Py

e

Submitted to International J. of Radiation Biology

UCRL-19424

Preprint

RADIATION-INDUCED RADICALS IN THYMIDINE SINGLE

CRYSTALS AT 77°K

DocUME-N November 1969

AEC Contract No. W-7405-eng-48

Wallace Snipes and Thormod Henriksen

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

For a personal retention copy, call
Tech. Info. Division, Ext. 5545

which may be borrowed for two weeks.

N

_J

LAWRENCE RADIATION LABORATORY>®
UNIVERSITY of CALIFORNIA BERKELEY>\€

c.2

$2P671-149DN



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not ' 1
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




e R_ADI_ATION INDUCED RADICAI_S N THYMIDINE SINGLE
: CRYSTALS AT 770K1

Wallace Smpes2 and Thormod Hennksen3 v

- -'.v-Donner Laboratory and Lawrence Rad1at1on Laboratory’_,' L
’Un1vers1ty of Cahforma, Berkeley, Cahforma 94720 L

e



'1.]',‘Thls work was: supported by AEC Contract W 7405 eng '_48 NASA' 5. B10-‘
._?"_:_‘,sca.ence Program, and AEC Contract AT (30 1) 3799 oo L

- 24 Present Address Department of Blophysms, The P_ennsylvama State e

-".:Un1vers11:y Park, Pennsylvama 16802

_V3V.' l'bPresent Address Norsk Hydro s Instltute for Cancer Research Monte-— L
- "',.’bello, Norway.-. : ER IS SRR S




4. UCRIL.-1942:

RADIATION .LNDUCED RADICALS IN TIIY MIDINL SINGLL CRYSTALS A'l

'('K1

‘WALLACE SNIPES® and’THORMOD HENRIKSEN3

Donner Laboratory and Lawrence Radiation Laboratory, Uni\,;ersity
of Cahforma, Berkeley, Cahforma 94720 S

Three different free radicals are formed in detectaBle quantities in
thymidine ‘sing].ev crystals irradiated at 77°K. In addi‘tion to the spec-
trum of the pr_eviously known 5, 6~dihydrothymidin—5—y1 r;xdical, ‘a |
quartet resonance and a doublet resonance are observéd The quartét
resonance is attributed to the 5, 6-dihydrothymidin- 6 yl radical, but

the exact nature of the-radical giving the doublet rem_ains speculative,

1. Introduction

Thymidine irradiated at room temperaturé exhibits an electr'on‘spivn
resonance (ESR) spectrum that can be attributed mainly to the 5, 6—dih$rd:ro—
thymidin-5-yl radical (I):

O,A_A...'.v e,
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Deoxyribose
(1 )

This radical has been characterlzed prewously by smgle crybtal analysm :

(Pruden, Snipes, and Gordy 1965). It was evident froxn the 51ng1e crystal
spectra that another radical was formed in small 'quantlties, but'no definite

didentification was made.
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In thls work s1ng1e crystals of thyrn1d1ne have been 1rradnted and ob—

| served at 77 K in an attempt to 1dent1fy and character1ze any 1dd1t10nal radi-
- cals that may be stab1l1zed at that temperature Two such rad1cals"are ob~ '
served. The nature of one‘ of these radicals remains speculat1ve, whereas
the other was 1dent1f1ed as the 5, 6- d1hydrothyrn1d1n 6- yl radical. Detalls of
' the 1dent1£1cat1on and character1zat10n of this latter rad1ca1 are the subJect

of this paper. -

2. Description of the Crystals

Single crystalsv of.'thyn'xidin.e were grown bye.i'ther slow c.ooli'ng Or slow
' evaporation of saturated solutlons. The crystals are orthorhomblc, vuth
space. group PZ1 (Furberg, Hordv1k and Taugb;él 1956) The crystals |
.used for the ESR analys1s were clear and well developed, with a promlnent
-+, axis of elongatlon. When the crystals were placed between crossed polar1zers,."*-‘ .

| strong extlnctlons were observed along the elongated axis and in two mutually
perpendlcular d1rect1ons orthogonal to the elongated ax1s This served to
identify the crystallographm axis system. The individual axes.have been
assigned dtfferent 1etters by Fvurb'erlg et al (1956) and by Young, Tollln,

. ,and Wilson ('1969) The 1atter authors carr1ed out a complete crystal- and
. molecular—structure determ_lnatlon for thymidine. Accord1ng to their axis _
R assignment, wh1ch Will be used in this ESR analysis, the axis of elongation is
 the crystallographic a axis.

Based.on.the single - crystal ESR data at room temperature, Pruden et al,

('1965) were able to predict the orientation for the thymine ring in \ the thymidine
vcrys_tal. These predictions were recently confirmed, within 2 deg, by Young
et al. (1969). There are four molecules in the unlt cell, which has the di-

mensions (in Aigstroms) of a = 4,860, b = 13.91, and ¢ = 16, 32 (Young et al.
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1969). For each molecule the normal to the plane conta1n1ng the thyrmne ring -
'lles in the ab- plane, at an angle of 45 deg from each ax1s. Further details
of the crystal structure are d1scussed in connectlon w1th the 1dent1:f1cat10n of

'_ the 5, 6-d1hydrothym1drn-6-y1 radlcal.

3, Experime-ntal 'Procedure

ESR data were taken in. each of‘the three crystallographlc planes with a
Var1an 4502 spectrometer w1th the X- band rotatlng cav1ty An 1nd1v1dual

| crystal or a p1ece of a crystal was used for each plane. The crystals were
- vmounted on a thln, sta1n1ess steel crystal holder w1th s111cone \/;acuum grease. |
(It was essent1al to keep the amount of grease for: mountmg smallm order to
m1n1mlze 1nterfer1ng s1gnals from 1rrad1ated.grease ) The de51red or1enta—
tion was atta1ned by us1ng crossed polanzers. ‘The crystals were slowly
cooled to 77 K and 1rrad1ated with 6. 5 MeV electrons frorn a l1near accel-~

erator The dose was approx1mate1y 2, 5 X 107 radS,. 'glven-at a dose _rate of

. 0 5 x 106 rad/ min. No unpaired spl_ns are stabilized in the:metal crystal.

. holde]r. Following irradiation,' the crystal and ho,lder were trans‘ferred; ‘with-
i out warming, to a liqnid nitrogen Dewar' that fitted into the ESR c_avit’y. _.
Se;(’::Ond—derivativevESR spectra were recorded at SI-de.g lnter_vaIIS‘in'éach

. plane. The rotat1ng-hav1ty .accessory allowed rot’ation’ of the maénet about the

| stationary c_rystal._ The magnetic field swee_p_was measuredelth_'a p_roton -
| . _'resonance field meter and the microwave frequency with afreqqe’»ncy'connter.., |
F'o'r many crystal orientations;."é%ectra were taken at two or rnore nower levvels..
| This proceddr'e."proved to be very efficient in order to distinguish between the.,

induced radicals, since ;they-powerﬁsaturate at different levels. "
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4. Analysm of the Spectra
| Figure 1 shows ESR spectra w1th the magnet1c f1e1d along the crystal—.

' lographlc a ax;s; At this o_rlentatlon, rad1ca1 (1) contr.lbutes only shg_htly,to ’
| _ the abs'orption, but its outer 1i_hes cannnevertheles:s,be easily identi_fied (the |
11nes marked by arrovts) -The remaining prominent portion of the spectrum

consists. of six hnes Careful cons1derat1on of both the g-values and the

»power saturatlon propert1es of this and other spectra show that these six
- 11nes constltute a quartet and a doublet In f1gure 1 the quartet is marked by

the solld st1ck 11ne spectrum whereas the doublet is dashed The quartet o

satur_ates more ‘read1ly th‘an -e1ther_ the doublet or the slg_n_al :from radical (I_)‘,'
as can be seen ivn:vﬁg.ure;i (1ower spectrurn);. Th.ev differentlallsatu'ration -
properties _were‘_u‘sed tov »follo_'\.;v‘ the lines for each:ra_dical in the three crystal_
- log'raphic plan’es.._'i | | | | | |

Radical (I) gave strong, well-resolved spectra at some orientations,
especially with-the"magnetic field v-vnear the ¢ axis (see figure 2)l. vIn this
reglon it was d1ff1cult to determlne the line p051t1ons for the- quartet and
» 1rnp0531b1e for ‘the doublet. Nevertheless, on the basis of the ava11ab1e- data,
| the quartet resonance can be adequately charactenzed Some speculatlons

' on the or1g1n of the doublet are 1ncluded

6. The Quartet ResonanCe '

The two'. outer lines of the quartet could bevfollowed at all rnagnetic fie'ld
orientations, 'and the positions for the two inner lines could be determined for
'rvnost of the orientations. The results show that the resonance is' due to a
rad1ca1 in wh1ch the unpaired electron interacts with one - hydrogen and one
B- hydrogen. The ﬁ hydrogen coupling is constant, w1th1n +1 gauss, for all .

crystal or1entatlons at Wthh the four lines of the quartet could be measured.
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It is therevfore_a:_s_sumed'that the B-hydrogen has isotropic splitting of 20 gauss,
On the basis of the overall quar'tetvsplitting and the isotropic B-hydrogen coupling,
the - hydrogen spl1tt1ng can be determlned The results "for the three crystal-

lograph1c planes are glven in flgure 3 Although there are four molecules in the

' un1t cell, they all appear 1dent1ca1 w1th regard to the a- hydrogen sphttlng in.

the bc and ca planes. In the ab plane, there are two magnetlcally d1st1nct

o rnoleeules with ‘rezgard to this parameter. Frorn the data in flgnr_e ,3,_ ‘the

prin'ci’pal valnesj:'f.or the a-hydrog-e.n.coupling can be deterrnined 'I‘hése are

-glven in table I, along w1th the d1rect1on cosines relatlng the pr1nc1pa1 hyperf1ne

 axes to the crystallograph1c abc coordlnate system.

For a molecule as complex a_s thyrnidine, it wouldv ’ap'_pear',' at first,
e>ctrernely difficult to identify the.free radical'giving'rise to the quartet resonance,

There are many d1fferent radlcals that could be formed Wthl’l would have an a-

'hydrogen and a ﬁ--hydrogen. These d1fferent rad1cals, however, in general have

. different pr1nc1pa1 ax1s d1rect1ons for the a-hydrogen couplmg On the. basis of

the atomic coordlnates for the thyrn1d1ne molecule within th_e c-rystalv(Yo“ung :

et-al..1969), it is possible to calculate the expected directions for the a-hydrogen

- ‘coupling for eaoh'.possible radical. 'I_‘he'se ‘expected direetiOns can _then‘ be com-

? pared with the oh"served ones from Table I.R It‘should be mentioned"that this

_ vcompar1son is made under the assumption that the rad1at1on 1nduced rad1ca1

‘ has .the.same orientation as the parent molecule within the crystal. In most

' _ESR studies of irradiated single crystals this has been found to be the case.

. 'Figure .4 shows the thy’midine molecule and six different radicals’ that
have been cons1dered as the or1g1n of the quartet resonance. These radieals

all have one a- hydrogen and at lea.st one B- hydrogen. Radicals with more
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iz than one [3 hydrogen were “not re_]ected as poss1b111t1es because the coupling to
“one of them can be almost zero if it 11es in the nodal plane of the p orb1tal
: conta1n.1ng the unp_a1r_ed electron._ For each of these radicals, the general

structure is

 R*
R———C ——C R''
| I—IIﬁ' .

B

“where R, RI, VR' I are presumed to be groups with no detectable hy-perflne
‘coupling. The m1n1rnum hyperf;ne coupling (Ax) for.an a—hydrogen is expected
.' to occur vﬁth th'e‘magnetic field along the C _‘ H ' bond (McConnell and
Strathdee 1959), and the 1ntermed1ate coupllng (A ) should occur in the p-
' orb1tal d1rect1on. In th1s calculatlon the C —_ H bond d1rect10n was taken
as the vblsector_:‘ovf -the R — Ca —— Cﬁ angle, and the,p.-orbital dir_ect_ion a? A
| being perpendicdlar to the plane formed by R, C, 'an‘d'C[3 | Foreach:d .the'
proposed rad1cals, the angle between the C —_ H bond and the pr1nc1pa1
“axis for A as well as the angle between the p- orbltal d1rect1on and the
principal axis -for ,Az’ was calculated. The ,,results are g;.ve_n in table II._'_- »If
the angles are. large'the agreemen't is poor:, and vice verSa. It can be seen
from this table that the only radical that has expected d1rect1ons in agreement
w1th those observed is the 5, 6- dlhydrothy'mldm -6-yl rad1cal (ITI). On th1s
g bas1s-we c_onclude that, in the absen_ce of drast1c molecular rearrangements, ;
:.radical (IIT) (see figure 4) is responsible for thev quartet. resonance in-_-thyrnidine

- ~ irradiated at 77°K.

T, The Dou’blet Resonance

Strong absorpt1ons from radical (I) in the reglon where the doublet resonance
_ occurred made it d1ff1cu1t to follow the doublet spectral lines at many or1enta-

tions. Nevertheless, the data were sufficient to show. that the coupling was
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~ anisotropic, with cfys‘tal synnm'étry properties similar to those of radical
(III). This suggests that the radical giving rise to the doublet has an unpaired s
‘eléctron' with an e-hydrogen cou’pli.ngvvénd-that it is located on the thymine ring

rather than on the sugar part of the molecule.

In 1rrad1ated single cr ystals of thbymmc monohydrate we have recently
vobservcd a similar doublet resonance and were able to measorc its spectrai
parameters (Henriksen and S‘ni'pes 1970). In that case, the un};aired spin
densit.y was shown to reside largely on C(76) of the thyrﬁino ring. It was
- proposed that the radical was formed by an baddition of a hydrogeﬁ afom to the
oxygen bonded to C(4),'.. with s'u’boequent w—orbita'llresoﬁancévproducing un-
oaired,spin density at C(6). By analogy, we suggest that the doublet resonance

in thy'mldme 1rrad13.tcd at 77°K is due to a radlcal of the form

OH ToH
H -, C CH ’ ‘ H ~°y _CH3
N7 e * SN c”
I li | ’ l I
- G C °
/C . C = C\
oZ SN 0 NN Ny
Deoxyribose. S ~ Deoxyribose

A
This assignment is consistent with our results, but is not unambiguous, due

to the limited amount of data obtainable for the doublet feso.rlxance'.

In thymine monohydraue, the oxygen atom bonded to C(4) is hydrogen
bonded to a water molecule (Gerdll 1961). It was therefore 'suggested
(Henriksen and Snipes 1970) that the radical giving rise to the doublet resonance
is formed by electron ca.pture with subsequent pro.ton transfer in the hYdrogen

boud. Thus, by electron capture the two minima in the potential curve for tha
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| _ hydrogen bond may be reversed and a neutral rad1ca1 formed follow1ng proton EET

. »» tunnellng In thym1d1ne, the oxygen bonded to C(4) 1s also hYdl‘Ogen bonded

(Tollln et al 1969) Thls fact suggests that a s1m11ar mechan1sm operates oA

| ?"V_'also in thymldlne.» i-_

€

~ .
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X -f*f-"P'ri'ncipal .

B lj’-'i‘"lg;.ven bY (1 , . 1-: m; ",'f‘--n ), ( - —m,‘ n ), ( -1',‘. m, —n)

Table I Pr1nc1pa1 values for the @- proton hyperflne couphng and the d1rect10n
‘cosmes relatmg the correspondmg pr1nc1pa1 axes to the abe crystallographm' o

A axis system.

(gauss) o : e ——

[+
i
B

T

fl

A, =20 e

Isdtropie -0

(a) Dlrection cos1nes for the remalmng three molecules in the un1t cell are
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- Table II, Deviations of the principal_axes .for.the q-hydtogensplitting from

the directions predicted for the different radicals 1n figure 4.

Prineipal ‘

splitting =~ . B ‘ g o . o
 axis o om0 Iv VooV ovio vin

A_ (minimum) ®) 45 73 64 53 30 47

A, (interrnediate)(b)v 0 .80 86 50 - 55 i 75

(a) ‘The m1mmum sp11tt1ng constant is. along the C — H bond in the/ C — H

fragment (McConnell and Strathdee 1959) In th1s calculatlon 1t is’

- assumed that thls direction is the b1sector of the two other -bonds in the .

N\

+C —H fra’gment The direction for this bisector has been calculated

-/
from the undamaged molecule based on the data g1ven by Young et al (1969)

The dev1at1ons, Whlch are given in deg,. are taken from the scalar product

of the direction for Ax (given in table I) and the b1sectors for the different -

~ radicals in figure 4.

(b) The interm‘ediate splitting conetant is along the p-.orbital_oontaining the
unpaired electron. This direotion is perpendicular to the plane conta_ining the

. C — H fragment.
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FIGURE LEGENDS .

| Flgure 1. .Sec'o”n»div—derivatiye ESR s'pectra. of a:thymldlne ,si:ngle crystal .irradiated
. and observed at 77 K The external magnet1c f1e1d is along the crystallograph1c
a axis.: Arrows 1nd1cate the outer cornponents of the 5, 6- d1hydrothym1d1n 5- yl

’ radical The bars beneath the upper spectrum represent the absorptlon 11nes _

~ for the quartet resonance (sol1d bars) and the doublet (dashed bars) Re‘latlve
power levels for the two spectra are 1nd1cated. ‘ _Observatlon frequency 8997
 MHz. o o

Figure 2. vse‘co_nd:_der-ivatlive spectra for threelcrystal orientati.ons ivn the bc
pla'ne,' sh.owingﬂ_-ithe differe'.nt‘orie'ntat_ions. ':. Qbs'e'rvation_f'requencY,"8984 Mldz_. ‘
_Figure 3. The spl1tt1ng (1n gauss) for the ‘af hydrogen of the quartet resonance._

The ‘data were calculated from the overall quartet spllttmg, assummg an B

.+ isotropic couphng of 20 gauss for the B- hydrogen.

'Figure—4 The molecular structure of thyrn1d1ne (II) and six rad1cals consudered

for the or1g1n of the quartet resonance. - o g ' '; e

-

¢
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: _

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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