo- - : :
nucleases (Weston et al1992: Winkler et al, 1993: structural determination by NMR, see F_elgon et al. (1992);
for examples of NMR structures of protein-DNA complexes,
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Rutherford Appleton Laboratory. number of other spectroscopic techniques can be
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have been established, and other bands are diagnostic of § §
different sugar puckers (Thomas & Wang, 1988; Dijkstra et HN N CH;
al., 1991). Certain bands can also be assigned to different J\ 1 ;\ |
bases (Benevides et al991a,b). Using these features, a 0”7 >N 07 >y

large amount of information about free DNA structures can
be evaluated. This includes studies of the>BZ transition
(Wang et al. 1981; Thamann et @l1981; Benevides et al.
1984) and switching between the B and A forms (Benevides OH OH on
et al, 1986; Nishimura et al1986). Raman spectra can be
obtained from crystals, as well as solutions, allowing a o ) o
comparison of DNA X-ray crystallographic structures with Ficure 1: Structures of 4-thiouridine and 4-thiothymidine.

those seen in solution. Thus, Benevides ef ¢1988)

observed that d(CGCAAATTTGCG) exhibited a greater &t 330-340 nm (Fox et aJ.1959; Connolly & Newman,
heterogeneity in sugar ring and phosphate backbones angled989; Nikiforov & Connolly, 1991), well removed from the

in the crystal, as compared to solution. Raman spectroscopy/OUr natural base constituents of DNA/RNA (260 nm) and
has also been used to probe the conformations of oligo- /S0 the aromatic amino acids in proteins (280 nm).
deoxynucleotides bound to proteins. Examples have included! Nerefore, it should be possible to measure the resonance
the packaging of single-stranded DNA into phat174 Raman spectra of .these th|oba5(_es, using radiation in this
capsids (Incardona et aL987; Benevides et all991c), the spectrgl region, without enhancing the bgnd_s of other
interaction of single-stranded polynucleotides with the phage Piological materials. The advantage of this is that the
T4 gp32 protein (Otto et al1987), and the binding of the ~ Properties of a particular base in a nucleic acid, and any
2 (Benevides et al., 1991a,b), cro (Evertz et al., 1991), and €hanges in its behavior on binding to a protein, can be
Ner (Benevides et al., 1994a) repressor proteins to their targeX@mined with minimal interference and spectral overlap
DNA sites. Recently, Raman spectroscopy has been used™m other components. The disadvantage, when compared

to demonstrate that a mutation in theepressor that causes © conventional Raman spectroscopy, is that most of the
a change in specificity, also brings about a reorganization bands (those arising from the nonresonant components) are

4-Thiouridine 4-Thiothymidine

of the protein-DNA interface (Benevides et al1994b). not easily observed, and, thus, some information goes
Experiments with both free arcaR| endonuclease-bound ~ Unrecorded. -
oligonucleotides have demonstrated thatEoeR| (GAAT- The resonance Raman spectrum of 4-thiouridine has

TC) recognition sequence is intrinsically distorted. This previously been measured (Nishimura et®78), and many
deviation, from ideal B-DNA structural parameters, is further of the bands have been assigned to particular vibrational
increased on binding to the enzyme (Thomas et18189). modes, especially by comparison to the Raman spectra of
One prob|em with Raman spectroscopy of DNA is that uridine derivatives (Nishimura et all978, 1981; Tsuboi et
although marker bands can be reliably used to show theal, 1987; Nishimura & Tsuboi, 1980). 4-Thiouridine is a
presence of a particular backbone or nucleoside conformationnatural constituent of some tRNAs (Favre et 24869), and
or to monitor the environment of the four bases, it is rare the resonance Raman spectrum of this base in tRNA has
that a specific band can be assigned to an individual base been reported (Nishimura et al976), demonstrating the
sugar, or phosphate. This difficulty is especially acute when Use of this technique in establishing structure function
a nucleic acid is bound to a protein. Here it would be relationships for polynucleotides. By analogy one would
expected that only a subset of the DNA components would €xpect that 4-thiothymidine would also be an excellent
experience conformational or environmental changes and,resonance Raman probe, useful for the study of both free
therefore, an alteration in their Raman peaks. Furthermore,and protein-complexed DNA conformations. As far as we
unusual protein bound conformations could give rise to are aware, no resonance Raman spectra have been recorded
Raman bands well resolved from those typical of “ideal” for 4-thiothymidine, or this base incorporated into DNA,
B-DNA. Thus, although DNA conformational changes on Probably because (unlike 4-thiouridine) it does not occur
binding to proteins are easily monitored by Raman spec- naturally in nucleic acids. Recently, we (Nikiforov &
troscopy and explainable in terms of alterations to phosphateConnolly, 1992a) and others (Coleman & Siedlecki, 1992)
torsional angles, sugar puckers, and base environment, it ha$ave described methods for the incorporation of 4-thio-
been much harder to say precisely which phosphates, sugarghymidine into synthetic oligodeoxynucleotides, using the
and bases are the ones changing. One way around thihosphoramidite method, and protecting the sulfur atom with
problem is to use resonance Raman spectroscopy (Nishimurdhe S-cyanoethyl group. Other methods for synthesizing
et al, 1978). Here, the incident light wavelength matches oOligonucleotides containing this base have also been de-
that of an electronic absorbance band of the molecule, scribed (Nikiforov & Connolly, 1991; MacMillan & Verdine,
causing some of the Raman bands to become considerabid991; Clivio et al, 1992; Xu et al. 1992). Oligodeoxy-
more intense (Nishimura & Tsuboi, 1980). Unfortunately nucleotides containing 4-thiothymidine have previously been
the UV (electronic) absorbances of the bases in nucleic acidsused to study proteinDNA interactions with theEcoRV
and the aromatic amino acids in proteins have a h|gh degreerestriction endonuclease and modification methylase (NeW-
of overlap. Therefore it is difficult to specifically excite a man et al,1990a,b) and to photoaffinity label the methylase
particular base or aromatic amino acid, although by judicious (Nikiforov & Connolly, 1992b).
choice of wavelength specific components, e.g., protein In this publication we extend the uses of oligonucleotides
tyrosines and tryptophans in a proteidNA complex, can containing 4-thiothymidine by measuring the resonance
be excited. However, the base analogues 4-thiouridine andRaman spectra of the free base and this thiobase incorporated
4-thiothymidine (Figure 1) both have UV absorbance maxima into both single- and double-stranded oligodeoxynucleotides.
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Most of the peaks seen in the spectra have been assigned tauclease. The Raman spectrum of the endonuclease was also
particular vibrational modes, and tentative explanations arerecorded under identical conditions but in the absence of
given for the spectral differences observed between double-oligonucleotide. In all cases at least 20 spectra were recorded
and single-stranded DNA. Finally, we have recorded the per experiment to improve signal to noise, and the ac-
spectrum of d(GACGAFPFT]ATCGTC) bound to the&EcaRV cumulated spectra were summed and peaks due to cosmic
endonuclease. This is a very well characterized protein [seerays removed using CCD Spectrometric Analysis Software
reviews by Halford et al. (1993) and Vipond and Halford (Princeton Instruments). Any background fluorescence was
(1993)] which recognizes GARTC sequences and cuts removed by the subtraction of a polynomial curve fitted to
them at the indicated site. The very similar GA[JATC the baseline. The peak fitting was carried out using the
sequence is also recognized and slowly cleaved (Newmanprogram, Raman, developed by the Central Laser Facility at
et al, 1990a,b). Crystal structures (Winkler 1992; Winkler the Rutherford Appleton Laboratory (Matousek et 4893;

et al, 1993; Kostrewa & Winkler, 1995) reveal large for further information about this program contact AW.P.).
distortions to DNA substrates on binding to the protein that The final assignments are accurate#d.5 cnt!. Each

are centered on the central two TA bases of the GATATC experiment was repeated a minimum of five times. In some
recognition site. These perturbations are reflected in major cases, to check for photodecomposition while recording the
changes to the resonance Raman spectrum of the thio-spectra, samples were analyzed f&T] content before and
thymidine containing oligonucleotide following binding. after measurement by reverse-phase HPLC (Connolly &
MATERIALS AND METHODS Newman, 1989; Newman et all990a; Connolly, 1991).

) o ] ] The IR spectrum of 4-thiothymidine was recorded using
4-Thiothymidine was synthesized as described (Connolly 5 Njicolet 60 SX spectrometer. About 1 mg of the deoxy-
& Newman, 1989). Oligodeoxynucleotides containing 4-thio- ncleoside was dissolved in a small amount of acetonitrile
thymidine were prepared using the phosphoramidite deriva- gng spread, as a thin fim, onto an NaCl plate. The
tive of 4-(S-2-cyanoethyl)-thiothymidine (Nikiforov & Con-  gcetonitrile was removed in a vacuum desiccator, and 32

nolly, 1992) and purified by reverse-phase HPLC (Connolly, scans, between the wavenumbers 600 and 1800, aswere
1991). This phosphoramidite was either synthesized (Niki- recorded and summed.

forov & Connolly, 1992) or else purchased from Cruachem
Ltd. (Glasgow, U.K.). The purification of thd&coRV RESULTS AND DISCUSSION
endonuclease from overproducing strains has been published

(D’Arcy et al., 1985; Luke et a].1987). Measurement of Resonance Raman Spectra of 4-Thio-
Resonance Raman spectra were recorded using a Cohererthymidine and Oligonucleotides Containing This Bagse.
Innova 90 K argon ion laser operating at 363.8 nm-%0 proved relatively straightforward to record the resonance

mW output at the excitation source). Laser plasma lines wereRaman spectra of 4-thiothymidine and several oligonucleo-
removed from the beam by the use of a Pellin-Broca tides containing the base, at concentrations of between 100
dispersing prism. Raman scattered light was collected in and 50QuM using 363.8 nm irradiation. A potential concern
the back-scattering mode (i.e., at 280 the incident laser  was photodecomposition of the thiobase which is known to
beam) with a Spex Triplemate spectrometer fitted with a be photoreactive (Favre, 1990). On illumination, 4-thio-
2400 g/mm UV blazed holographic grating in the final pyrimidines can be photooxidized, yielding pyrimidines, or
dispersion stage. Detection of radiation was with a Princeton undergo photoaddition, to give adducts at the C-6 position.
Instruments liquid nitrogen cooled CCD camera. Spectra Oligonucleotides containing 4-thiothymidine can also un-
were calibrated to an accuracy efl.5 cnt! using the dergo photo-cross-linking to proteins (Nikiforov & Connolly,
ethanol, carbon tetrachloride, toluene, and acetone Ramari992b). We observed some photodecomposition during the
peaks [wavenumbers taken from Schrader (1989)]. Spectracourse of resonance Raman measurements. Under the typical
were recorded, over the range 50700 cnt?, with an measurement conditions, outlined in the Materials and
integration time of 90 s and a spectral slit width of 100, Methods, about 5% degradation &%T] and d(AG[ST]TC)

from 100uL samples in a rotating quartz cuvette (diameter was observed with the major product being T (or an
10 mm, height 3 mm) at 25C. All samples (except forthe oligonucleotide containing this base). Much less decomposi-
stock solutions oEcdRV endonuclease) were deoxygenated tion was noted with the double-stranded 12-mers. Deoxy-
by bubbling argon through them prior to recording spectra. genation, by bubbling argon through all the solutions, greatly
With 4-thiothymidine spectra were recorded in eithe reduced photodecomposition. This is not unexpected as
D,0, buffer A (50 mM Hepes pH 7.5, 130 mM NaCl, 1 photooxidation is one of the main photochemical reactions
mM EDTA in H20O) or buffer B (10 mM KHPQ,, pH 7.5, of 4-thiopyrimidines. The use of pulsed excimer/dye lasers
100 mM NacCl in HO) at concentrations of 0.45 mM. The (363 nm radiation, 10 ns pulse widtk0.5 mJ at sample)
laser power dependence of the resonance Raman spectrurnaused greater photodecomposition and gave poorer quality
of 4-thiothymidine was investigated using conditions identi- spectra. None of the photoproducts had strong absorbance
cal to those above (in # only) at various laser powers of at 340-360 nm, and thus degradation simply reduces the
between 3 and 25 mW. The areas of the peaks at 710 andntensity of the spectra and does not lead to new peaks. A
1156 cntt were determined and plotted against laser power. persistent problem was a fluorescence background. This
The resonance Raman spectra of d(AG[TC) and could be reduced, but never completely eliminated, by
d(GACGA[*ST]JATCGTC) were recorded in either buffer A extensive purification of the oligonucleotides and the use of
or B at concentrations of between 0.4 and 0.5 mM. The best quality reagents. The residual fluorescence background
resonance Raman spectrum of d(GACGAJATCGTC) was therefore subtracted from the measured spectra. Finally,
bound to theEcdRV endonuclease was recorded in buffer all spectra showed only a relatively few, well resolved peaks
A or B with 0.1 mM oligonucleotide and 0.11 mM endo- due to the use of the resonance mode and specific activation
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FiGURE 2: Resonance Raman spectrum‘ST], between 500 and 1700 crh This spectrum was recorded in®lusing 363.8 nm excitation.
The concentration of*fT] was 0.45 mM. The solid line gives the spectrum observed following subtraction of the fluorescent background.

The lower dotted line, slightly vertically offset for clarity, is the fitted spectrum. The wavenumber values shown for the most prominent
peaks are taken from this fit.

Table 1: Positions of the Peaks Seen in the Resonance Raman Spectra of 4-Thiouridine (Nishimut@#,a978) and 4-Thiothymidine,
d(AG[*ST|TC), d(GACGA['ST]ATCGTC), and d(GACGAfSTJATCGTC) Bound to theEcaRV Endonuclease

d(GACGAFST]-  d(GACGA[*STATCGTC)

vibrational mode 4-thiouridine  4-thiothymidine d(AST]TC) ATCGTC) bound toEcoRV
ring stretchv,® (C5=C6) 1619 1630 1632 1632 1622
ring stretchv,® 1482 1477 1474 1471 1472
ring stretchv;s.8 coupled with N:-C1' stretch 1372 1352 1353 1398 1349
C5—methyl stretch 1352 1353 1356 1349
Kekule Kk 1243 1231 1230 1239 (weak) 1236
ring breath Bf coupled with G=S stretch 1160 1156 1157 1157 1160
# ring stretchys,? 1088 1100 1095 Identification difficult
# ring deformation Tr 1015 1015 1012 1008
unknown 796-830 (broad) 796830 (broad) 830, 794 (broad)
C=S stretch coupled with ring breath®Br 709 710 710 705 708
# ring deformatiory® 634/612 633/612 633/613 611

aThe assignment of individual peaks to particular vibrational modes is also given. All values are given as wavenumBerd t@vassignments
of the peaks marked “#” must be considered tentative at present.

of the thiobase at 363.8 nm. No strong transitions were seentheir immediate assignment. Thus, as summarized in Table
for the EcaRV endonuclease under the conditions used. 1, the bands at 709 and 1156 chtan be assigned to the

Assignment of the Resonance Raman Spectrum of 4-Thiostrongly coupled &S stretching mode and the ring breathing
thymidine. The resonance Raman spectrum of free 4-thio- vibration Bf. The bands at 1231, 1477, and 1628 are
thymidine is shown in Figure 2. The spectrum shown was attributable to KekulgKk), v, andv,® (C5=C6 stretch)
recorded in HO, but those in buffers A and B were ring vibrational modes, respectively (Nishimura et 4978;
essentially identical. Prior to interpretation it is necessary Tsuboi et al. 1987; the latter reference discusses the nature
to assign individual bands in the spectrum to particular of these ring vibrational modes). It should be noted that
vibrational modes of the molecule. This is reasonably the Kk vibration at 1231 cnt is very near a weak band,
straightforward by analogy with reported assignments for the just visible as a shoulder, at 1198 thh This will become
related compounds uracil, uridine, thymidine, and 4-thio- important when the spectra of the oligonucleotides are
uridine (Nishimura et a).1976, 1978; Fodor et al1985; discussed. The main difference between the 4-thiouridine
Tsuboi et al. 1987). The resonance Raman spectrum of and 4-thiothymidine spectra is the replacement of the weak
4-thiothymidine is similar to that of the well characterized peak at 1372 cm, in the former, with a very much more
4-thiouridine and this provides a starting point. Six major intense peak at 1352 crhin the latter. In the 4-thiouridine
bands are seen for 4-thiouridine at wavenumbers of 709, spectrum, the peak at 1372 cthiis the most difficult to
1160, 1234, 1372, 1482, and 1619 ¢nfNishimura et al. assign. By comparison with uracil and uridine derivatives,
1976, 1978). In the spectrum of 4-thiothymidine, shown in it has been tentatively attributed to a blend of the-\Cll'
Figure 2, five of the bands (those at 710, 1156, 1231, 1477, stretch and the ring stretah® (Tsuboi et al. 1987). We
and 1628 cm?) occur at very similar wavenumbers allowing believe that the strong peak at 1352 érfor 4-thiothymidine
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Ficure 3: Infrared spectrum of*fT], between 600 and 1850 crth This spectrum was recorded frowill mg of [*ST] spread on an NaCl
plate.

can be assigned to a combination of this-N11' stretch two resonances probably corresponds to this mode. Never-
coupled with thessf stretch together with the C3Vle stretch theless, these last assignments should be considered tentative
on the basis of the following: (i) the 5-methyl group is the at present.

only difference between the two thiobases; (i) an extra, \ye have also recorded the infrared spectrum of 4-thio-
strong peak at 1379 cmis also a prominent difference  {hymidine, and this is illustrated in Figure 3. Several of the
between the resonance Raman spectra of dTMP and dUMPyas seen in the resonance Raman spectrum (those at 1088,
(Fodor et al, 1985); (iii) a peak at 1376 cmin the normal 1356 1477, and 1630) are prominent in the IR, to within a
mode Raman spectra of oligodeoxynucleotides has beerg,y avenumbers. A notable, but expected, absence is the
assigned to the thymidine C5 methyl group (Benevides et |, of 5 =5 stretch peak at around 710 © The IR

al, 1991b). Further investigation of this 1352 cthpeak i< contains a very prominent peak at 1700 tmworre-

was conducted by recording the resonance Raman SPeclrunyy o ing to the @O stretch that is not present in the

of 4-thiothymidine in BO (not shown). This causes the resonance Raman spectrum. This is frequently encountered

_rrehplalcst‘eSrgenr%?f the exchanc?_eable N3 grot%n with a (jIGUte(jr%n'in resonance Raman spectroscopy because vibrational modes
N cm-resonance disappeared and was replaced by 5 qqqjated with the electronically excited chromophore are

1
two new peaks at 1330 and 1366 tm The 1352 cm preferentially enhanced and/or there is a change in the

réeIak Iiieh IGHSE?eth ﬁ saﬁt(;rlggtl\eﬂc; tgtrtgti ;m:)oe;gbrztelorésngzlﬂe molecular geometry that mirrors a normal vibrational mode
PLUS Vsa g deg of the ground state molecule (Nishimura & Tsuboi, 1980).

and thus producing a single band. Presumably, deuteratio . )
affects the coupling of these two modes causing the 1352n_|'he 260 nm absorbance band of uracil (and the correspond

- 1 1 11 1 *
cm ! peak to be split into the two components. This is ing 340 nm band of 4-thiopyrimidines) involves zar

supported by the finding that the total relative areas of the ZIgS(r)o(rg)c ;;acgz':%r; tizs%cé?;cagl?::gyd(\;\gtshntgfizri%\?e the
1330 and 1366 cnt peaks in DO approximate to the 20=0 el Thi lai h R
relative area of the 1352 crhpeak in HO. The transitions 0 € ement. IS explains why no resonance raman
seen for 4-thiothymidine at 612, 634, 1015, and 1088%cm  transition corresponding to a;€0 vibration is seen in
are difficult to assign unambiguously as they have no strong Figure 2 or for any pyrimidine derivative using 260 (340)
counterparts in the resonance Raman spectra of related™ wavelengths.

pyrimidines (Fodor et g1.1985). A peak in the 612/634 To confirm that the Raman spectrum is of ground state
region was observed for 4-thiouridine (Nishimura et al. 4-thiothymidine and not due to an excited state, the de-
1976) but not discussed. The 1015 and 1088 peaks arependence of Raman band intensities at 710 and 1156 cm
respectively, near to the Tr ring deformation and thgf as a function of laser power was investigated, and the results
ring stretch of uridine (Tsuboi et all987), observed under  obtained are shown in Figure 4. If an electronically excited
nonresonant Raman conditions, and have been given thesstate is being observed, then the Raman band intensities are
assignments. The attribution of the more intense 1015'cm  expected to be proportional to (laser powerThis is caused
band to the symmetric Tr deformation and the less intense by absorbance of an initial photon, to give an electronically
1088 cm™! to the more asymmetries,® mode fits with the excited state, followed by a second photon being scattered
fact that symmetric modes are generally more intense thanby the excited molecule to produce the Raman spectrum. If
asymmetric in Raman spectroscopy. The 612/634'cm the ground state is responsible, only the scattered photon
peaks are near thif ring deformation, and so one of these takes part, giving Raman intensity directly proportional to
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50

AAH = (5/710)x 600= 4.2 kJ mol*

A second method uses the empirical correlation between
the change in bond force constaRt,andAH (Gans, 1971).
Here simple harmonic motion is assumed for the vibration
and the change in force constant is calculated from the
equation for simple harmonic motion:

IS
o
1

w
o
|

N
o
1

[frequencyf = force constant/reduced mass

ratio of force constants (710Y/(705f = 1.014

Relative Raman Intensity
o
1

Therefore there is a 1.4% decrease in the force constant.
: : : The slope of a tangent drawn to the nonlinear relationship
0 5 10 15 20 25 betweenF and AH at a value ofAH of 600 kJ mot? (the
C=S bond strength) gives

Laser Power (mW)

FiGURE 4: Power dependence of the resonance Raman intensities AH = 0.61F

of the 710 cm! (M) and the 1156 cmt (®) peaks of 4-thio-

thymidine. An excitation wavelength of 363.8 nm was used, and The decrease iAH is therefore, 0.61x 1.4% = 0.85%
the concentration offT] was 0.45 mM. The spectra were recorded

in water. AAH = 0.85%x 600= 5.1 kJ mol*

o . This second method of calculation has been previously
Iaser power. The latter situation was seen which clearly used for chymotrypsin acylenzymes (White & Wharton,
confirms that the ground state was observed. 1990). These two approaches do not necessarily yield exact
Resonance Raman Spectra of 4-Thiothymidine in Oligo- yajues, but the fact that they give similar results is encourag-
deoxynucleotidesThe resonance Raman spectrum of the jng. Also they are of similar magnitude to the strength of
self-complementary double-stranded dodecamer d(GACGA- \Watson-Crick hydrogen bonds in DNA duplexes in water,
[*STIATCGTC) is shown in Figure 5. The bands together which are reported to lie between 3.3 and 6.7 kJthatith
with their assignments are documented in Table 1. This tablegp average of about 4 kJ mél(Crothers & Zimm, 1964;
also contains the resonance Raman bands seen for the singlerejer et al.1986). With 4-thiothymidine, the usual oxygen
stranded pentamer d(AGT]TC) (the spectra of the pen-  (from the 4-thymidine position)/amino (from the 6-deoxy-
tamer is not shown but was of similar quality to that given adenosine position) WatseiCrick hydrogen bond is re-
in figure 5) These Spectl’a were obtained in buffer A, but p|aced by one invo|ving a sulfur. However, the almost
B gave similar results. In general the spectra of ff€&][  jdenticalT,, values seen with d(GACGAIT]JATCGTC) and
and the pentamer are similar but differ in several respectsine parent d(GACGATATCGTC) (Connolly & Newman,
from the dodecamer. However, a full interpretation of all 1988: Newman et al1990a) suggest that these two types
the bandS, and the ShiftS in bandS that occur When 4'thi0' of hydrogen bonds will be of about equa' Strength_
thymidine is incorporated into double stranded oligonucleo-  The peak at 1352 cm, seen in the spectrum of],
tideS, is not yet possible. This discussion is therefore limited and assigned to a combination of th{eﬁ ring stretch and

to the more easily interpreted features. the N1-C1' stretch together with the GSmethyl stretch, is
One of the more interesting effects is the position of the also present, at about the same position, with d¢AGQTC).
C=S stretch, which occurs at 710 cifor free ['ST] and However, this peak is split in the double-stranded dodecamer

single-stranded d(AGPT]TC), but is shifted to 705 cmt giving two new bands at 1356 and 1398 ¢mThis is, in a

for double-stranded d(GACGAJT]ATCGTC). This is similar manner to above, most probably due to the N3
undoubtedly due to the formation of a Watse@rick hydrogen atom of 4FT] taking part in Watson Crick
hydrogen bond between the sulfur atom fiT] and the hydrogen bonding to the N1 ring nitrogen of its partner dA.
6-NH, group of its partner dA base. This is supported by The extra mass connected to the pyrimidine ring is likely to
the shift in the position of this peak back toward 705ém  perturb thevs;.5N1—C1 stretching modes causing a separa-
as d(GACGA[ST]ATCGTC) is heated and the double strands tion from the C5-methyl stretch and resulting in the
are melted (data not shown). It has previously been observed splitting of the bands. A similar effect was
observed, using resonance Raman spectroscopy, that thebserved with T] in D,O. We assign the relatively
C,~=O0 stretch (which occurs at 1650 ch in T/dA base unchanged 1356 cmiband to the C5methyl stretch as the
pairs increases in frequency with a decrease in hydrogenlocation of this resonance varies only slightly between free
bonding strength (Toyama et all991). It is possible to  deoxynucleosides and DNA. The origins of the large shift
estimate the energy of this Watse@rick hydrogen bond  in thevs;2/N1—C1 resonance, of almost 50 wavenumbers,
using two methods. The first relies on an estimate that thereremain obscure. It is probably due to a combination of the
is a linear relationship between bond energy and wavenumbeMWatson-Crick interactions mentioned above and possibly
shift as long as the wavenumber shift is small in relation to the constraints imposed on the NC1 bond angle in
the overall bond energy (Badger & Bauer, 1937). Thus with double-stranded DNA.

d(GACGA[*ST]JATCGTC a 5 cnt? shift relative to {°T] or The peak seen with the duplex at 1095 éris near that
d(AG[*ST]TC) is observed. Taking a value of 600 kJ mbl  at 1088 in {5T], which had previously been assigned to the
for the G=S bond (Gans, 1971), this gives a change\h veu? ring stretch. It is likely that the increase in wavenumber

of is brought about by a tightening of the pyrimidine ring due
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FicURe 5: Resonance Raman spectrum (363.8 nm excitation) of d(GAEGWTCGTC) between 500 and 1700 cé The spectrum

was recorded at an oligonucleotide concentration of 0.5 mM in 50 mM Hepes, pH 7.5, 130 mM NaCl, and 1 mM EDTA (buffer A). The
solid line gives the spectrum observed following subtraction of the fluorescent background. The lower dotted line, slightly vertically offset
for clarity, is the fitted spectrum. The wavenumber values shown for the most prominent peaks are taken from this fit.
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FIGURE 6: Resonance Raman spectrum (363.8 nm excitation) of a mixture of d(GACGATCGTC) (0.1 mM) andecaRrV endonuclease

(0.11 mM) between 500 and 1700 chrecorded in 50 mM Hepes, pH 7.5, 130 mM NaCl, and 1 mM EDTA (buffer A). The solid line
gives the spectrum observed following subtraction of the fluorescent background. The lower dotted line, slightly vertically offset for clarity,
is the fitted spectrum. The wavenumber values shown for the most prominent peaks are taken from this fit.

to incorporation into a polymeric oligonucleotide. The broad errors in the fluorescence subtraction as it is clearly visible
feature between 790 and 840 chis of unknown origin but in the uncorrected spectra. One possibility is a contaminant
completely reproducible. It is a very prominent in oligo- in either the buffers or the oligonucleotide. However high
nucleotides (both single- and double-stranded) as can beerguality reagents were used for the buffers and the oligo-
seen in Figure 5 for d(GACGAJPT]ATCGTC) and also in nucleotides were extensively purified. A less likely explana-
Figure 6 for this oligonucleotide bound to tHecoRV tion is that, with the oligonucleotides, the peak is due to
endonuclease. An oligonucleotide, d(GAGTJATAGGTC, poorly resolved backbone -€P—O torsional vibrations.
used as a control also shows this feature (Figure 7). It canThese occur in this region as a very characteristic marker of
also been seen as a very much weaker feature Wfif{ [  B-DNA (Thomas & Wang, 1988; Peticolas et,al987).
(Figure 2). It is unlikely that this broad peak arises from However, backbone vibrations cannot be resonance en-
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FIGURE 7: (@) Resonance Raman spectrum (363.8 nm excitation) of d(GRTB[TAGTC) between 500 and 1700 crh The spectrum

was recorded at an oligonucleotide concentration of 0.1 mM in 50 mM Hepes, pH 7.5, 130 mM NaCl, and 1 mM EDTA (buffér A). (b
As in panel a, but in the additional presence of 0.11 MRV restriction endonuclease. The solid line gives the spectrum observed
following subtraction of the fluorescent background. The lower dotted line, slightly vertically offset for clarity, is the fitted spectrum. The
wavenumber values shown for the most prominent peaks are taken from this fit.

hanced. Even though there are 11 phosphates in thebinding discrimination between sequences (Taylor et al.
dodecamer and backbone vibrations are normally intense1991). We have determined tl& value for d(GACGA-
bands, it would seem unlikely that a nonresonant band would [*STJATCGTC) and obtain a value in the region ofi
be so prominent. The final major change in the dodecamer (hot shown), in good agreement with the above studies. This
spectra is in the region of the Kk vibrational mode. With means that, at the concentration of endonuclease M)0
[*ST] and d(AGPST]TC) this occurs at 1231 cm, near a and oligonucleotides (1Q@M) used in Figure 4, all the DNA
much weaker shoulder at 1198 thn With d(GACGA[*ST]- will be enzyme bound, and free DNA levels will be
ATCGTC) the Kk band is shifted to 1239 crhbut is much vanishingly low. We have also previously shown that
diminished in intensity. Thus the 1198 ctband, which d(GACGA[*T]ATCGTC) is a substrate for the endonuclease
with this dodecamer is shifted to 1206 cindominates the  but is turned over much more slowly than d(GAC-
spectra. The 1239 cmiband almost certainly corresponds GATATCGTC) (Newman et al1990b). In agreement with
to the 1238 cm! transition observed for thymidine in the aboveKq values, theKy,'s were similar, 3.8M for the
nonresonance Raman spectroscopy. This is the most hypoparent and 0.M for the thiothymidine-containing oligo-
chromic band in calf thymus DNA, and its intensity increases nucleotide. However, thé& values were 6.9 and 0.016
dramatically as the base unstacks (Benevides e1291c). min~1, respectively.
Thus the 4-thiothymidine band at 1231 chifree deoxy- As with the above results, we have limited our discussion
nucleoside)/1239 cm (dodecamer) is expected to be much to the most prominent and easily interpreted shifts in peaks,
reduced in intensity in the double-stranded dodecamer, dueseen when d(GACGATAFT]CGTC) binds to the enzyme.
to base stacking. An extra peak at 1242 €ns also seen  One striking effect is a 3 cn shift for the G=S peak from
for the double-stranded 12-mer, which is absent in 4-thio- 705 to 708 cm®. Thus on binding the enzyme this peak
thymidine. This transition occurs at 1254 chwith the shifts its position from a location characteristic of double-
pentamer. stranded DNA (i.e., the €S function being hydrogen
Resonance Raman Spectra of Oligodeoxynucleotides Boundonded to its partner dA) toward a position indicative of
to the EcoRV Endonucleas&he spectrum of d(GACGA-  single-stranded DNA (no WatsetCrick hydrogen bonding).
[*STJATCGTC) bound to the restriction endonucle&smRY However, the shift does not go all the way to the 710 €m
is shown in figure 6. This spectra was recorded in buffer A seen with free4°T] and the pentamer. Thus it is consistent
in the absence of Mg to prevent turnover. Similar spectra with the weakening, but not the complete rupture, of the
were obtained using buffer B. However, in the absence of Watson-Crick hydrogen bond between the=S group an
this cation the enzyme still binds to DNA (Taylor et,al. the 6-amino function of its dA partner. This shift is highly
1991). TheKy values that are observed for GATATC reproducible, and it has been observed on every occasion
containing oligonucleotides, 12 base pairs in length, are aboutthat we have recorded such spectra. The crystal structure
1 uM (Taylor et al, 1991; Erskine and Halford, personal of the EcoRV endonuclease bound to several cognate
communication). In fact the endonuclease binds to all 12- oligodeoxynucleotide has been solved (Winkler, 1992; Win-
mers with a similarKy (Erskine and Halford, personal kler et al, 1993; Kostrewa & Winkler, 1994). Examination
communication) as, in the absence of Mgthere is no of this structure shows that the central T/dA base pairs in
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the GATATC recognition sequence (i.e., the T residues that with this base, may also be responsible. The importance of
have been substituted witf°T]) are extremely distorted. A this methyl group, for DNA recognition and cleavage by the
50° kink is observed in this location and the major groove endonuclease, has been demonstrated by both (1) base
becomes narrower and deeper, whereas the minor grooveanalogues, its replacement with dU gives poor substrates
becomes shallower. Base stacking between the T and dA(Fliess et al. 1986, 1988; Mazarelli et al1989; Newman
base pairs on the same strand is essentially nonexistentet al, 1990a,b), and (2) site-directed mutagenesis, altering
Furthermore, a four center arrangement that comprises thethe above amino acids interferes with catalysis (Thielking
two 4-keto oxygen atoms and the two 6-amino groups from et al, 1991; Wenz et a).1994).

both the T and dA residues, which make up the central T/dA  |n the above sections it was observed that the Kk vibration,

base pairs, is seen. All four groups are in close proximity, occurring at 1231/1239 cri, was very prominant for single-
and it has been suggested that the center is stabilized by thetranded 45T] and the pentamer but much reduced in
partial negative and positive polarization of the keto and intensity with the duplex. The nearby band at 1198/1206
amino groups, respectively. Additionally, no hydrogen cm-! provides a convenient internal reference for the
bonds, or any other interactions, are made between thesgntensity of the Kk vibration. On binding of the 12-mer to
bases, and the protein and the bases are also well Shielde@he endonuclease, the Kk peak increases in intensity and
from solvent. One effect that the buckling of these central hecomes much more prominent than the 1206%aribration
bases would be expected to have is to weaken the normalin this complex at 1208 cm). In addition there is a slight
Watson-Crick hydrogen bonds between the T and dA base positional shift to 1236 cmi. As discussed above, the
pairs. The 3 cm* upfield shift of the G=S peak seeninthe  intensity of the Kk resonance is extremely sensitive to base
Raman spectrum is completely consistent with this idea andstacking and increases dramatically as stacking decreases.
in full agreement with the crystal structures. The rupture of Thjs result, therefore, is in full agreement with the crystal
T/dA Watson-Crick interactions upon the binding of DNA  structure, which shows a complete lack of stacking of this
to the SPKK protein has been observed by resonance Ramapyrimidine base with those adjacent to it, when the oligo-
spectroscopy (Takeuchi & Sasomori, 1994). In this case the nycleotide is bound to thEcoRV endonuclease. The shift

thymidine G=0 stretch was shifted 5 crh upfield. in wavenumber is also, presumably, due to the highly
In the above discussion we noted that thg/N1-C1' perturbed environment of the base. We also note a large

and C5-Me vibrations were well separated in the double- shift, by 10 cnt?, in the position of the G5C6 (,5) ring

stranded oligonucleotide, in contrast to fré&] or single-  stretch following binding of the dodecamer to the enzyme.

stranded species. It was suggested that base pairing mighi\t present we are unable to fully explain this but believe it
have been partially responsible for the large positional shift relates to the strong coupling of this mode through the

of the v5?/N1—CY' transition. It is therefore gratifying to  delocalisation of ther electrons with the &S chromophore.
observe that these two bands once again occur at the same Finally, we have also measured the resonance Raman

position (134.'9.le) when the 12-m_er is bouqd to the spectra of two further 4-thiothymidine containing oligo-
enzyme. This is clearly consistent with weakening of base ., ,c|eotides d(GACGATAFT]CGTC) and d(GACCIT]-
pairing in the endonuclease/DNA complex and the conse- ATAGGTC). These were very similar to that observed for
guent movement of thes,/N1—C1' vibration back to a value d(GACGAFSTIATCGTC) as is shown in Figure 7 for
near that of f°T]. However, base stacking may also y(GACCESTIATAGGTC). The signal to noise ratio of this
contribute as 4-thiothymidine is not, or weakly stacked, in spectrum is not as good as the others, but most of the peaks
[#ST], single-stranded and bound oligonucleotides but highly seen for d(GACCFT]JATAGGTC) occur within 3-4 wave-
stacked in the free double-stranded 12-mer. The resulting,,, mbers of those found with d(GACGAT]ATCGTC). A
new peak, at 1349 cnj, includes a contribution from the  gjnijar effect was observed with d(GACGATAT]CGTC)
C5-Me stretching vibration. This occurs at 1356 chin (not shown). Both of these new oligonucleotides bind to
the unbound 12-mer, and so the €Me stretch is shifted ¢ engonuclease withi value near kM, but neither are

by 7 cnm* when the 12-mer binds to the endonuclease. The substrates for the enzyme (Newman et 2890a). When
C5—Me vibration in thymidine is known to be environment - spectra of d(GACGATAFT]CGTC) and d(GA(.ZC‘FF]-
sensitive and, for example, increases strongly in intensity ATAGGTC) were recorded in the presence of BecRV

on binding to thet repressor (Benevides etal99lab). It gngonyclease, under conditions identical to those given

was suggested that this arose from an increase in theyp,ye there was, within experimental error, no change to
hydrophobicity of the methyl group environment. As this the spectra as is illustrated in Figure 7 for d(GAET]-

peak is sometimes a mixture of two modes in our.spect.ra, ATAGGTC). Thus the simple binding of a 4-thiothymidine
we are unable to draw any conclusions about intensity .,niaining oligonucleotide to the endonuclease is, in itself,

gha:jnges. rl;IO\é\{?fver the 7 wavg_numbher Sﬂ_ift in posi';i_or; MUSt hot sufficient to produce changes in the resonance Raman
€ due to the different surroundings that this<@rbup finds  ghec4rum. For the three oligonucleotides used in this study,

itself in, ]folrllowing bilnding to the (;ndonuhcleasea. An examcii— a substrate (even though catalysis is prevented while record-
nation of the crystal structures shows that no direct van der i “the spectrum by the exclusion of §13 is needed to

Waals cqntacts are formed between this m_ethyl group a”dbring about the spectral changes.

the protein. Nevertheless, the ggroup of this thymidine

is in a loose hydrophobic pocket, which is formed from the concLUSIONS

hydrocarbon parts of the side chains of Thrl06, Thr 186,

and Asn 188 and is well shielded from solvent. Thisincrease We have demonstrated that it is possible to measure the
in hydrophobicity might contribute to the 7 crh shift. resonance Raman spectra 6f1] both as a free deoxy-
However, other factors, such as the lessening of Watson nucleoside and when incorporated into oligodeoxynucleo-
Crick interactions and the large decrease in stacking seentides. Although the resonance Raman spectrum of the related
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base 4-thiouridine, both free and in tRNA, has been measuredBenevides, J. M., Wang, A. H.-J., van der Marel, G. A., van Boom,
previously, as far as we are aware this publication documents iéHéb Fl?is‘ifggAz-é & Thomas, G. J., Jr. (198H)ucleic Acids Res.
the first studies with 4-thiothymidine. Many of the peaks " ' .

seen in its spectra haye been assigned to particulqr vibrationaFe,\'}IZ\:glesé.JA'.\{I'\’,ZY]aSg’Oﬁ;" '_3'.":_"’. ,Réf @hﬁ'ﬁq};g?ggkgj’%;.vaggg)r
modes by analogy with related compounds. While most of  Biochemistry 2541-50.

these assignments are reasonably secure, some are moI@enevides, J. M., Wang, A. H.-J., van der Marel, G. A., van Boom,
tentative and require more work to fully elucidate. It has J. H., & Thomas, G. J., Jr. (1988jochemistry 27931-938.
also proven possible to obtain spectra from d(GACESHF Benevides, J. M., Weiss, M. A., & Thomas, G. J., Jr. (1991a)
ATCGTC) bound to the EcoRV restriction endo- Biochemistry 304381-4388.

. .. Benevides, J. M., Weiss, M. A,, & Thomas, G. J., Jr. (1991b)
nuclease. These results allow comparisons to be made with Biochemistry 305955-5963.

the X-ray crystallographic data, and our results are in genpeyides. J. M., Stow, P. L., llag, L. L., Incardona, N. L., &
agreement with the likely mechanism of action of the  Thomas, G. J., Jr. (19918jiochemistry 304855-4863.
enzyme. The crystal structures show that GATATC contain- Benevides, J. M., Kukolj, G., Autexier, C., Aubrey, K. L., DuBow,
ing sequences are severely distorted on binding to the %7516&“0”1351 G. J., Jr. (19948)jochemistry 3310701
enzyme. As mentioned above, part of this distortion involves . )

the central TA bases, which become very poorly stacked andBeS%\f'dgﬁér%' '\élégvlvgéséal\lﬂdgé & Thomas, G. J., Jr. (1994b)
have weakened base pairs. These bases are shielded frofgjjeter, M., Qian, Y. Q., Otting, G., Miler, M., Gehring, W., &
the solvent by the protein and the rest of the DNA and do  wiithrich, K. (1993)J. Mol. Biol. 234 1084-1097.

not make any direct contacts to the protein. Another Chuprina, V. P., Rullman, J. A. C., Lamerichs, R. M. J. M., van
consequence of this distortion is to move the scissile Boom, J. H., Boelens, R., & Kaptein, R. (1993) Mol. Biol.
phosphate toward the active site and simultaneously create 234, 446-462.

a high affinity binding site for the essential cation Mg C“é'o'&Pi,’vE%LgrrgyA‘]'('Il‘g'g%‘:"rseﬁ?aeﬁejd‘r?nuig’tAéjsggxgeé A., Perrin,

(Taylor & Halford, 1989; Taylor et a,ll991, Vermote & Coleman, R. S., & Siedlecki, J. M. (1992) Am. Chem. Soc. 114
Halford, 1992; Vermote et al1992). This allows metal 9229-9230.

binding and hence catalysis to take place. Although DNA Connolly, B. A. (1991) inOligonucleotides and Analogues: A
sequences that lack GATATC sites bind efficiently to the  Practical Approach(Eckstein, F., Ed.) pp 155183, Oxford
endonuclease, they do so without any DNA distortion and _ University Press, Oxford, U.K.

so are not cleaved. The Raman spectra seen with enzyme-cofgé);lj’;,rg?'f" & Newman, P. C. (1989ucleic Acids Resl7,

complexed d(GACGAFTIATCGTC) are clearly consistent  cyqihers, b, M., & Zimm, B. H. (1964). Mol. Biol. § 1-9.

with DNA distortion on binding. There are large shifts in  parcy, A., Brown, R. S., Zabeau, M., van Resandt, R. W., &
several of the peaks associated with tHd] base, and its Winkler, F. K. (1985)J. Biol. Chem. 2601987-1990.
spectrum is more akin to single-stranded, rather than duplex,Dickerson, R. E. (1992Methods Enzymol. 1496—110.

DNA. This is expected from a weakly stacked and poorly Dijkstra, S., Benevides, J. M., & Thomas, G. J., Jr. (1981)lol.
base paired deoxynucleoside. This oligonucleotide is a _ Stuct. 242283-301. .

substrate, albeit a poor one, and so would be expected to béjrg‘gil H@S"Fffgg’ M., & Calladine, C. R. (198&nnu. Re.
distorted on binding to the endonuclease. The minimal Everts.z, EM Tho}nas, G. A, Jr., & Peticolas, W. L. (1991)
spectral changes seen when d(GACGATA[CGTC and Biochemistry 301149-1155.

d(GACCPST]ATAGGTC), both nonsubstrates, bind to the Favre, A. (1990) inBioorganic Photochemistryol. 1: Photo-
enzyme are again in agreement with the idea that noncognate chemistry and the Nucleic Acig#lorrison, H., Ed.) pp 379
sequences bind with no distortion. It is thus clear that the _ 425, Wiley Interscience, New York.

e L - . Favre, A., Michelson, A. M., & Yaniv, M. (196Biochem. Biophys.
4-thiothymidine base is potentially a very powerful Raman Res. Commun. 3266-271.

probe, z_illqwing th? monitoring of th.e enviror_lr.ne.nt of.a §ingle Feigon, J., Sklenar, V., Wang, E., Gilbert, D. E., Macaya, R., &
base within an oligonucleotide using specific irradiation at ~ Schultz, P. (1992Methods Enzymol. 21235-253.

363 nm. The method described in this paper should be anrliess, A., Rosenthal, A., Schwellnus, K., Blocker, H., Frank, A.,
excellent complement to normal Raman spectroscopy. Cur- & Pingoud, A. (1986)Nucleic Acids Res. 18463-3474.
rently the use of 4-thiothymidine is limited only by an Fliess, A., Wolfes, A., Seela, F., & Pingoud, A. (1988jcleic
incomplete understanding of its Raman spectral properties _ gcudsSRF?sALGFlQ1781—RllP79|?i| T R. & Soiro. T. G. (1985
and the lack of a full appreciation of which bonds contribute OA%r’ Chem "So?vfc’)lézd’—lsagg’ +R., & Spiro, T. G. ( )
to the observed vibrational transitions. We hope that the goy 3. J. van Praag, D., Wempen, I., Doerr, I. L., Cheong, L
demonstration of how simple it is to record resonance Raman Knoll, J. E., Eidinoff, M., Bendich, A., & Brown, G. B. (1959)
spectra of this base and the potential usefulness of the method J. Am. Chem. Soc. 8178-187.

]

will encourage research in this area. Freier, S. M., Sugimoto, N., Sinclair, A., Alkema, D., Neilson, T.,
Kierzek, R., Caruthers, M. H., & Turner, D. H. (198B)ochem-
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