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SUNWARY '

We discuss the use of optical properties of blological polymers invﬂfff"'
the ultraViolet_and now interpretation of them_can glve informaﬁion on i

the structure of biopolymers in’'solutlon., The general technique 1s to  l

express theoretically the optical properties:in terms of the polymer

subunitiproperties and interaction between them, The interaction poruf )
tlon 1s sensitive to the conformation. .

The theory of Faraday effect In’ organic molecules 1s developed -
" and Faraday rotational strengtns are defined. An exciton theory of the
Interaction of groups in a polymer is applied'to Faraday-rctation. This,:ffe-
theory is used to predict how the TFaraday effect changes with polymer DR
conformation. _ '

We describe experiments on the‘opticai properfies of tobacco moeeic .
‘virus (TMV) and TMV protein. The optical rotatory dispersion (ORD) of;"e }.r
™V, of TMV protein subunits, and of TMV protein in aggregated rods-is.f?'”i‘“v

reported and discussed in terms of absorbing groups. The electrical
birefringence of TMV and MV protein rods 1s determined as a function of
wavelength of light in an attempt to determine the orlentation of the ao—
sorbing grouos. | | - ' '7 .5
We also carry out a calculation of;the ORD of dinucleoeide phos;€f~
phates from an exciton model. The method éeeumes that the circular jfs
~dichrolsm has the same dependence on wavélength’as does the absorptioﬁ{ﬂj s
The ORD is obtained from a Kronig—Kraners-transformation of the circulerzfj.i

dichrolism.

The results of the Faraday rotation theory are applied to the effect:;j
observed in ketones. The interpretation leads to the conclusion that theiﬁt;?
280 mu absorption is composed of two distinct_eleotronic transitions.” Inl-;f

polymers, the theory predicts a structure—dependent Faradsay effect.
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" The ORD of TV and its protein is interpreted as implying that the
rods of aggnegated protein resemble the.naxive virus, The interpre- -
tation of the birefringence of TMV and'ﬁhe aggregated protein as a . :_ C
function of wavelength proved to be_ambiguous.v This'ambiguity'resulté C
partly from the small amount of RVA in the virus and partly from diffi-
cultles in_separatihg the intrinsic birefrihgehce from the form bire-’»:'
fringence. -

The calculation of the ORD of dinucleoside phosphates gives reason—
ably good agreement with experiment, indicating that the exciton inter- |
.:raction is the origin of the large Cotton efWEcts observed in some dinu- o

'éleosides. We also conclude that ApA and UpU are right handed helices

and that, by implication, poly A at pH 7 also forms a right handed helix.
The calculations suggest very strongly that all dinucleoside phosphates

of the four RVA bases (A, U, G and C) are rie;ht handed in conformation, . |
and that they have helical increment anples of 28 to MO° - The calculation ff"
[also predicts that certain dinuc1eoside phosphates may have very large

rotations at low temperature.
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FOREWARD

-t The use of physical methods to in#estigate blologlcal structures is a = ' 

'field of study which has recently come into great prominence. The ability ,oélih

of phys ical methods to glve biological answer% has given great impetuv to

V‘the study of blologlcal processes and has improved our knowledgs of living

things at an unprecedented rate. .

Physical methods have certaln advantages for studylng biological sys—

tens} " The methods are often capable of‘automation. Once they are worked

out, the methods are not time consuming and many samples can be tested in

a day. Also, the sample is not usually degraded by the measurement as it
is by chemical analysis. The difficulty of physical methods 13 that they -

nﬂy be difficult to interpnet

Such is the case wlth optical methods;. it is easy to measure th@ ultra-»'v"'"

violet absorption spectrum in a scanning spectrophotometer, but 1t is
difficult to extract all the information available, The interaction of

photons with matter is basioally a non-classical efﬂect and therefore one;; '_Qfg7

must make theoretical treatments in quantum méchanics or at least in a hy~- -

‘brid,-semi—oiaséical'language.' This makes interpretation one Step less o

reliable than for classical phenomena such as sedimentation or hydrodynamic ?fﬁ*nf

experiments.

Ultravioclet absorption has been the moStfutilized techhique in the' ﬁmﬁ;f;@¢3

past in bilologlical studies, cince the exberiménts are easy‘ However, 1t

is limited in 1ts information content.' In the present study, we have -ffsﬂw;u;:

" undertaken some methods that are slightly more difficult experimentally

and require more extensive interpretation. Suoh a method as “araday efrect f‘il

or magneto-optical rotation can glve a wealth of information, 1f it can_be
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understood, Experiments heve been very few and attempts at interpretation[
are definitely needed (see Tinoco.and_Bush, 1961, for a review).

-Chapter I we have presented a beginning ettempt at a'theoretical'underufv
standing of Faraday rotation of ultraviolet light 1n’e§stems of'biological

" Interest.

e -

Tn Chapter II we discuss the use of electricél birefringeneetin the ;
study of.tobacco mosaic virus, This is‘a method which has previouslyrre-:‘-:
celved some attention. However, in our case we atterpt to'understand thef’t"
birefringence as a function of wavelength of 1ight throuuh an aboorbing
‘region, Unfortunately, we were unable to make any certaln conclusions
about the orientation of chromophores. he feel that the method might be
useful in connection with otner systems,

Our calculation of ootical rotatory dispersion (ORD) of dinucle031de

o phosphates waa, by comparison, rather successful (see Chapter I1I). In o i
.‘this case, we were able to understand what gives rise to the large. optical ‘
rotation of these conpounds and draw conclusions about thelr structure in

- solution, It appears that ORD will be a powerful tool in the determination
of the chemical composition and sequence of‘oligonucleotides (Cantor aPQ‘.:foyiﬁ”

~ Tinoco, 1965).

We will see from the study of the. three optical methods nentioned‘that
~one can have different degrees of suceess. in using optical propertieo to :
:”investigate b&ological structure, but that where success is not found, itj

18 clear in what direction the study should be extended to ebtaln the

. desired structural information. The possibilities of optical measurenent

with polarlzed light as a function of wavelength 1n electric and magnetic

fields, and at different pH values and tenperatures, are enomous. Use of |
all these varisbles extend the structural information greatlys If one :tflﬁf
could carry out sufficient experimental calibration and extend one's - “.w

»
i



theoretical understanding far enough, 1t mighf be possible to envision‘

aufomated machine capable of mcasuerﬁv such properties as OFD, Faraday
effect, birefringence and dichroism over a range of pH temperature and
wavelength. Such a measurement could probably provide sufficient infbr-e
mation to completely determine the structure.of a long oligonucléotide}iu |
" All this could be done without degrading the compound, This advantage could
. be quite significant for rare biologlcal products which require rather ex-
tensive preparation and purification and are often obtained in very small :ﬁ
quentity‘

Perhaps such visionary concepfs as a polynucleotide sequencing

machine utilizing only physical muthods are not justified at the present
time, but recent studies on ORD of oligonucleotideS'have shown such promise
that one ought not ﬁo dismiss the possibiliﬁy too readily (Warehaw and |
Tinoco, 1965; Cantor and Tinoco, 1965). The use of analog to digital con-
vertersrand'subsequent computer analysis will greatly expedite-the treatment
~of experimental data. Although the accomplishments of the following three
chapters are a rather modest contribution, it 1s hoped that the reader will
find”eufficient encouragement tokextend the 1nvestigat¢bp of optical pro-
perties of blological molecules, in order tﬁat they be allowed to yleld

up thelr rich store of structural information.



welfe

References o
C. R. Cantor and I. Tinoco, Jr., (1965) J. Mol. Bioi,; in press, -
I. Tinoco, Jr. and C. A, Bush (1964) Blopolymers Symposia 1, 235,
" M, M., Warshaw and I. Tinoco, Jr. (1§65) J. ¥ol. Blol., in pzfess; | .
.



I. FARADAY ROTATION IN POLYMERS

Introduction -

Michael Faraday (1845, 1846) fouod toattoiene ooiarized 1iéht waehi‘tt.)‘
~rotated on passing through matter in a ﬁagnetic field. He found that the tt’
effect Was proportional to the magnetio field strength:and that the light
must propagate nearly parallei to the direction of the.field. Furthermoro;
he found that the magnetic rotation was additive to natural optical ro- - |
tation, but that the sign of magnetic rotation depended on theldirection 1
of propagation of the light relative to thetmégnetic fielq while}natural
rotation did not.

Shortly after its discovery the phenomenon of mégnetic rotatioh
aroused a gﬁeat deai of interest. W, H. Perkin retired {rom dye manu- -

facturing in 1874 to do fundamental research‘in this fleld, In 1884

. Sir. G. G. Stokes made the following statenent during the Burnett‘Lecture; ' .jf“

"On Light."

", ....the rotation of the plane of polarization produced by the

~action of magnetism.....is caoable of lay*ng hold of and re~
. vealing dellcate differences of molecular grouping.”

| 'Unfortunately tnio statement has not yet been verifiod. Howcver,'work 15

progressing in various laboratories on the experimental difficulties whlcozﬂuﬁ

‘need to be overcome, and success at using Faraday rotation to investi&ate f T

the properties of organic chemicals, especially ones of blologlcal inte- ‘J

rest, may be near at hand. dbat we propose to do in this chapter is wake -

an inltlal attempt at understanding what are the general effects we exoect I

to find in organic molecules of low syrmetry. | In specific, we wish to ’fff,'* .

find, what, if any, are the special effects in polymers.



Qualitative Discussion

All matter in a magnetic field will rotate the plane of polarization

of light. The effect is independent of whether the molecule hae a point :
or plane of symmetry. If the molecule'is naturally optically active, the
Faraday rotation will simply add, and theAFarada& rotation of the racemic ';_ o
mixture will be the same as that of either isomer, Forlall non—liﬁear L
molecules without permanent magnetic momente, the wavelength deoendence-ofi‘
 the Faraday rotation can be represented by the same sort of terms as the
natural rotation, il.e., a2 sum of Drude . terms or damped Druue tcl“u.A ‘
Therefore, the same techniques can be used in ahalyzing the exoerdmental' ;
Faraday. rotatory dispersion as the natural rotutory dispersion (Schellman
and Schellman, 1958; Hoffit and Yang, 1956 Moscowitz, 1960). “The analorr -

to the natural rotational strength R for a transition from o to & is the -

magnetle fleld strength H parallel to the 1ight times the Baraday rotationai-
strength F (we shall omit tne subscript oa 1n R and P unleqs it ie g
necessary to distinguish one tran51tion from another).- The Faraday rota-i;
tional strength depends on two molecular paraﬁeters' the electric dipolew
transition moment u and another vector which we shall call S. More pre--'_;r

cisely . S ‘é“
= uS cos

where 6 1s the angle between u and S, . Thislform can be compared with the_l-g’
natural rotational strength (R = ym o3 e) where m 1s the magnetic dipole‘*fjn
transition and ¢ is the angle between u and m, and with the dipole etrength:tf
(D = u2) whicn characterizes the aboorption. Thesc equatione indicate why
the rotational strength may be,more_sensitive_to molecular structure than 21:;
the absorption. Absorption depends on only ooe molecular parameter uhile .
both natural and Faraday rotations depend'on}two parameters and the'angle

between them. One also can see that the Faraday rotational strength is not



Figure I~1

Bramples of moleosulap aymmetrien glving
;iao to large Faraday offects.
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proportional to ebsorption. Weak transitions ( small)-mey have larged
rotational strengthe (8 large) and vice versa. |

T understand what typee-of transitlone_ere needed to produce a.slg— '

nificant Faraday rotation, we should know what is required for rotation of

the plane of polarization of light. A dipole induced in the molecule at

right angles to the plane of polarization of the incident lieht will radiate

an electric field in this direction. When added to the incldert llrht

“this field will lead to rotation of the plane of polarization (Kauzmarm,

1957). Tor a magnetic fleld to induce such a dipole, two conditions must
be met: (a) two electric dipole transitions‘must exlst in the molecule

with components perpendicular to each other; and (b),two of the states of'

the transitions must be linked by a maqnetic transition moment. The effect e

is large t when the two elcctric dipole transitione are very close in fre—

“quency.  There are two types of terms: the larme one is 1nvereely propor-

tional to the freouency'dl ference between the two transitions; the other ff?""

i1s inversely proportional to the frequency of one of the transitlons.

‘Plgure I-1 1llustrates two favorable cases in which there are either two

perpendicular =% transitions or an n-n* transition oerpendicular to a |
r-1¥ transition. The two transitions will lead.to nearly eqr ual and opposite;
Faraday rotational strengths; the sign, magnltude and spearation of the -

rotational strengths will depend on the type and symmetry of substitution.i ;
In particular, the sign depends on the relative sign of the two electrlc -

dipole transition moments. Therefore, Faraday rotation in principle can

| give the sign of tne transition moment while absorption cannot. As the '*'*

frequency difference of the two transitions 1ncreases from zero, the rota-_ifT

tory dispersion near these frequencies will chanee from (a) no dispersion c

', to (b) a single minimum (or maximum) with one maxtrum (minimum) on each

slde to (c) two separate, oppoeite sign CQtton effects. If this type of -b'
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tefm'is dominant, the Moffit-Yang (1956) equation méy Ee useful for
. treé*inm the "eeults. Even-1f the two perpendicular electric dinole tvan-
sitions are not close in freaucncy there may‘otill bq a significant
(though generally sinaller) Faraday rotatlonal strenzth, This latter term -
shouml lead to omp.‘.v Cotton effects. '
The unlts and magnitude of the 1"amday rotauional strenrth afe re-
1ated to natural optical rotation by | |
_ (uH/hv)R  ¥ v
The magnetic field timez the Faraday rotational strength has the same units .
as natural optical rotatlon. If one chooses a standard magnetic field
\strength (such a3 10 000 gauvss) (Shashoua, 1964) then HF can be convenf'
| iently reporoed in the sare units as R. Fither units of 10 38 cgs or
reduced rotational strengtho (Moscowitz, 196O)Vhave been used. The.eer;w
perimental values to be expected in a 10,0QO‘géuss'fie1d can be estiﬁéfed“[;:"* 
from the value of uH= 50 et for a1 Debve'aindle momcﬁt. ;Fof the laréé'i?i i‘q

term, v represents the frequency di’fewence of the two transitions (whlch o

' should be a few nundred wave numoers or greater 50 that the equal and
Oppos*te TFaraday rotational strengths do not compleuely ‘cancel)s Tor LheQ”J;ijﬂﬁ
small term v is the transition frequency itselP (which must be at least |

10 000 em™ in the visible region) Therefore, we may expect values o‘

HP to range from about 0.1 R £o 0. 005 R, whe :”R'is‘a fully allowed réﬁ‘

‘tional strengfhe This may be comnared withfthewsteroids discuSDed by

Djerassi (1960) which have rotational strengths of about Ol Re Thus;'i

'we go to a 10, OOO gauss field we expect to see Faraday rotation in orb

| ganic molecules which is the same order of magnitude as optical rotatibn';

When a rigld polymer is formed rrom the monomers (or. random coi\) we:J,_{_.,
expect a similar change in the raraday rotaxion as seen 1n the absorptlon.‘f;}

There will be a change in Faraday rotational strength for each m@nomeﬁ\

I
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transition which depends‘dn the gaomet;y, and ;here may be a shift or |
sﬁlitting of the transition fTBQUencies;”;Thls does not mean of course -
‘that the change in rotation must mirror that of abs orotion. ”ﬁis will
approximately occur 1f the vector S happans to be narallel to u in each
monomers If S is perpendirular to M, . the monomer has -zero Faraday ro- _
tational strength for thal trangition, but the polymer may have rotational :
strength, The Faraday rotatimal %Lrengths of the polymer and their fﬁV'v
change in orientation can de used to deterwﬁne the dlrection and magnltudelsh
of' the vector S and therefore, miyht lead to the slgn of electric dipole li 5
transition moments. | ‘_"~ ‘ L ‘3‘ .”

. There have been few experlmentél studiés published so far whiéh “fl'*i
neasure'rotatorj dispersion through an absorption band in a magnetlc |
field (Shashoua, 1df4 Briat, 19643 Scbooloy, et al.,, 1965); no Fdraday
rotational strengths have bepn renorted. However, reports from the

various laboratories working on this phenomehbn should soon be appearihg;f;53‘

Guantitative Discussiod

Tn our quantitative discussion we willilimit'ourselves to first
order perturbation theory. We know this prbcedure 1s correct for the
magnetic fleld perturbation since the Faraday efféct is llnear in the

magnetic fleld. Dilatomic molecules have already been treated in Ihraday

effect (Tobias and Kauzmam, 1960). In addition, we feel that the elec~‘-'.:v

tronlc properties of triplet states and free radicals are not sufficientlylff'

well understood to incluae them in the present study. Therefore, we will - h”l,

exclude molecules with three fold or higher symmetrv axies and molecules ‘ﬁf“‘*

lwith unpalred electrons. This leaves us many ordinary organic molecules
 and in particular organic molecules of biological interest.
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In order to obtain Faradsy rotation, we will expénd the molecular
wave functions to first order in the magnetic field.- When we come to
the polymer effécﬁ, we will again expandvthe wave functions, thi" time‘:
in the electriz fleld of the polymer, Therefore, we will dovelop the
two expan sdons together in order to demonstrate the parallelism of the
two procaaures. ‘
The energy of an lsolated molecale in a static, unlform field is
By () = By~ g 1;+0(E2)+... I-a)
E, (H) = &, o) + e I-(1D)
where the subscript n refers to any state of the molecule and “nn is the
permanent electric dipole rmoment in that state., The correaponding wave -

functions,neglenting terms of second and higner order can be written

/

v (E) = v + [ ¢ m#n %wq ww/h(v - v Yoo | - 1' I—(Za)i

\9 (H) = \D + H o Xt#"l AN y’,n/h(\) — \) ) s o ‘ I-(2b)

N

, Hmn Yom = f& & g v dr = electric dipole transition moment .-

B = gnm = fw Qndy = masnet}g_dipole transition moment_f”wﬁ'i

CIf weIChOGSe wnﬂreal, ¢n(E) will ‘also be &éa1 wh1le”¢A(H)~wi11 be'coméiéijf?i1

since m is lmaginary.

' These two equations zllow us to understaﬁd all the first order elec—
tric and magnetic effects on the opt*cal prope“t;es. ”h° necessanyfi
parameters are the frequency, and the trana¢tion integral whose square 3 ;f :
characterizes the prooability of* transi tion‘of the molecule in the presence f?};
of light. These are . 5

Frequency (fbr transition from ground state to state a)
v (E) = v+ Q ‘ (goo gaa)/h R

v (H) vy

Va<” (E -E )/h
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Transition integsral: (for transition f‘rom ground state to state a 1n»:
presence of plan\, Light wave travelling 1n Qi rection z and polarﬂ zed al ong; x)
o - +‘ e - . : |
Txao (F ) = Txao T 5 b#a Koa. xbo/h(v Va) : -JI~(Ma)
"k vt Koo 'xab/h(h

| L. SV
'I‘xao(H) = Trao T H 7 b2 Tha Typo/M( v,™ vy)

v o I;(§55'  3
Ten/h - :

z
~ bra %o

1202/ 80 At _ .. % 421p/\ =
e o) =3ifYv_e S dr.
O = v, T py g

Txa§ .a Ty

In pract* ce one uoually expands the. exoonenti'zl ‘co o‘otain terms of the':'
.f‘ollowimr type. | ’ .
Morentum transition: (prooor'tioml to electric dipole transition)
Qa = /ey :r-(5)
Magnetlic dlpole transition: | o A ' o
By, = (e/2me) (g xg)ab.ﬁf; ' -; | ._‘I-(6) }7f 
Electric quadrupole transition: g | | .
o B = o),y R I
| unation (5) comes from the first ter'm of‘ the expmsim, wh:Lle Eqs. (6)
and (7) come from the second. Any one of. these can replace T in pq. I-Cl}).
_ For.electficaliy allowed transi tions one cu.:tomarily aopro*cimates the
transition intep;r*al by the square of the electric dipole transiticn momcn’c

as glven in I-(5) above. Thus one may defim the oscillator o‘creng"bh f

which 1s proportional to both ”:210 and to the intep;ml of the absorbance
over the absor’p‘w.on band. |
? ! , R ,_l.
ne 1\: S -
re dv ( ) £ o CI-(8) .
EijmE S . - B

= (81r2m/3hez)va Re "508, . k’,oa*
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However, in the static fleld the relative directions of the light and the
field are impcrtant so we must consider the oscillator stréng;th tensor.
For light inciden“c polarized along unit vector «fh the absorption in thé

static electric fleld is

le dv(C) fe dv + (81r No/2303hc) ' - | 02-.

C 2v L ¢ i * 1)/h
v { a[?’é" )dobz fafoa ~ 2. I-(92)

* oalgp
+ {-}\’.oo = k',aa) L Boakos ° %}
If the statlc field is s,ﬁ_ace fixed and the mblecule 1s randomly _orient.ed,‘ .

we average the above expression (Brown, 196_2) over all equally. probable -

orientations of the molecule and odbtain = |

<Teadv(E)> - <f eadv>

As the magmetic fleld adds terms which are pure]y imaginary, there is ’no _ :‘

I-( m'a; j

effect for either fixed or randomly oriented'-mlecules. .

'1-(§p)
I—(;bﬁ,

fe dv(H) = fegdv
<J’eadv(H)>="<feadv>

’I‘he rotation of polarized light has. ~been d escribed in terms of the
transition integrals (Kirkwood, 1937; Stephan;”1958). As in absorptian,
however, it 1s usually sufficient to keen only the first two terms in ﬁhe
expansion 6f the exponential. The rota‘cion in radiano/cm for llght inci—-
dent along the kK (z) direction is '

= (8r2N vz/hc) Im afo(“ -V >-1 k’,oa’\‘.oa "4

‘ | I-(ll)
~ + (e/me) [1 * Xon }é "R ‘A~ R k‘,oa!u ¥R)ao '1]}



' is obtained wlth the wave fUnctions in Eq. I~(2) and the first term of‘

| whem ) 1s 2 unlt vector in the dlrection of nropag;ation of the lip;ht.

| _ -13-
i «Only the imaginary terms in Eg. 1-(:11)3.:.contr?ibutél_-;a:';.. Poem Tl
tblthérrotatiﬁn;x;_tu:ma RN EIN ‘The second term characterizeéythe
natural optical fdtation which cen be infiuenced by a static electric_Lm  i:
fleld, but not a magnetic field. Using Eq;fI;(Mé) to introduce the magJEiﬁ.

netic field perturbation, or2 finds. that the first term leads to Faraday

‘rotation, which has no electric field analog. Rotatorv power, however,

can be induced in a molecule by a static electric field. The effett ieivf‘fﬂ
not characterized bJ the first term, but requireq the action of a static
electric field gradient on a quadrupole transition moment (Shellman and ,fftff
Oriel, 1962). ' '

Natural optical rotation, including thé effect of an interﬁél‘static:‘f

electric fleld: (Tinoco, 1960; 1961;1962), has been thoroughly divcussed.. o

* Substitution of the wave femctions of Eq.’ I~(2) into the second term of

Bq. I-(L1) shows the effect produced by the electric fleld. Again, :u‘ the |
molecule is randomly oriented relative to. tne static fleld, there is no’  ; '

effect of the 1 1eld on the optical rotation.

The rotation of polarized light by any molecule in a magnetic field L

e (H} = (8w2Nov2/hc)Im Het (vgévz €¥55£ o
z T T I-(12).

[zb¢a Rab (Ho x gob)/h<vb-va) ~ bio Nob (go x &ab)/hv ] ko
It | .E.I
is clear that chanoing the sign of the magnetic fleld H or the- direction {;[

of propapgation of light % will change the sign of rotation. One also qeestf““

that only the components of the magnetic tréhéition moments parallel to i 1iir



contribute, while the components of the electric dipole transition moments ;

must berperpendicular to k. If the molecule iq randomly oriented one. finds

(8‘1 ul v /3nc) ’{ y Foa

o

o (i) Foa | | T
z ar'O 2 2 o _ v o . . O}
F o= Im(:l-o R oa X Kob) - Z Rop * ('an J<5::1b e

Oa' bfa h(\) Y ) b?‘O h\lb S Oi’A

I-(13)

L}

Im g [‘EZ nop X @ao - Ezt eab % @ob} |

b#a h(V,-Y ) ) b#o _hvy

This equation agrees with the corresponding terms in Groeneueﬂe (1962), but

differs fron the V term in Tobias and Kau7mann (1961) wh,ch agrees with - |

Serber (1932). Our Eq. I=-(13) includes the b =0 term in the first summa-‘i!i-“;#

tlon and the b = a term in the second.. These terms are zero for non—polartll'

molecules. There 13 some question as to whether'such terms should appeer.‘?Tv

They arise from use of subéiltﬁtion l—S.and subsecuent e?nansion of;n ln:a,;vf'

perturbing field. Hameka and Goodman (1965) have pointed out that in a

truncated expansion, such as ours, it is unclear whether the terms actually

contribute or wnether they would be cancelled if the expansion were complete.

They have pointed out that the terms involvinq the permanent dipole moments

seem to give correct results in certain situaticns where 1t is not formalky5

correct to include y ., and p o terms. We include them here solely to point.ir

" out the p%eblem. There is a possibllity.thatfmolecules with large eermaf“.

nent dipole moments mignt shcwva larger Faraday rotation than similer'nch;,?ff

jpolar ones, We note that on inversion,of'the‘holecule (Eﬁé:~£’ g = E)'Fég%;ffl?~

unlike Rygs does not change sign. . : ~ "f'.j S
Befbre making approximations to this equation for practical use, “one - |

should determine what sum rule the Foa's obey and one should be convinced~e.°

that each F,, 1s independent of cholce of origin for the molecular weVe‘

function. o S



It is seen that the Foa sun rule 1s
a - | - -

The <Vb”va) terms in the sum eancel in'pairs while the v‘ terms'lead to
(n x H)ob » §5b/hvb = 0, 7o show origin independence, one chooses two

different origins, and calculates Foa for each. That is, onw can choose

oy | ,17(15.?
o= (e/2mc) Ly X pg ad (e/zmc) R x i, ‘_31 ,+ T EL R o

where R-is e constant vector from one origin te-the'other, end fine tnéeiﬁff{
'Po does not depend on R. ‘ '_.:  -‘ :“ t‘ |
" The calculation and interpretation of F will be easiest when one of »
the terms in the £irst sum of Bq. I-(13) is doninant.v That 1s, (v .va)zigne;f
Small and ¥, 18 nerpend;cular to Ron If no such term exists, a Taylef f%,;e
series epproximation to F_, seems obvious. Expanding the sums in Eq, I~(13)? >,

around v,

m one obtains for the first two terms

R ~ Im()goa/h) . { (i) xp -y x m)oa'-_--(tl./\gg.) _[(e/2w1m) (Rxm+n x R)o;.

F vyl X g+ g X !L*)oa] BE | I"<15>
which can be simplified to (Condon and Shortley, 1935)

= -Im(ugoa/b) g [(l/vF)(g xfm?6;ﬂ+

oa 9
4+ (dh e By /2mc)(v,v"2 -y 51)] e

However, Eq. I-(17) does not obey the sum rule and it ie not independent olji

chotce of origin, ‘Similar difficulties with approximationo to the magnetic'}}r

susceptibility have been discussed by Hameka (1962) » f :
To obtain an explicit expresoion for the Parqday rotation of a ooly—"

mer, one can in principle simply subotitute previously derived polyrer ! Wave

..:' .“
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functionsf(Finoco, 1962) into Eq. I-(12) or I—(l3).’Awae§ér, beéauée in'
vFaraday rotation a transition moment between two excited stateo is. required
the polymer wave function must include doubly excited polymer states. o '&f
These states do not contribute to the absorption and nataral rotation in - L
flrst order and have not been previously 1nc1uded.» Fufth@rmore, if the . O
contribution to the polymer wave functiona of the static field of the rest .
of the polymer is included, the resultant Paraday rotation expreasion is
origih,dependent. To avoid thié difficulty introduced by the approxiﬁate' a
wave functions, we will here set equal t§ zero‘éll termé involving static :
internal electric flelds. This is equivalent to ‘putting the static field |
effects of the polymer into the unperturbed monomer wave functiono (Tinoco, 3

1962). We also set all permanent dipoles equal to zero. ~The wave functions'

vie will use are then

o L I g

1. ,0_ )
wo wo i J>1 a,b"r"O, ioasjob .ga,.jb

v oRive
" )

N ) . . . E : q
Y 1 = o] T V. . (!/o.
AKT =L CiaK {‘bia 4L b;éa o -————’i——i—i"a objb

1=i v L= ;' ‘ ‘ I-(20)55j§,"

( al R
o1 v R A .
= 41 ¢,bfo labjjoc'ib,lc }, -

Vovo vy

In zero-order, the Faraday rotation for a transition to the K excitdhflé?éiﬁff

in an Nemer 1s thus

FbAK NFio& Im 2 J#i C ok CJaK gioa_.f[:b#a Hjob wjab/h(v -v, ) ?fﬁ;ﬁ4’.j
" bfo gjab mJOb/hv ] g R g o ; ':f1:

If we sum Eq. I—(21) over K, the second term disappears and we have
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z'i = NF | - - | ' o
g Fonx = NF,, @ 1t should be. Eq. I (21) 1s analogous to the corres

ponding equation for the dipole strength of an exciton level,

| - N N _— S,
Dopg = Wy * T 121 751 Cak Cyax Kioa * Kjoa
: ' . I-(22) -
SRR N N : -
F.. = NI +4Im I ¢ C,.,0C, .1 *s
OAK loca il JAL laX jaK,Rioa nJjoa

where SJoa represents the term in brackets in Fq. I-(21).  Both the dipole
strength and Faradaylrotational strengthe differ in form from the natural
optical rotation of a polymer of optically inactive groups. The naturall

rotation has an additional term which depends on the distance between .

PIrOURS « :
R =Im ¥ L GC_ m
(0]:\ ¢ 1=1 J;’éi laX Ja.K f\,iOa. v\,.joa . -
‘ I-(23)
N N '

+ <1Wa/c) iil J;i CiaK CJaK Bij ) (Eioa # gJoa) 

Tn Chapter III we will use an equation llke I-(23) to compute optical ... '

’ activity of dimers. The effect is seen in the ORD of dinucleoslde phoe?g_?§§~"

phates in the region of ultraviolet absorption. In that case the effect

is large and damonstrates where we m;gﬁt see a Paraday rotation in poly—

B - mers. which would result from degenerate 1nteraction of the polymer grouos,g“u'

that is, the reglon of the absorption. Par from the absorption band, theé: S

sum rule tells us that this effect of degenerate interaction should be _;}

small. s o
In first order each rotational strength of the exciton band will e

be modified. However, as often only the properties of the entire band

are;neasured, we will give the first order equations for the rotational “f\}

.strenﬁths summed over K
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R T T
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(Eiob X Biab
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e Viap;30c Noa X oo’ ioa;Joc(Hiab xmiob)‘}'
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- Far from the absorption band, we expect Eq. I-(ZM).to give cs the‘ B
différences betvieen the Faraday rotation of the monomers and that of thev
polymer. Of course, 1t is easler to measure. “araday rotation far from the
absorction where the effect is theoretically complicated by interactions
of nenJ bands. The interpretation of Faraday rotation of a polymer isv

simpler in the region of absorption where one can concentrate one s

attention on a few electronic transitions (see cq. 1~23) but alas, there fff“

T the experiment 1s more difficult.

Comparison with Experiment

» “"

-

We would surclyvlike to be able to compare the formulas we have derived -

with sone experimcnts to see what effects are lmportant in both monomers andvv

in polymers. Unfortunately, we have no publisbed polymer data as yet, and
the data on small molecules are sparse. . We do not really have enough to
make generallzations about Paraday effbct, even for small organic molecules.

Faraday rotation is generally a somewhat smaller effect than natural rota— a

tion, but the major experimental problem is that in Faraday effect, un}ike_

" natural optical activity, the solvent also shows rotation. Thus the_sanplé'f‘
under investigation in dilute solution may have a rotation very sha11 com~: .

. pared to the solvent.

Some measurements on ketones have been published by Briat (196U).using

‘& permanent magnet in a system described by Briat, Billardon and Badoz (1963)'



- o
ih which they'used weakly aesorbing pure llquids at short path iength; In
Fig. I~(2) we show thelr results for methylethyl ketone, which are typical
of their curves for several ketones., This curve will be recognized as the 1
type arising from two Faraday retational strengths which are similar in |
magnitude but opposite in 'sign at fvequencies oepareted by an amount .' o
smaller than the half width of the absorption. This tells us 1nmediate1y
that there must be two transitions contributing to the fotation near 280 my,
and that probably the first term of Eq. 1-(13) domnates the rotational
strength.. ’ |
_ There is ho simple way to compute the rotational strength f{rom a_curve3
such as Fig. I=(2). The proper way is to do a Kronig-Kramers transform
to the magnetic circular dichroism and theﬁ'integfaﬁe the resulting curve.
This technique will be discussed in connection with natural optical acti—

‘ vity in Chapter III, where ve will use the transform from circular dichroism ,
to rotation, The problem in gping from rotation. to cireular dichroisn is E}-.
that one does not yet know how to approximate the lonp taila of the rotation 7
curve which make a slgnificant contribution to the rotational strenpth.. T f 

order to get a crude estimate of the rotational strengxh, we will assume a

Drude equation and take a value for rotation outside the absorbing region.;; f
The rotation due to a single electronic tran 1t&on, but away from the T‘;

absorption 1s given by a single term in the oum over transitions a, in BqA;j,

- I-a3). We write that single term in the notatlon used bJ Brlax, ;[f;;u”’

J R P T T25)

3nc (2n) Roar-a

where [A] is in degrees/ Cm—gauss—mol. If we'eick a frequency outSide'the'5iﬁtv
absorption band centered at 280 Ty, we nay compute the rotational strength '_"
crom 4 . . L



Jpmeseat
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_ ~  F g I 2 o
B -=== 0. D. of methylzethyl ketone. Pure ';é':;a
| liquid, 5% 107 mm. path length R R

VFargday rOtation in degrees xlO 3/ cm-mol gauss‘-t

 (Briat, 196l
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. 25
F_=2,18 x 10 43 [A] Vg2
oa —

v

I-(zs)'
' Taking the.values‘vi = (1/280 x 107)2= (31 650 crih)? = 1001 x 10° and
2 - (1/316 x 107)2, wnere [A] = 64 x 1073, we obtain

F o= (2,18 x 10‘”3)<6u x 10~ )(2”O “3;3u % 1of“5 CES.
oa 1001 ' '

This should be conoidered as correct only to order of‘ mmitude since we e
| cannot assess the inf‘luence of the othev ro‘cational streng’ch at slip‘ntly
hig;her energ;y and the influence of bands farther' into the uv. 'lhe latter' |
influence is probably small, as the curve is fairly symtmc and there S
" are no strong absorptions near 280 mu. II‘ anythin the e.,tjmate will be |
low for T »280. | |

We may also co"xpute the value of uhe f.‘irst term of‘ Eq. I—(13) f.‘or

thls case. From the ahsorption, which 1s very ‘weak, we may eatimte a di-_"" '

pole strenyth of 0.12 Deoye unito f‘r-om t;he sinp'le p'aussian method ot‘ Mos-,

cowitz (1960). we also assume a eecond absor'p’cion ba.nd at 300 em hiogher

in' f‘requency. 'I'his second absorpt on band cannot be any more intense, so . "

assume 1t to have ’che same dipol° strenrrth. Since we do not know the |

symmetry prOperties of thls second hypothetical absorption near 280 mu, weiﬁ,

assume the two states are connected bv magmetic tran i’cion moment of’

-20. cgs, or one half that of‘ the mlly nagnetically allowed value:

1/2 x 107
of one Bohr mgmeton. Lastly, we assure these three moments are mtually

perpendicular so that no trigonometric: factors enter the tripole oroduct._z_'::f:“ N
Our results for this cholce of‘ parameters is_ . f ’ | N

F0-2 80

(1 2)(132)( 5) x 10 -58 ,.=-3.‘é,:§;io_u5 C@"_
(300)(6.62 x 10727) L SR

~

“This value is consistent with the number wederived from the experiniehtai S



. . “21“ .
curve, showing that our aSsumptions érelat ieast possible. The only
assumption which is difficult to accept.is‘the moét bésic one, that
there is a second absorption band near the one at 280 mu. If,'however; .
we are willing to accept the measured curvé as correct, we are forced
to admlt two transitidns near one anothér connected by a strong magpetic
transition moment. | |

These results are a bit hard to reconcile.withlcurrenﬁ thinking on
the 280 my absorption in ketones, which 1s assumed to bé a»single n-n¥® |
‘transition. We will have to walt until data on Faradéy rotation of other
types of compounds are avallable to assess these results.in proper pro-

portion.
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II, THE BIREFRINGENCE AND OPTICAL ROTATORY DISPERSION OF TOBACCO

MOSAIC VIRUS

Introduction

Our second exarrxple of the use, of op‘cical methods to assist in the
study of a biologlcal s‘cructure will be experiments on a well character'ized
virus (Gierer, 1960). The electric birefring,ence‘ of tobacco mosalc virus
(TMV) has been studied wi'ch visible light (O'Konski and Haltner, 1957)
we wish to extend these measurement over a range of wavelenp‘ths extending
into the ultraviolet. This technique has_ the ability to g;Lve,us information
about the orientation of chromophores in the virus. . We‘wil‘l also measure
the OFD 4n order to compare it with the measurenents of Simmons and Blout
(1960). We anticipate that the inprovéd instrumentation of the Cary rnodel o
60 scanning spectropolérimeter will give us added detall in the ORD curve, :

and we should also be able to extend the measurements to shorter wavelengthsA.f;-f

Pregaration
The TVIV used in these optical experirnents was the common strain ’ and

was prepared by Dr. Stanley iMandeles of the Soace Sclences Laboratory of‘ ‘che .
University of California at Richmond, Calif. The method of preparation was : jy
that of Boedtker and Simmons (1958) w:!.th certa.in modi fications sup;gested

by Steere (1963). Versene at pH 7.5 was used in place of phoophate buffers

in the purification to reduce au@egation vby the bivalent matal lons prefsent
in the leaf Julce. Concentrations of the virus were determined from the R
extinction coefficient for' 265 mu. Light of 30.6 in units of 100 ml/g .

(Boedtker and Simmons, 1958). ' A Beckman DU was used in the above reference ,”
but we have checked the Cary 15 a.gainst the DU in our 1aboratory and the |
readings at 265 my are the same, mdicatin? tha’c the two instmnts reoord
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approximately the same amount of scattered light. Thus the Cary 15, which
was used for all the uv absorption spectrum measurements in this study, may

also be used to determine coqcentration of virus.
| As further purification, we centrifuged the 1% stock solution we re-
celved from Dr. Mandelee at 9000. rpm in the Spinco model L (rotor #30) fof
20 minutes with refrigeration. The'supennatant was then centrifuged forl 
180 minutes at 18,500 rpm and the pellet suspended in ,002 M Versene at
va 7.5+ This eolution was then diluted 100 fold with 1Q;u M'Versene'at" '
| pH 7:4, The ultraviolet aesorption spectrum measured on the Cary 15 is

shown in Pi 56 II=(1). The concentration of virus is 0. 0908 mg/ml. This: H"'

" solutlon was used for all of the electric birefringence and OFD measurenents.’h

' The TMV solution was stored at 4°C for the course of these experiments,.' »
‘approximately 6 months. O'Konski and Haltner (1957) have reported that TWV
stored under refrigeraiion remains stable for as much as two years. The pH

- of our preparation remained at 6 8-6.9 as measuned on’ 8 Beckman piH meter,

and showed no silgns of deterioration, such as precipitation of large aggreé f

g&t@s " . .
The TNV protein for these experiments was prepared by a method of

‘Fraenkel»Conrat (19)7) lO ml of the 1% stock solUtion mentioned above was.

added to 20 ml of glacial acetic acid \Brothers Chemical Co., Reapent A C S )ﬁ_‘

in a cold room at 5°Cy and allowed to stand 3) minutes. The precipltate, f:

composed orimarily of RNA whicn appears was removed by centrifugation in

z ¢linical centrifuge also in the cold room. The supernatant was then dl—‘ -

: alyzed againot distilled water for 24 houre. As ﬁhe'dialysis proceedsgrthef

'pH rises above 4 and the protein aggregatesv;‘A few drops of pH 5.0 sodium

acetate buffer were then added to stabilize the pH at a value below 6, where -

the protein is aggregated into large rod-like particles. {Schramm and Zillig;~

1955; Fraenkel-Conrat, 1957). The solution was centrifuged et 19,000 rpm
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for 180 minutes and the pellet of apggregated pr'ot‘:eifrx‘ taken up in 3% 10'3, M
potassium phosphate buffer at pli 7.5. At this pi, the _pfoteih glves non-.
turbid solu:ions~0f the small protein subunits, 'This solution was then
centrifuged at 19,000 rpm for 180 minutes to precipitate any undégraded :
virus, The ultraviolet absorption spectrum is shovm in Fig. II-(2). Tt

agrees well with the spectrum of Fraenkel-Conrat and Willlams (1955), with

~a ratio of optical densities at the maximum to that at {the.nﬁ.ninmm of 2.3,

wm.ch compares to thelr' quoted value of 2.4, We also notice the long wave- -
1eng~th shoulder at 290 mu and a second shoulder to the short wavelength. s:Lde .
of the peak at 277 my in agreement with Prasnkel—Corzrat and Williams (1955).

The solution was then dialyzed against 1073 M sodium acetate at pH b, 8 .
in order to give ar;gregated protein rods of dimensions similar_ to native “
TMV (Schramm and Zillig, 1955; Franklin, 1956). The‘ absorptlon spectrum B
of the aggregated protelin rods is shown 1ﬁ Fige II=(3), |

In order to deter"nine the concmntration of the protein solutions, we

_ f‘irs‘c determine the concentration of the pH 7.5 solution of unagp;reg'ated

submits from the extinetion coefficient at 282 mu glven in I‘raenkel—Conrati-_‘-;'
and Williams .(1955)‘ This solution 1s then dia.lyzed to pH 4,8 and the -
spectrum again taken. Since the salt concentration is small before and

after dlalysis, we assume the protein concentration has not chang,ed appre—-f‘ﬂf'_“' .

ciably during dialysiss The optical density 1s higher since the protein S

rods scatter light strongly. The concentration of any solution of pmteinf-

rods can now be determined by comparison to the solution of known ‘conce’n-  ?'.__ . V

tration.

Measurement of the QOptical Rotation

Now having the sample, we proceed to measure the ORD with the Cary
model 60, The temperature was 25°C and all the measurements were repeated S

with at least three scans through the wavelength range. T riomigion s
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ewT iUy Ra e Tovnc L ea 3oowoso v pY7 itz The solution
of TV mentioned above (.O9O8Img/ml) was measured and the results appear
in Fig. II-(4) and are tabulated in Table II-(1)., The specific rotation,
[a], is in the customary units defined by: [0] =100 * « /L * .c where «
is the rotation in degrees, L is the path length in decimeters and ¢ is.thef'r”
concentration in grams per 100 ml of solution., In Fig. IT-(5) we show éhe_ _i
ORD of unagzregated protein subunits at pH 7.5 with the values appearing

in Table II-(2). The ORD of the amrnemated protein rod is showm in Fig.

' II~(6), and in Table II-(3).

Discussion of fhe ORD

‘Our results compare favorably with those?of Simmons and Bioutv(1960)'\.
shown in Fig. II-(7). We did extend the range of the measﬁrenent to shorter f_
wavelengths to.show the trough which is charapteristic of protein‘rotation;:jfﬁ
' In native TMV, this trough occurs at 236 mu. The tmproved detaii'alsb 'showsl'l
us a small but reprodusible anomaly in mWV at 290 mu. This may be due. to
the aromatic rings of tyrosine and tryptophan in the asymmetric flela of -
the protein, since it is also seen in the unaggregated protein. The secondv :
anomaly we see in TMV (Fig. II~M) is at 258 mu and is also reproducible.;_  ~ ¢

This is probably due to the nucleic acid absorption,at that wavelength,

since it 1s absent in.the ORD.of the protein. - This anoma,) is small due- o
to the low prooortion (5%) of nucleic acid in ™V,

In the protexn, both aggregated and unagqregated we see the anomaly
near 290 mu, but the overall shape of the twd curves 1s rather dif‘f‘erent,v-.:-‘.~
in agreeneno with Simmons and Blcut (1960). ‘The 231 mu trough of the un-'

agpregated proteln undergoes a shift to 235 my in the aggregate and decreases

to approximately half the magnitude. Oma;lef changes could be the result -
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Table II-(1) S

' ORD of THV at .0908 mg/ml in Versene pH 6.9

A in mu [G] . . SAdxinme [0.] _! “14
‘ ~ continued : L
330.0 by . 262.5° 1059
. 320.0 .66 ‘ 261.2 ~1100
315.0 LT 260.0 ~1147
312.5 88 258.7 ~1232
310.0 .. 110 . 257.5 . - =1300
307.5 121 : - 1 256,2 -1290
307.5 , 121 255.0 ~1232
307 ) . 1121 : 25 3 o7 "’1190
305,0 165 ' .. 252.5 . . =1069 -
303.7 209 - 251.2 : -1100
302.5 o287 , : 250,0 - . =1321
S 301.2 1363 : 2u8.7 - -1488
300.0 SLVL 47,5 -1653
298.7 . 573 246.,2.  ©  =1708
297.5 605 \ . 245,00 -1805 .
. 296.2 - 595 2u3,7 S -1871
- 295.0 540 2u2,5 . -2060
293.7 . . ko5 2u1.2 - .=2290
292,5 . 419 240.0.. - =2730
291.2 o397 . 238,7 - -3030
290,0 - . 374 . 23745 + 3170
288,7 . 396 - 236.2° -3180
287.5 - 419 , 235.0 ~3150
286.2 419 233.7 - . =3095
285.0 408 232.5 . . =3040 L
283.7 374 - 231.2 -2910 R T
282.5 363 230.0 -2755 - IR
281.2 341 228,7. . . =2665 .
280.0 - 308 . 227.5 - .. =2060
278.7 231 o 226.2 . ~1674
27745 - 154 : 1225,0 . -1169
276.2 Uy S 223.7. -330
275.0 -88 ' 222,5 4o
273.7 L =242 , L 221.2 . 1157
- 272.5 -419 - 220,0 1871
27,2 . w501 . 218,7 : 2750
270.0 -550 217.5 - 4185
268.7 =715 216.2 5290
267.5 ° -805 ‘ - o '
266,42 =859
265.0 ~936
263.7 . .. . =1000 .




Table II~(2)

ORD of TMV Protein (unaggregated) pH 7.5

A in my  [a] X in mu [a]
‘ continued

350.0 -168 270.0 547
347.5 <174 268,7 -661
345,0 -175 267.5 ~687

- 342,5 -181 266,2 ~705
340,0 -186 - 265.0 716
335.0: -190 262.5 - - =786
332.5 -194 261.2 - =823
330.0 -201 260.0 -876
327.5 -204 258.7 -931
325.0 =216 2575 - -986
322.5 221 256,2 ~1041
320.0 -226 255,.0 ~1097
317.5 ~236 253.7 ~1170
315,0 =246 252.5 -1241
3125 ~260 251.2°7 -1370

- 310.0 -274 250,0 ~1443
308.7 -282 - 248,7" ~1518
307.5 -285 247.,5 -1627
30642 ~298 246,2 . ~1755
305.0 ~307 245,0 ~1920
303.7 =314 243,7 - -2045
302.5 -322 21,5 2283
301.2 "‘327 ! 21';102 ’ ’ -2“85
300,0 -332 2u0.0 -2815
298.7 -334 238.7 -3088
297.5 -336 237.5 - 3455
29642 ~331 236.2 -~3930
295,0 =320 235,0. " -41480
293.7 -311 C233.7 ~5025
291,2 ~332 2312 5670
290.0 -352 230.0 7 «5570
28847 -371 c 228,70 ~5390
287.5 -391 227.5 . -5025
286.2 =30 226,2 =U570
285,0 -368 225,0 -4020
283.7 ~398 223.7 - . =3650
282.5 =424 202,5 .. ' =3290
281.2 ~-439 22142 -2470
280.0 ~459 - 220.0° ~1370
278.7 -473 - 218.7 ~730
276.2 512 - L 21R,200 1098
2750 ~534 215.0. *. 2100
273.7 -577 C 213,77 - 3015
272.5 ~603 21245 3840
271.2 4750

~-623

- 211,2.
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Table II-(3) |

ORD of TMV Protein (aggresated rods) pH 5.3

Ain my - [a] ' Adnmy - (el
. continued -
340,0 Cho 25642 : -520
©330.0 - 53 255.0 ~571
320.0 =3 253.7 ~625
310.0 49 : 25245 -681
305.0 , 45 L 251,2 -738 -
303.7 49 250.0 -890
302.5: 53 S ' 248,7 ~g46 -
301.2 < 55 2u7.,5 . -10W0°
300.0° 57 _ ‘ 2u6,2° -1135
298.7 ' 61 245,0 -1249
297.5 - b4 - : 243.7 - =1361"
296,2 A 83 ’ 22,5 . =1532
295.0- 110 2u1,2 ~1684
293.7 - ©129 , 240.0. ~1890
292.,5 . 14k : 238,7 -1970°
291.2 151 237.5 L =2155
290.0- - R 1o R 236.2 - ~2290
288.7 o121 : 235.0 . ~2365
287.5 . 114 233.7 . =2235
286.,2 125 232.5 | ~2100
285.0; 4 149 _ ' 0 23L.2 -1930
283.7 - 125 230.0 . -~1720
282.5: - 98 o 228.7 . 1555
. ?8102 .. 6’4 22705 . -IUOO
27847 .10 225.0 -756
2775 0. 223.7 -189
276,2 =17 . 0 222,5 qy
275.0° ~34 , 221,2 378
273.7 =53 220.0 ols
272.5 , ~75 : 2218.7 . .1515 -
271,2 =95 217.5 2360
270.0 -134 216.2. - 3780
268.7 - =174 : ‘ 215.0 © bg2o
267.5 ~-197 - 213.7 , 6050
266.2 =231 22,5 - - 7280
265.0 =252 ,
263.7 - =204
262,5 - -307
261.2 C =334
26000' N "'367
258.7 ‘ <424
257.5 =476
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of simple coulombic fields of the subunits on each other in the ag*r;r‘egate, O

but the changes we observe are large enough to suggest that the subunl’cs
may undergo actual conformational changres on aggregatlon. me ag:g_r*epated ', |
protein ORD reserbles the native THV much more t:han the unaggregated sub-,"
| ~ unlt spectrum, indicating that the ag\gg:egate may have the same struc';qr-e L

as the native virus, the only difference being that the RNA is"missing;._ ' SRR

Equipment for the Birefringence Measurements

In order tcx_-imea.sure the birefringence speetrum we \_lsed'aﬁelectric )
birefringence appara’cus ouilt 'by'Dr. Ko Yamaoka (1964), The 1ight'source |
was a high pressure mercury xenon arc enclosed in a quartz envelope (Hanov:La, |
1000 watt ‘type 528 B). A Bausch and Lo 590 mm grating monochromator
(Bausch and Lomb Optical Co‘,, tochester, m‘. Y.) was ueed to select mercury
lines from the arc. The lntensities and wavelenpths of these lines ‘at hig;h
' pressure, given by the manufacturer (Hanovia Lanmp Division, Newark, N. J. )
were used to calibrate the monochromator, In order to ensure spectral - :
pur'ity,_a ‘filter, Corning C. S. 7-54, which t.ransmits wavelen;rths between
260 mu and 365 mp was used for rreasurernents' 1.15 that rerige. At wavelenrrthsv |
Ashorter than 260 mu, the second order dis'ocrsion of the gr;ratinp' is um.mpon-
tant and no fil’cer was used., Ior pola.rizlngg and analyzing the light, a .
Rudolph 80 Q pol.a;r'ime‘cer was used. It coul_d _be read to a 'millideg;;ree.’ _T'he' |
polarized ligh‘c passed through the sample céll in a water jacket kept ét-a o
 constant temperature by a Blue M Magni-Wnirl Utility water bath at 25°c. _jj _.j
- The cells used were quartz cuvettes of 1 cm, path length, with a 'Deflon .

"~ electrode holder inserted. The platinum electrodes sllde into the cuvette';‘ TR
8o that they are vertical and the light passes through the sample solution
which is between them. Thus the sample 1s in a horizontal uniform electr'ic
field when the voltage is anplied to the’ electrode plates, The spacing_; of‘

~the plates in the cell used in these experinenta was measured with a Gaert;j , -'
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ner Comparator and found to be 1.28 em + .02 cm. The iightvis polarizedv
&t 45° fron the vertical so that the birefringent solution induces ellip- .
ticlty in the emerging lignt., Fig. II—(8) show% a cutaway diagram of the ° .
cell and water jacket (Yamaoka, 1964). | | v :
| A Presnel rhomb constructed by Tinslev Laboratories (RBerkeley, Calif, Yy
of optical quartz is used to retard one of Lhe components of lizght e"erging
: from the birefringent solution., A retardatlon of 90 degrees 1is accomplished
by fOur.reflectionseat T4.3° from the surfaces, The retardation will be
constant'to + 1.5° over the wide range of wavelengths deed (Yamaoka, 1964).
This retardation by‘the rhomb converts ellipfically polarized light into
. piahe\polardzed light rotated by an amount equal to half the retardation,
H.This phenomenon will be descrived below. The method glves iﬁoro;ed instru-
nental sensitivitj over measurinv the induced elliptical component directly
and also gives the sign of the retardation. The light then passes through
the analyzerdof the polarimeter and is detected by a.photomultiplier en—~v+«:%
olosed in a quartz eﬁvelope (deont type 7664) which is in a light tight -
| - box, r"he pho»omultiplier powe* supply was a repulated ‘model , adjustable .f:_-
from 1000 to 1500 volts. ‘

In order to generate the electric field on the oample cell plaxess a .if1;_v
»square wave renerauor giving pulses of 10 xﬂcroseconds to several milli- |
seconds in length and from a few hundred to 10 000 volts in amplitude was ;?i-
employed. - Tektronix pulse generators model-lGl and model 163 generated :fjl'
pulses.of aporopriate length at approximateiyezs volts. -A pulse amplifief}:g{_u

utilizing a type 5D21 tube amplified the voltage for application to the ]jf‘
plates of the birefringence cell._ The wiring diagram‘is shown in Pig. II—iJi;
(9)s Our wiring is similar to that of Yanmoka (106&) except that larger ;ﬁ%i;_
 coupling caoacitora are used between the 3tapes because of the longer ?d;f;f;f '

pulses used in our study. The high voltame for the pulse amplifier was if*"ﬁ
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‘smmmwammmmMcmwmmmmmmmmmmm
For simultaneous observation of the squarelwave pulse apnlled to the
cell and the pnotomultiplieerutput, a Hewlet-Packard 152-B dual trace
oscilloscope was used. On one channel, we observe the voltage drop across
the ooli9 aporopriately atteﬁuated'by a Tektronlx model P 6015 high vol;ﬁv
tage probe, and on the other channel we observe the voltage drop of the Viﬂfv’
photomultiplier tube across a resistor of a few thousand ohms., This re-' t
'sistance is chosen such that the relaxation time of the nhotomultxplier f:;J-t
circult is short compared to the molecular r°laxation ti*n._ The osc1llo,f?t
scope traces are recorded on a Pentax model H-2, 35 mm camera for subSe;'f:i
quent measurement. n order to symchroniéeutho.camera shutter proparly :af{
with the pulse and the oscillo ooe trace, the flash synchrontzer on the;
camera triggered a Telktronix model 162 Naveform gcnerator. The pulse ffi4“"
‘output from the waveform generator triqperod the scope swnép and the = L

rioinx sawtooth wave could be adjuoted to triqper the pulse generator atf

an appronriate tlmt later SO tt a* the square oulse would anpea; near tnei

middle of the screen. We used the model 161 to generate the millisecond;?gi

length pulses used in the present TVV study'. or shorter pulse durations

the model 163 could be used. In Fig. II-(lo) we show a schematic block St

d_avram of the wiring of the pulse circuit.; A tvpical photograph is jf:
shown in Fig. II—(ll) demonstrating the square pulse and the output from

~the photomultiplier which reflects the bivefringence of the sample (TWV in ;

this case) in a manner to be treated below* The time secale for FMig. II-(ll) aa

- is one mllll%“GOﬂd per cm (one ‘ine on the ruled scale). The pulse voltave

' is ?OOO V per em of screen deflection and tha photomultiplier circult sen-?7i-

sitivity is 10 V per cm.x

The difference between the refractive index for light polarized parallel

and that. for light polariznd perpendicular to the direction of the orienting



. camera shutter : 1 7T I S ¢ T o
;>r - 162 | sawtooth u///fl - when sawtooth| 161 | . //£:~\\\ .
trigeers #162 | - ' SUEPUE™™ , s : ) , : I‘”’*;7'
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- | - . | rie
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~ Pigure II-10 Block diagram of the pulse circuit
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electric field is Jnown as the electric biréfriﬁgehce. It is closely
related to the retardation, ¢, defined és: 5 = (2nL/A5(n" - ny), vhere
L is the path leﬁgth and A is the wavelength 6f the light expressed in
the same units. |

A “horough discussior of the optical.gjétem used here has beén‘gith_ﬂ -
by'Héscheneyer (1961)., We will give a brief.éummary of that-derivation';i‘:’}Jw
in order to illustrate the essentials of the méthod. ™. II-(12)-showszfi'J
a schematic dlav”am of the cell with the liznt nolarized in the Y directlon
li50 ﬁway from the e direction, the direction of the uniform electric fLeld.-ff
The light path is along Z. The plane poldrizcd light emerglng from the
po}arizer and havingvamplitude Als: A= i A sin wt, where i i% the unit
veéto; along Y and w is the anpuler frequency of the light., Its compon- o

ents along the static fleld directions o and ¢ are: o

o= g (WMD) sinuband g =e (WD) sinwt . T L
The light emerges from the birefringent sample with the e component retardéd;
by & with respect to @, A, =¢ (A/¥2) sin (wt‘~ 5}.' The Tresnel rhomb is -
orlented so as to retard the X chrponent of the light by 90° with respect s
to the Y component. - We write the_light enér@ing from the rhomb as ﬁhe:sum:c :

of two components: -,

Ll

A=A+ AL =1 1/2 A [sin (utmsm 7/2) = sin (ut= 1/2)]

v ' B .
By " Boy *Boy = § V2 Alsin (ut=g) +sinut]  I-(2)

a0y

Using a little trigonometry, we may rewritévﬁhe equations as:

é = ni A sin (6/“) sin (wt~ 5/2)
A
'\:

Q A cos (6/2) sin (ute 8/2). df‘ . II-<3} l;ﬂ;

~If the analyser is set at an angle e‘with”rQSpéct to the ¥ axis, which éxis'i
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cell plates

‘Figure II-12 _".

Diagram of the cell showing the
~direction of the static electric
field (e), and the plane of pola-
rization of the light ( plane of
vector J and k, the light direc=
tion which is out of the page)
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18 perpendicular to the original axis of poiarization, Y, the amplitude

of the light surviving the analyzer is given by:
A (6, §) = A sin (8 + 6/2) sin (ut - 8/2) II-(4)

I the static field 1s off, there 1s no orlentation of the sample and hence '

§ = 0y ' In this case,
A (s, 0) = Asin (8) sin (ut),” II-(5)

‘which gives the well-known Malus law for analysis of polarized light.
Since the voltage of the photomultiplier is proportional to the intensity,
I, of the light, we glve the value of the difference of the squares of

the armplitudes with the field on and with the field off.

A;"? an_xoff.= A(6,8) =A" (0,0) =‘Io [sin‘;(a +.8/2) - sinze] II-(6), L

where I is the original. J.mcm.a.vy R A2-. The photo'nultiplier voltage, |
which is the quanti ty observed on thc osc* llovcope, is pronortional to I

80 we may rewrite II-(( ) as:

é’%l = 1/2 Ccos (2 e> —cos,(éé'« 'jm ‘ S II-(T)
I , ST - LT : N
. In crder to detemine the mtarda‘cion, we nhed two nur"‘)ero, V, and AV

The AV are simm.y read from the photogmohs of the o<'cillogcop° ’cracc,

- such as I‘ip’. II-(ll), usino' tne calibratim line% of 'che oscillo cowe '.as
3 scale, The 35 mm negatives were meo.sur'ed directly using a Ga,er'cner
con:par'xtor (Wm. Ga =r'tné>r Co., Chicego, Il] ) V the photomltxplier' vol-

tage with the polarizer and amlyzer parallel nay be large and bevond the A

_c AN

Iinear range of the ohotomultiolier, 80 it .1 measured by setting the
analyzer at some angle away from the crossed *vositim which glves an ea.%tlj__""f"_:

meauur?ecx photormultiplier volta@e, and then‘qaﬂ_‘,ng the s.’m2e relation to :;get ‘
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the voltage at full transmission. These voltageq depend on the light out-
put from the mercury-xenon larmp and should, therefore, be measured as soon
as oossible befofé each photograph of a.pulse is made in‘order to account
for fluctuations in the lamp intenoity. The ﬁeasurement can be quickly
acconmmlished directly on the oscilloscope screen using the same analyzer

setting as 1s used for the AV-measuring photograph. The voltage, V, sinze?'

can he read as oscilloscope trace deflection caused by opening a shutter in”

the light path or by using a calibrated vol*aﬂe divider to return the trace:
to the dark photomultipller position. In these experimont a hﬂlipot vole
tage dlvider was used with a battery of oalibﬁmted voltage.  The battery'4‘7
was calibrated to 0. Bﬂ with the aid of an o"dinary po*iontomeuor and.the

helipot was linear to 0.5%. Thz horizontal oneepswas set to give a3 trace -

with the light path blocked by the shutter, *The-khutter Was opened, and = .

‘the trace returned to Lits original vertical daflection w*th the callbrabedi :o

o°*

helipot voltage divider which glves V.. A ni ctur@ is then takcn to record

the AV,

Resths and Digcuasion of tne Birefrinvence

The photograph, Fig. II-(ll), showa the DC square wave pulse voltage
across the cell plateo and also the output from the photomultiplier. The;'

photomultiplver output shows the rise of the binefrinpenoe, the staticvi

equil*brium value with the field on, and *ts docay.A This decay is a measure &

of the rotational diffusien oooffioionﬁ aﬂd has been treated elsowhere ﬁfﬁo

(Tinoso, 1955). Very long decay times, corresoonding to small rotational

'diffusion coefficxents, would indicate aggrevafes of the TMV Thls effect;j:J“

was studied by O'Konski and Haltner (19)7) who report a rotational diffuoion

coefficient for unag:napated TMV of 8 = 333 sec 1. In our exoerimente,

‘plots of the logarithy of the bi*oooonb~“oe docuy r¢ lincar with time, in—
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~ wavelength 312 mu and vigus concentration,,0908 mg/ml in 107

| | 3
dicatiné a monodieperse system and qiving rotational diffusion coefficients
of ahout 300 sec"l indicatling very little ag sregation.

Pim. II—(13) shows a plot of the steady state birefringence of TMV for ‘i
-}

M Versene at’

pH 7 as a function of the square of the applied/field. The plot is linear . 7%

for low voltages, as dictated by Kerr's law.‘ Above 1000 volts/cm, saturation' '
sets in, and for fields of 3-4000 volts/cm the virus is'oompletely orienteds_;"‘

It will be these values of saturation birefrirgpnce which we will discuss

as a function of wavelength of incident lipnt. v
”he causeo of birefringence in solutjone of oriented oarticles haye been'

assumed to come from two sources. Pirst, the particle ney hive indices of

: re?raction differert in the direction parallel and perpendicular to the

o orienting field. This is known as intrineic birefrincence because it de—w-f-r

pends on the anieotropy of the polarizabilnty of the particle, accordina to
the famous theoretical treatment of Peterlin and Stuart (19%3). . The tex—: B

‘tural. or form birefringence depends only on the difference in indices of

refraction of the partlcle and. of the solvent; Since the oirefringencevofu

™V, at least for visible Yight, can be elim_neted by adjusting the index ;51_

of refractlon of the medium (Lauffer, 1938) Laufﬂer proposed that it arose1; .
from.the form birefringence describea oy Wiener (1926) W1ener's rormula, “f:

however, assumes long rods closely spaced end predicts a birefrinpence

100 times rreater than is actually’ observed for TﬂV for which the 1ndex oiéff
refraction is 1.57 (Lauffer, 1938)., Peteiiin and Stuart's (1943) model ia

' ‘more plausible in that it congiders single partiolee and makes no reference
"to close or regular spacing. Their formula, reduced to the simplified case fﬁ:7

ol completely oriented rods haviny an axial ratio greater than about PO and

no intrinsic bire’rln&encc (O'Fonuki, Yoshioxa ‘and Orttunb, 1959) is4jfls -----
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an = (ni—na)zf o II-(8)
sat, v -——~—~7;- . .
o 2(nl+n2 '

in which C, is the volume fraction of particleo, n, is the refractive Index
of the solvent and n, that of the particle. Taking ny = 1.33 and n2 = 1,57
(Lauffer, 1938) we calculate a bire rinﬂence of about 5 x 107 =6 for our _‘ |
0.0908 mg/ml solution while the value we measure at A = 467 mu is 1. 50 x lO"6
We corpare this Value tolthesvalue obtained by O'Konski et al.(l9)9) reduced
to our concentration (An = 1,91 x 10‘6). Othernuorkers have also found de~ -
viation from what one would expec* to find aﬂcording to the Peterlin and -
Stuart formulas (Taylor, 1965). The nrimary inadequacy in applying it to
protein and virus solutions is that the theory is based on thinking about
fields induced witﬁin a macroscopic particle of dieiectr1c susnended in a-
uniform medium. TFor TMV the length of the rod is about 300 i, a dimension o
exaétly.comparable_with the wavelengths of 1ight ‘used in.this study. The:e-
fore, although we snall discuss our results innthe traditionél terms of'. .
intrinsic and form birefringence, we must recoqnize that our theoretical
grounds are a bit marshy. It may not be rmgorously posoible to seoaraxe |
| birefringence into a part depending on the anisotropy of the particle polar;"
1zability and a part depending only on the difference between the solute |
and solvent indices of refraction. C "
Our results for the birefringence of 0.0908 mg,/ml THV in 107 -4 4 Versene .
at pH 7 appears in Flg. IT-(14) and in Table IIs(u). It represents an'v
_ayeragé of msasurements over the complete wavelength range nn fivé seoarate_;{'
days. We see that the birefringenco increases smoothly with wavelength ‘.
with the exception of two small anamalies in the region of aboorption. v t”
At the outset of our study, it was hoped that the anomaly at 260 my might = .

~ be large and glve sensitive indication of the orientation qf the bases in
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the RNA of the \rirgs.l The f‘act that the anomaly is little greater than -
the experimental errof coupled with our lack of a rigorous separation of
this intrinsic bifefringencg from the largé positive form biregringence
prevents us from making a gquantitative calculation of the mgle of the
base planes w*lth 1’e~>ge~ to the axis of .o.“e v'irus.‘ We shall restrict C.
our-selves to a qualitatz.ve explanation of the effect., E

The small anorraly at 290 me is anparently part of the fom birefrin- : ..
aence and caused by the small anomaly one woulq expect in the index of |
p;—rfract:.on of 'MV due _’co absorp’c_ion_ at ’chis_wavelengﬁh; The anomély 1s,;
asit rﬁus’c be f‘of rod form birefringence, & >p-.ositive in sig;n..; thaﬁ is, it
shows positlve dcvxation at long waveleng’ch. f"his is because the index' of’l
. "_’-refraction must show a positive devliation on the long wavelengrth sxde of an:,
absomtlon. Therefore, the rod form birefrinmence must have the same
positive anomaly (see Eq. II-(8). Ye ini,er'pre‘c the anomaly at 260 mu as an
intrinsic eitect due to the absorption of the RNA; it could have either_,. L
sicm depending on the orientation of the absdfbimr chrdmonhore at "chat -
wavelength relatlve to the axis of the rod The fact that the anomaly 1s
positive would indicate tnat nucleic acid base planes , which absorb a’c ?60 mu
are oriented predominantq parallel to the axis of the rod. Prevlious otU.CI'- __5 ’
ies of the dlchroism of TMV have tentita‘cin,l;y reached the samo oonclusic_)ns.
but they too are hampered by lack of a pro{)efc' tﬁéoretical mderctahdihg' of" S
biref‘ring-ence and dichroism in particles whose size is conparable to that
of the wavelength of light (Seeds and Wilkins, 1950). . ,

| OQur results for the bir'ef'ringence of rods of ag;g:regated-"“fiv orot'ein. as \
a func'cion of wavélength are ohO‘ in Y‘igs II-(15) , and tabulated in Table
II-(5), The concentratidn of protein 15 0. 51 mg/ml in 3 x 10 -4 M potassi@n
pﬁospha‘oe at p1~-Iv5.3. The data are an averape over three separate deter- o

minations throughout the wavelength range. ’I'he exnerimantal uncertainties
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Table II-(5)

Birefringence of aggregated TMV

protein rods
mm o mxwd

240,0 | 2.5
18,0 2,859
2580 : | 1.873
265.0 | 2,198
275.0 X N
280.0 . L L7
289.0 | 1,795
206.0 o 1829

3005 S W
312,0 | © 1,204
3330 | 1361
3650 . ~ 0.85%

Cuoho . 0.980
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here are greater than in native TMV, probably because of the influence of
aggregates of some type other than TMV-like rods 300 mu long. Our results
‘for the rotatorﬁ diffusion coefficient are dependent on the preparatignb
of the protein aggregate and range in value from ¢ = U0 o T0 s*c‘l, ind;-L_
cating that the aggregétes were larger than native TMV. The anomzaly at ;
290 mu seems to be present and somewhat larger than in the case of TMV«
We would expectla somewhat sharper anomaly 1n the index of refraction of  f
the protein aggregate due to the shapper absorntion peak (Fige II=3), |
The data at shorter wavelengths are probably not reliabie and are quotedfi_

only to give a general idea;of the effect. We do not feel that any anbma—‘

lous dispersion can be inférred from the data.
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lated strueture might be possible (Luzzati. ot al., 1965), the clreun-
stantial evidence for a slngle stranded stacked structure with the bases
,nernendicular to the axis is very strong. We will call this a single
stranded helix, even though there 1is porbably only short range order.

Over expanses greater than a few bases, the_strueture is probably mere'
like a random coil. | | o |

-A studonfAthedkinetics ef endonuclease attack showed that TMV RNA _C
in solution-is a single strand (Gierer, 1957). Until.recently, no pure };*

.endonuclease attaczing pPoly A was known and thus a kinetic experlment

analogous to the one for *aA has not been done to verify the s nple stranded

-

nature of poly A at pH 7. Alfhough the structure of RNA in solution is o

not as'revular as poly A 8t pd 7, it may have conformational 51m11arities,r -

A srmnle startllg poin“ for investigation of single stranded poly A ,fﬂfiu

seems! to be a polymer of length two, such as adenosyl (3'-5") adenosine ApA

(The tructure of a related compound adenosyl (3'=5') urldine is shown Q‘}

in Fig, III-¢( 1) Its ORD (Warshawa et al., 9f5) and its circular dichro—
ism (VanHolde, et al., 1965) are similar to that of neutral poly A, and '

the temperature dependence of its optical rotation at 260 my is like tha o

of poly A (Warshaq and Tincc c, 1965). As a 1mpl model, we maylassume

that only nearest neignhbor 1nteractions affect the ORD of polymers, and that -

the structure of ApA is that of the beginni'v

Under these assumptions, the ORD of poly A naving twice as many nearest

nerghbor interactions as ApA, ought to be t ice that of the dinucleos ide.:

This is approximately correct; the experinental ratio of polymer to dimerﬁﬂ ;p

, rotation is 2.5 (Holcomb and Tinoco, 1965) This reasoning can also be

' extended to dlnucleosideo of otheri bases, uracil (U), guanine (G), and 1”412‘

cytosine (C). The mixed dimers provide a s;milar model for co—polymers.;hw;

*of the single strand poly A ﬁf:
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Qualitative Discussion of the Method .

The optical: rotation of polyners comno ed of identical subunits has

»

been thoroughly discussed by Tincco, WOodv and Bradley (1963) and relatea
predictions for dimers (dinucleoside phosphates in our case) are presented ’
by Tinoco (1963). Our calculation will serve as a check on the theory of .
the interaction which gives risevto the optical rotation of polymers as |
proposed in the above references.

Opticel rotation may be described by a mciecnlaf perameter known as
the rotaticnal sﬁrength for the opticai tranSition o to a, ‘an:;zm
(Hoa * Moo e ‘in this expressicn, Im indicates the imaginar& part; You
is the electric dipole Transition moment, and Mo is the maznetic dipole
tranqltion morment (Rosenfela, 1928) Roa must be zero in nolecules wlth |
a point or plane of symmetry as, in these moleculeo, ng can ‘have no non- f?
zero component along y,.. In molecules with an asymmetric carbon atom, gy
such as sterolds etc. treated by Djerassi (1960)5 a small rotational

stren"th (of the order of 10~ ~H0

cgs) is usually seen. In rigid polymers:* :
such as helical polypepcides and nucleic acid~polymers, a rotational

strength per monomeyr which is greater by a factor of ten may be found,

One can explain this effect as the interaction between the electric dicole X _
transition moments of polJmer subunits.' S

The magnetic transition moment, is derived from the anrular

momentum of the electrons. Thenefore, if we qit on one subunit and waﬁch "‘*i
. the notien oP the electrons on an adjacent subunit there will be an apna—\ Y
rent magnetic moment whenever there is a net motion of electrons on the :gi.' s
adjacent subunit. This occurs when the adjacent monoxer undergoes an elec;::§
tric dipole transition. - nerefore-we'can write the transition magnetic =

M o= : ey -
mcment for the polymer as an Mo + e/2mc (rx Rao) where Mo is the
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vinherent mononer magnetic transition moment; Rao is the.linear momentum
operator for the transition o to a, r is the distance and e, m, and ¢ are ;
_weil knovwn univeféal constants representing the charge'ef the electron,
~ its mass and the speed of lighﬁ. b, | | |
~ According to an argument of MoPPitt'<195()§ the secoﬁd'term of Mo ie
4 expected to dominate oince the distance, r, between the subunlts is larpe 3
compared to the dimen51oqs of the oubunits. This may be anﬁrox1mate1y true
_fbr polypeptides but for polynucleotides, the extent of the base may be 5 A
while the spacing of the base planes is 3.M'K.“We feelfthe first term mokes
a small'contribution for reasons of the symmetfy of the polymer resultiﬁy .
from the parallel base places of the poiymef. This will be explained in.
connection with the quantitative development below. L
However, it is certdxnly clear Prom experdwent that the dimerg ApA, hes-f:
-, a much larger rotation than the two monomers. This is shown in ¥ “ig. III—(Z)f;'
(Warshaw et al,,t1965) What we propose to do in this study is to make a: o
: quantitative calculation of the ORD of dinucleoside phospnates using the.ffiae

second term of k The calculatﬁon proves to give good exnerimental agree—jﬁ

ment and also points out difficultles in the interpretatlon of the ORD of

polynucleotides¢

Quantitative Develooment of the Theory

In order to develov tne theory for dimer~ of identical subunits, we w111

employ simple depenerate perturbation ﬁheorvg ,we deslmnate 10 and ¢1a as

the unperturbed wave fUnctions of the ground and exclted states of monomer A;TT

i« The difference of thelr energles is E We corbine monomers l and 2
to form, the dimer ground state wave function' wo ¢1o¢2o; For the excmted
suate, we take the symmetric (+) and the ant1 vmmetric (=) combinations:":“:'

Vpe © (l/Y’2>(¢la¢20 —-¢lo¢2a> .;:7i S IIIf(iif
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The two states'+ and - have different eﬁergiee due to tﬁe coulomb inter-
action of the eeectrone on one monomer with the other. This perturbation
potentlal is si*rplj Vl.2 “z e /r’ 139 where ri j is the distance between the
electrons. The index i ranges over the eleotfons_of monomer one, while §

ranges over the electrons of monomer two,

Fven though tbe absorptlon spectra of nucleooldes show broad bands, we.

w111 qpeak of the states as having a s;nvle frequency, This amounts to
ignoring vibronic interactions and lumping the broad absorptions into .
single traneitions to the excited states., With the”uhderstanding that we'_
will have to introduce sonm way of constructing broad absorption bands ffom
sharp absorption lines, we give the energles of the split sta.’ce.:D E+ |

' ¥
. Ea i' 1232a° Via .20, io tle perturbation potent al evaluated botween the

two unperturoed upper stauvs,, lla 5 <§1a¢2o' 12 l¢10¢2q:>, (ﬂere_and.u

N following, we use the usual Dirac bracket notation).  This splitting enerzy

may be evéluated directly from the definition by expfessin the ¢l as mole~ :

cular orbitals., When the MO's are taken as linear combinations of atomlc

orbitals9 the potential is evaluated between each of the atomlc orbltals on:f-

monomer 1 interacting Nith each of  the atomic orbitals of monomer 2. The"}}T

" method 1s called Pariser-Parr by Nesbet (1964)5 but it is also known as

the monopole-monopole interaction method, If one uses PariseruParr V@'s, -5f1

the methods are ldentical, because one uums up the eneryv of coulomb 1nber-¥?£

action between the tranoition charge densitj o; each atom on monorer l
w1th that of each atom on monomer 2, | 4 |

A different way to calculate Via 2a is to con31der the assembly of

trans1tion charges (monopcles) on one monomer, and then to do a multiple fef

expansion keeping the first term (dipole term) 011y. Ihe dlpole involved

is simply the dipole transition moment, so the interaction becomes'



~14 8

\ - 1 ' -
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. ? R3 [kilo‘a - K202 ~ 3(R12 * K10a)(Ri2 * Xo2oa :‘
- 3
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ITI-(2)

ac’dording, to ordinary dlpole-dipole interaction. - 512 18 the vector distaﬁce )
between the f;wo point dipoles; '13'12 = (}\?‘2 - gl) gnd R 1s ips magnitude,
We now proceed to the rotatlonal strengths of the bands. For the =

© dimer electric dipole transition moment
Bt <¢1°¢2° Bt e | Y’“‘¢1a¢zo—¢1o¢2a)> Comee)
which may be evaluated as

.III-(A);i“ ;

¥oa _;“ (1/6(’6106. -—’s‘,.?oa c

We also need the magg‘xetic trensition rnomen‘c whose for'm is a bit dif‘ferent. .-

For the nagnetic moment of the dirrrhr, we take the sum of the magne'cic

moments of the monomers, and in adaition, we take the magnetic moment

31’1311’1& from the linear momentum of the electrons relative to an arbitrar'y S
orig:!.n. -

M =m + m,, + (e.-/2mc)(RlxR:L + R2x22) .

We now evaluate the magnetic transition moment for the transition O to %A+ 3

in the same wey ag for the electric mnent~

?\?Abz N l(l./rz') <(°lé¢2o.i ¢-lo¢2a) I@lﬂ{bw/ 2mc ;_ﬁl’%fﬁa’%ﬁ |¢1o 20> I‘H"(i):;-:

»\,AO-!- = (l/r)['}\}lao-n,a' * (e/zmc)(Rlx?,l 80 -«,2’“’ o IH'Y'"(@{

We now recall a. well known substitution which'may be easily derived f‘rom
‘the Schmdinger equation (Eyring, Walter a.nd Kimball, 191314)

Bao ™ "Roa * 228 Vg Ko | (7)o



~lig-

where -

N =B ~E, . IIIe(8)

We may now substitute for the momentum opemtor, Paos to ob'ca:m the 'nagnetic

b

' ‘cransition moment in terrm of the monomer magnetjc transi‘cion moment and

monomer electric transition moment only. -

% o (l/r)[mlao * Moao * “i"oa ( X 210& ki RZ x X‘.2oa)] III"<9) S
' We now have the necessary matt*lx elemnts for writing' the rotatj onal

strengths of the two dimer ’crcmsitions. o .

ROA;!-_ = Im.(k',OA AO> = Im{(l/z)(“loa mlac }é2oa ! n2ao

rloa " Mao & -,\,208. . q,‘lao’ o
' , CITT~(10)

+ 'ni Y (u :
Ty oa loa

* &oa * (ﬁl xvaj.loa X B,thoa)]}

(P‘lx)éloa - m2x’¢20a

At this point we will assume that Bao = 0 50 that the monomer has no oot'i-'_ff"'. .
cal activity 1tself before formation of thé d_.mex-. In this way We 1ose R

the first four terms.. The assumption that the qu terms are much more - :

imcortant than the m terms seems to be va.lid I‘or certaln dinucleosides. _
Tor examle, the mononmr, A, shows little optical activity (see Fige III-—Z)
but the dimer, ApA, gives large r'o'cation. Tne reason for the small monomer' .
activity is pr-obably not that m is small corrpa.red to Rx;e but that n is |

" nearly perpendicular to Be ‘For the base aloce » which has & plane of‘ 5y
symmetry, we know that the magnetic tramition moments for men transitimsl
must be perpendicular to the base plane and t_o the electric transition mom—- '

ents which are in this plane. The addltion of the asymmetric sugar pcrturbs
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this situation slightly,’giving rise to the small monomer rotational
strength., For diﬁers in which the baseﬁ planes are parallel, the rota-
‘tlonal sﬁrength afising {rom m ot Xo mst be smali for the same reason,_: .
hence the 5#2 dominates the dimer rotation. - For polymers,:ggch a3 double |
stranded poly A (Rich, et al., 1961) where the base planes are tilted,
this will nét be the case, Qur assumption hat the Rxg terms dominate
. the dimer rotatlonal strength is valid only for oolynucleotides of a
single strand or for Gouble atranded ones in which the base planes are i
all parallel. | | | &

For.the reasons outlined ébbve we wilg;afop the contributioﬁgof éifé.' "
the polymer magnetic moment L. We will then compare'our calculated curvgéélii
with the_eiperimental curves for the dimers ﬁith the‘monomer fotation subféﬁif
tracted. This will at least partially correct for the contribution, of“#;fﬁ :ﬁ

If we take reel WﬂVL “unct&one to repreéent the operators that survive,‘3

the resulting expression is purely lmaginary Tbking the imaginary part:“fi‘

v
e "O

R ' o
. OAi 20 . T e o
. r‘i.x ¥10a ~ K10a * R2 X X20a X202 Ll
| SR TII-(13).
X 32 * ¥20a * X1oa X ?}31 )\J,loa kfzoa.] :

The. f‘ir*st two terms 0& this expression are zero simply because two of<the
vectors in the triple product are identical.u The second. two can be com~

bincd to giVe a particularly pleasing and sinple result.

This equation 1s the same as thatugiyen byq"inoco (1963) e;cept that the
slgns in his Eq. 6 are reversed, apparcntly due to a misprint since hlo'..(

examples are correct,
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: the rotational strenvth.

ltation vhen two bands are near in frequency. :.

. -51-
We see from Eq. III-(12) that the rotational strengths depend only
on the distance between the monomers andrnot on any choice of origin for

ﬁ. If it at first appears troublesome that tae rotational strength goes

to infinity for 1nfinita distance, P one ghould remember that the phys f-

cally observable quantity, the optical rotation, also depends on the

- separation in energy between the two states (+) and (). This splitting .

poes to zero very fast with increasing R, for example, llke 1/33'in the -

'dipole approximation, An any cese, the splitting wlll disappear much -

faster than the rotational strength grows with distance and the rotationa1 ;'

stfengths wlll cancel completely at large B,vSince they are equal in'ha@;l;}

nitude and opposite in sign.i This will'become quite aoparent when we f?gJ: 

construct the circular dichrois m curves whoae amnlitudes are determined by f}

In the wavelengtn range 210 to 300 mu, A and U each have a sinvle

‘absorption bend at pH 7 (see Flgs. III-3 and, III—M). For dimers of id°nti*,si

cal groups having a single isolated absorption band (1l.e., ApA and UpU),
Equ. II¢~(12) "ill be adequate. Howover, we' mould also llke to be able to N
treat dimcrs of two different nucleotides. Furthermore, we can see from ;f[p

the absorption spectra of guanosine and cytjdine at pH 7 (Pigs. III-S and j;@'

ITTI-6) that there are two distinct ulectvonic absorption bands near each

other in the vansg of L)n wltraviolet in which ve are interested.' mher'efore

we will develop a formiala for the rotational strengths when there i% non-:} ff_

resonance interaction a3 well as the res onant ‘or degenerate effect described o

A aboves The non=- degenurate termg wlll be expected to contribute to the ro- |

e
P IR
REA

We now congider a dimer made up of oubuntts having a pround otate aﬁd ﬂ
two exclted states, & and be The ground state riow has first order perture o

bations included,'
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Wm by by = 252 flafon - Vibia f'a 0 mI(13)
. h(va + \)b) h(\)a + vb) .
Here Vi +2b 18 not equal to vlb;Za‘ This may be seen from the geometry of

the model (shown in Fig. III-7) we will use in the computation; The defi~

" nition of the Interaction is similar to that of Via:0a
o H

vla;2b °<“’104’2o §V12 i¢1a‘°2b> = <”1o4’2b l Vs | ¢la¢20> ITT-(14)

‘We have left out of Eq. III-(13) the states of the kind. ¢1a¢2 because

they glve rise to terms which cancel when one forms the rotational strenyth

above,

product. We also leave out terms arising from static electric fleld per~5~v.-
turbations. These gzlve rise to energy %hifté and they may also make :.Lf:; 

'1;;2;Q; magnetically allowed n-T" trensitions electrically allowed and give fj;ffz

contributions to the rotation (Tinoco, 1962).: In polynucleotides, N

transitions probanly exist in the wavelength ragne ‘of interest, but thay L
are masked by the very strong electrically allowed T " transitions, and'

thelir contributjon to the rotation is unknowngut apparently not larre.

To the same level of approximation,;w pi"eithe first order excited

state wave functions for the dimer:

r . - ’ :
q;l e ¢ 4’ S
A VAFIN [CH N £ 010%08) = V1az2p 1o 2

. . ‘1(\)

R
Vib128410 20 ]

| oyt | ' 2v Y/ g 2\, v A e
Xoas + (1/2) {(vloa P e T 1s~ ?g Y3ah ’+ %b ?a2 1ob 11:1..(16)
h(.’{_b \’a) h(v v ) e




| Maor = (1/12)(e/2me) [131 X Ry, £ B, X ano , 2y a V1a:2b 32 X szo ’

, | -53-
In writing the dimer magnetic moment, we will drop Moo the monomer mag- .
netic moment for the reasons we have mentioned in oorinectioh with the

previous, degenefate case.

TN

M= (1/V'_)(e/2mc) (Ry x Qlao) + (;32 X QZao) - Vla:2o 32 X QZbo
A0 . » h(Vb -V ) .

T Vibi2a 81 X Bipo - Viaion B2 X Rogy ¥ Vipyoa ’51 X Qlob :I

- Y i v + v
Ah}(vb va) | h ( o * Va) “ h( a)

moment:

\)2 \,2 L
h( b~ a).
a_1b;2a M1 X Elbo-J - o III-(18) .
v2 v2 ‘ , L
(g - a)

At this p°1n'5: one may again use Fq. III-(?) ‘to substitute for the f e

momentum operators and obta:i.n 1n terrms of‘ the electric dipole moment

’? 2
e

CACH
operators and polymer geometry only »

Mio =t va (Bl % K1oa £ 8, X ’l‘]'zoa) - 28" V1a;00 B X 4a0p
V2e (v2 - VZ)
b a , o
v Vv . P
T2ab "1n32a 81 X vk O oIII-(19)
(V2 V2) . . . _“‘
a’

Ve now have the operators necessary for writir‘;r the rotational

strength, including only terms which are linear in the potential, 12
We glve ROA+ wx;itten as the tr:l.plo products divided 1nto_ three groups
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depending on whether they are zero order, or contain la; 2b or V1b~2a‘
’

1 ..nd TR - .
Roas “‘2"2" [ Ry = R X py, * Mooa

- év v, V . . ) ‘ | . 5 . . : . |
T2 g lbéaa (RL % K1op * Kioa hd R % Kiob © K2oa g
(Vg = v ; + R | III-(20)

: +'§l X X108 ) -‘\’,lob -—a2 X ¥o0a .L?}\’;lob) ‘

- b Taj20 (Rl Y¥loa * Y2ob ..32 X Y2oa * k2ob
h(v -V a ' '

2 . .
* By X toop * ¥loa + Ry X Koob ¥20a)
Among the three groups of terms in Eq. III-(20),‘ the first ref‘eré to""

. the same degenerate 1n‘ceraction between identical monomers discussed pre— S

viously. In the second group, containing Vlb 2 , the first and third

products cancel as do the socond and forth triple products of‘ the t":ird

. group, the one with Vl $2°

‘depends only on the distance between the groups and the three terms can be__.f;f,‘,_é

Therefore we may combine tems 80 the answer _

easlily understood:

1 v e R
Roat = L [+- a2 = B * ¥yon % ¥oon S : III‘-(??‘?‘);::‘- )
2¢. ' RS . ' ' T T
ov v V L . ' __ oy
+ “"a b la22o (B - Ry "‘\‘.loa,*-‘f‘é?ob B .III (2lb) "
h(\’ - vy) L, :
2ab mga(&-n EMb dw] S II(21e)
h(v - v2) . _ - e

Fq. III-(21) contains the rotational strength of‘ the dimer of identical
monomers (III-21a). In additien, the rotational strength arising from a ,,,5f
dimer in which monomer one has an absorption t‘requencv vy “and monomer two
absorbs at vy 1s glven by III-(21b), while III—(21c) glves the rotational‘

strength for the dimer in which mononer cne absorb" at v, and monomer two‘:'
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absorbs at Vg vIn the calculationﬂ we mey nicture IIi~(21b) and III-(2lc)
as the rotational strenpths of two sequence isomers where monomer 1 is 3""
linked and monomer 2 is 5! linked. III—(21b) will be different from III—(2lcf
so we expect to seersome sequence erendence to the ORD In the calculated;;gnf' |
In the renge of wavelength ue are coneiéering, 210 tc 300 my, C éndiéf'
show two, overlapping bands (see Figs. III-) and III-6). Therefore, ali‘:¥7;};

three terms will contribute as we shall see for GpG and CpC. We also -
notice that by replacing one by two and a by b that the rotational strength }
ROB’ arising from band a interacting with band b is equal in amplitude and
opposite in sign from the rotational strength of band b interacting Nith f?z;*
band a. This means that the rotational strenpths will sum to zero 1f all ”
the bands being considered are included in the sum, | | "f‘ A
The reader may notice that in III-(2lb) and III=-(21c) we actually inﬁend
a summation over b. That is, we should include non-degenerate interactions;;;
with all other excited states. In practice, we have foundithat the ORD of' ©

dinucleoslde phosphates can be explained initefms of the transitions 1n‘”é;

“the range of the ORD measurement. TherefofeEWe uill ccnsider only tréne_;v 
sitions in the range 300 = 210 my and we will not extend the sum over b to
include higher energy excited states. However, In the cases such as ApG
when we compute the rotational strength at the A absorption frequency, we f
include interactions with two absorption bands in G 30 we are actually H'i:'.
suming over b, even 1f the index onky runs from one to two. One might ;'.J.'
argue, therefore, that we should have written the sumatlon over b in Eq.n:gt?
III-(21); we have left the summation sign out.solely for clarity in the Co
derivation since it adds nothing in the mofe_illustrative case of_ApU.‘



=56-

The Mbdel for Dinucleoside Phosphates

In order to apply the theory vie have developed, we must choose an F.‘ )
explicit model for calculations. In Fig. TIT=(7) we show the helical -' ” 3,
' geometry used in thesefcalculations with two pyrimidines and a purine. {:”* ;
If we think of the upper two subunits, we have a model for a oyrimidine ic{;

, 3"~5' purine dinucleoside (UpA) while the lower pair represents a purine’ 'w
3'=5' pyrimidine (ApU). We will compute the interaction energy, Via .25
from a monopole interaction method due to Dr. He Devoe of National Insti— .;f
tutes of Health. We assume the bases to be 1n the positions they would -
"have 1f they were successive residues of a sinple strand of DNA (Langh
_ridee, et al., 1960) This means that the bases are in parallel;planes.rf}
spaced_B.M A apart. - The coordinates of Lengridge, et al. (1960) for theireg;
mode1-3 are dlagrammed in Figs. III-(8) to IIT-(11). The polsr coOrdinate:’.

. 8ystem 1s specified by the helix axis and the dyad axis, the line in the 'ﬁi\‘
base plane across which base pairing occurs in DNA. RN

It may seem a bit arbltrary to assume this DNA—type geometry, but 1t
is impossible to say & priord exactly what the favored conformation of vv:"

diners in solution will be and we know that this one 1s at least steri—: _
cally possible for 10 residues per turm., Moreover, we know that sin?le ;f‘f:'-
strand poly A at pH 7 has 3.4 A spacing, . 1ndicat1ng that the bases. are

- perpendicular to the hellx axis. What we do not know is the increment of ‘

helix angle per nuclectide. This is the angle % of Fig. III-(7). e

shall leave this as a parameter and do all our computations over a. ranme'
of these angles that seems reasonable, By comparing the calculated resultsét*
- to experimental_dinucleOOide ORD, perhaps we can make some prediction ' U

sbout the true geometry. We notice that in Fip. III~(7), which is drawn "j”
with a positive angle, vy, we must make a right handed serew transformation1 _:
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to get from one subunit to the next, Thus 1t represents a right handed
helix, while a negative value of vy would represent a'left'handed helix,

The concept of monopole interactions as used ﬁo compute V), was
introduced on p.47 above., The monopole intefactions_are'computed.by
summing all the coulomb interactions of each atom on monorer one, with
each atom on monomer two according to pijpi/rij. pi‘is the transition
monopole on the ;th aﬁom of monomer me, py 1s the transition monopole on .-
the jth atom of' monomer two and rij 1s the distance between then; The:J'.
transit ion monopoles come from molecular orbitals and are simply pioa
<:?° lPil-¢a:>,, where P; projects out the part of the function that is,;.:‘f
‘centered on atom 1. For molecular orb*tﬁisvwhich are linear'ccﬁbinatiOﬂsf?
of atormlc orbitals the orodection operator Pi qinply tells us to use tl i]Tl
atomic orbiltals cenoered on atom i.. _ ) | o '

In Table III-(l) we glve a summary of the transitions of the four

nucleosldes, one each for adenosiﬁe and uridine and two each for guanos ine

and eytidine. To obtain the experimental dipole strenpths, we have used
the absorption data of Pabst Laboratories (1955) as shown in Fibo. III—(3) ;;]

to III—(5). The absorptions are aporoximated as sums of gaussian curveo

;of fixed posltion and half width. The heights of the gausslans are fitte.gff

to the expeiimental curve by a least square solution of linear equatioﬁSQ

by the IBM 7094 (see Appendix A). The curﬁésfmay then be'easily intééfatea x

We had to separate the oboerved absorption inLo distinct bands for the
computation, and this decomposition is shown 1n Table III-(?). Since‘w_
have no information on the vibratomonic nature of the tranoitions, iL A
imposaible to know exactly how to decompose the absorption into distinct
bands. Therefore, in making Table III—(2), we have taken the . bando toube zj;f
roughly symmetrical. The exact shepe of the curves will not affect the ORDi;;

too much. The transitions are summarized in Lable III-(l) with the experi—.j



Table III-(1) = -

 Electronic transitions in the bases

Base -' ,.Ainm” I“rmmr B cale.

- (debye)  (degrees) _.

. - Adenine 259 h.07 . 22,9
Uracil = - - | |
(Thymine) 262 3.53 . 3ub
Guanine ' ' 1 .

band 1 276 - 2.75 0 65.4
band 2 252 371 W75
Cytosine ‘ ' , _
band 1 aty 3.03 - . 22.3
band 2 . 230 S 366 =T



Table IITI-(2)
Absorption Spectra
Adenosiné.(concentration = 0,6u8 i 10‘“ molar)-i

 Quanosine (concentration = 0.76l-xilth'mglar)‘:,‘ o

‘ : . OcDo . - QD C OQ'DC o . Och .
A din mu ' Adenosine Guanosine Guanosine Guanosine
' Lo total band 1 ' band 2
302.5 .000 .010 : 010 : .000
300 @ 000 .025 W025 . 2000
297.5 . - ..000 . - L0511 - W051 - 000
295 v .002 .097 w097 000

. 290 S ,008 T 253 253 - 4000
28745 - 7,018 +353 L. 353 - .000

285 : .039 _ Jhg o LLbg . .000
28.5 7 oosh o 534 0 .53 7 - ,000
280 S £ <594 .59 - .000 .

275 K ' _0377 ' ) ~678 : . 0678 . +000
270 ; : 688 L7280 0 .50l © L134
267.5 - - L.B20 0 JTHe o 534 © 4205
265 911 W77 . WJbhg $328
260 ' 0998 - ' .868 i - ‘ w253 0635
257.5 . .987 OTH 159 . .815
255 JOu1 - 1.029 L0700 . +959
250 ,809 - 1,038 .. ,000 , 1.038
247.5 W68 1,005 - . FL,000 - 1,005
245 , 273 ' «933 L .000 - 4 «933
242.5 » JUTT o .832 . .000 - .832-

- 240 " 4389 JTh 7 000 CLGT24
23745 W33 C WDl o e000 611
235 $251 R JAo7 o 000 LJH9T
230 S 188 e (32) w000 321
225 , 062 W24 © 2000 , w134
222.5 L0200 0 2U2 T 000 o .064
220 .008 270 7 .000 ~.020

- 215 " +000 SN - .000 - .000



Table III~(2) (econ't) ~50~

Absorption Spectra

Uridine (concentration = 1,009 x 107" molar)

 Cytidine (concentration = 0,7695 x 107" molar)

5D, 0.0, 0.0 ' 0.D.

Adin mu Uridine Cytidine = Cytidine Cytidine
, total _hand 1 band 2

305 .000 .000 3 000 .000
302.5 004 .003 4003 +000
300 : L05 . 010 T L010 ‘ ~ o .000
295 007 057 057 . .000
292,5 -~ .014 A0 .10 ~,000

- 290 .038 192 S W 102 T «000
285 138 . 4398 S 4398 .000
282.5 .243 - 483 © G483 .000
280 L w303 v 562 - .562 - 000
27745 . JA72 .628 628 .000
275 +592 HTT - L6TT - ,000
270 . 822 S W697 - 697 000
262.5 991 610 +562 . .048

260 992 . .568 - . 183 085

257.5 961 528,398 130
255 A 2908 +501 4298 : +203
25245 - 834 .183 o192 o «291
27,5 - 655 . 78 S .057 121
2u5 562 491 .028 S 63
2L2,5 CoJhs - 511,010 .501
240 39 538 - .003 . 535
237.5 . .34 ©W560 . .000 560
232.5 . $220 : 0598 o o +000 : 0598 .
230 . 172 . 610" o000 0 L610
222,5 - C 0B 634 - ,000 ' 560 -
220 : 015 .G64 .+ 4000 . . B35
2175 .005 «720 7,000 - - L501
215 .000 78 . L000 . L463
212.5 000 S | LRl
210 . - .00 - | . 366
207.5 - 000 S 01
205 .000 - o .203
2025 .000 = S 130
200 . .000 L Lok

195 .. . L0000 - L SR .o;o
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mental dipole moment magnitude% and. the calculated transition moment |
angles, (see Fig. III-8 to IIT-11). Thynine and uraci’ are assumed to ,.
be identical electronically the methjl groun do°s not affect the %O |
calculabions and the optical properties are nearly 1dentlcal. The
directions for the transition dioole momantq are also shown in Figs. III-(8)u.
to III-(1l). These are the calculated directtons which are consistent.
- wlth the known directlons from ooldrized absorptlon of crystals of adenine
and thymine (Stewart and Davidoon, 1965 for thymine; Stewart gnd Jensen,
1964, for adenine). Our calculated direction for the transition in uracilk
1s 34° while the experimental value is 23° 1n our coordinate system, For o

adenine the value we use is the same as that of Stewart and Jensen (1@6&)

-~ within eVperimental error. For G and C we do not have suoh polarized

crystal spectra, so we must guess at the correct transition moment directions.
For guanine we assume the lower enérgy transition is.in roughly the‘séme
direction as it is in adenine while the second transition is roughly nnw;‘_
pendicular, as would be expected from exoeriments on polarized fluorescence
(Callls, et al., 1964). For cytooine, we take the lower energy transition
to be close in direction to that in uracil or thymine. We take ‘the second - f
one to be about 30° from the first transition, as suuﬁested by polarized
"fluorescence of cytosine (Callis, l9f5) ' o
‘The monopoles for the transitions were obtained by a SCF—LCAO-CI cal—!?;ﬁ
culation done by Dr. H. ﬁévoe of National Institutes of Health. His | L
method was that of Viellard and Pullman (1963) extended to the excited

states. ”he resulting monopoles are shown 1n Table III-(3) The states

in Table III-(3) are not Just the lowest energy transitions as they come vaJi
from the caleculation. They are chosen so that the transition monent do~~j]ﬁl"
rections agree with known experimental directions, or what we infer to be -

\

- the most likely directions from 1ncomplete data. This procedure amountq R
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Table ITI-(3) - ..

Transition monopoles used in the calewlation . .

K _,62_ :

" Adenine

-atom

7:‘Uracil‘(Thymine),

N -
<,I2)1o

Heale, ©

~.0206

»*.0255

.-.0743_'
=201

o .0869

1601

03T
_;”_.0731?a*1""~

' :_ LO7Th
Cop3

.
2.7 debye

. = 0077

1355

fifl.OQ eKT ?ﬂj"';:
542 debye .




Table III—(3)’(éon't) -

Transition monopoles used in the caleulation

Guanine | v - Cytosine

aton vand 1 vaid2  atom  band 1 band 2
c, .0208 -.2453 C, .. 0073 0249
N, O35 L5 n, CLa3b0 . - -,015)
c, -.023  .2iss C; 0605 .32k
C L0245 L0040 ©cgl .03 . L0795

o - ! o ‘ : . ‘ . ;
Ny +0301. ./;’-.0630 v (NH2)7 211 0278

Cg ~ =.2025. 1891 Oy -.0150  -.224l

| - - - 0

N, 1733 N p = .87 1.11 eA

9 o eale. h,2 5.3 debye
%0 .1154 ,0806

(NH,), =.0053 -.0732 )

Mooan =433 1.20 eA

calc. 1.6 5,8 debye




.;51;;
to the aqsumption that although the MO calculation rives states that arel
" correct, the order of the exclted states in energy nmy be inco"rect. We
- also investipated MO's from a paper bysNesbet (196&). However, we could

not make so simple a correspoﬁdence wlth the éxperimental directions as

~we could with DeVoe's states, so the Nesbet MO's were not used in later '

calculations.
Tn order to further utilize expertmnntp] H°uq’ we have wﬁltﬂnliéd

the transiticn monopoles by a factor v /u (o@@ Tabl°s 17I-1 and

calc? .

III-3) so that the dipole moments we compute wlll also agrﬁe in magniuude   f

L

with experiment. . Surely this ¥xind of mutilat¢0ﬂ of a molenular orkital

calcula*ion cannot he Justified on theore tica] groundo, but it does

ensure that the 712 we calculate wlll not be. too far off. Of coaree, e

there remains the pObSibllitJ that the MO's maj give an incorrect charpe

3

distribution whlch happens to add up in sucq a N&] as to glve the correct ~¢fi'

transition direction. A*so, it might be argued that we should just use } Lt

the experimental dipole moments and comouuﬂ the V12 directly from Eq

IIT-(2). . Actually, the monopole method scalcd in this way will bhe more :V

accurate in that it 1s sensitive to the shane of the bases, In other ,g‘fjf

~words, the dipole anproximation is not very rood when the charges are

snread out aver a plane roughly 5 A wide and semarated from the next nlaneﬁh‘g
by only 3.4 A. The resulting 1me:~.actions am tabulated in Table III--(")

In the cases of non-degenerate interactions there are two values, corre%-"

ponding to the two different sequences. Our convention 1% that the head

of the colum 13 the flrst (3'linked) and. that tbe row Indicates the se-urj e

cond (5' linked) nucleoside). The angle oP helix ircremeﬂt is *aken to bor :

34,40, pér nucleotide. This 1s In the ranve wc feel to be paft*cularly

1llustrative for reasons we shall come to later. For interaction between o

degenerate groups, the Vlz refers to the splitting of the degenerate bands

a



.Via;2b. .

Toble ITT~(4) .=

in cm'fl for helix inéreneh$7(#5 = 3h,4°

L : . . R .
R U 1411 i
T S ,

band 1  band2' ° band 1

o~

G .

C

c

band 1" o i
Sy am sn
w198 =86

band'1 |

bandf2 ;',

76 3300 7L 55 . 193

904 - 688 2l 2hg koW 572
B
S T8 1 568

69 S -268 <169 S8 s

. FEE L ‘ I S .
v Sequence dependence: base at hear of colum 1s 3' linked.
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into the (+) and (=) levels, while for non-depenerate interdctions; the Viz
1s included expliclitly in the rotational strength, as can be seen from

Eq. ITI-(21)." Since the splitting in degenerate groups is small compared S

to tbe half width of the absorption, the roie played.by the V in the
degenerate case 1s not too different from that of the non-degenerate caeet_i.ln
in computation of the observed rotation. In the degenerate case, a lar?e |
splitting causes the positive and negative bmanches of the rotation to
- separate and becore more prominent in the opt ical rotatory dispersion.
Tb;s point will become clearer as we proceed to computation of the actual
rotation.'” ‘ | - | ;: | ‘_ | FVF’ |
we'next prodeed to calculation of tbe?fobebiohal strengbbsffroml_’f}ﬁfa?
- Eq. IIiu(Zl) Fof this we will beed,the soaiar tfiole producb ﬁlz . gioéif {.
Yo in the degenerate case, or R Kloa X ”2ob in the non-deqenerate . 13;}
case., If we take the cross product between the transition moments first
. we see that the roeult is part ularly simm? e..egl | ¢ By 1mloa ]i?obxwi B
sin (32 - s * y)g, with e oerallel to the helix akis since the bases are g';"

in parallel planeo which are perpondicular to this axts, Peferrlnr" to ;ffi?v

Fig. III-(7), we see that if the ba¢e3 are 1dent1cal, the angle of the

" transition moment of the first base, al,

must be equal to the angle of tbe
transition'moment of the second base, 8 '

2* Here the' angle, g = (82

whose sine we take, is simply y, the angle of belir increrent. So for a

degenerate dimer, no matter what Bl, the anaie of the transition moment is, ;?
we get a positive sign for the triple product since the cross product of

the k 8 1s nearly parallel to R, for helix increment angles betmeen O and

‘ ~12 S
- about 70°, For left handed hellxes with Y between 0 and =70°, the triple “Q:"
product 1s negetive. This tells us that in ApA and UpU, where we have e

only the degenerate term to consider, a positive y will give us a positive

rotational_strength for the long wavelength ‘transition. ‘Fig. III-(2) ShOWo.
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that thls is true for ApA and that we nave a.strdng caSe‘for a right
handed helical sense for ApA., We pfesent also in Fig. IIT-(12) the
rotation of UpU Qith the rotation of the monomers subtracted.>‘This.
figuré is from the unpublished data of Mr. Myron Warshaw, Upﬁ also
shows a p051b¢ve rotation at the long waveleﬁgth‘sidé of the transitibn;' 7v‘;
thus indicating a right handed conformation. | . | |

For non~-degenerate Interactions there will‘also be a‘tendéﬁcy'fb?_:;ji»'
‘right handed hellxes to have poslitive rotation at lonq wavelength. Ffém ;3

Eq. I1I-(21) vie see that for a single non—degenerste term, as in UpA

oA
‘or ApU, will be positlve for the longer havelenqth transjtion if 61 - 82

s not greater than vy, and la 2b is pos%tive.' lhat the latter is true fiﬁ,
for helﬁx *ncrerents between + “70 degrees can be seen from Lhe dipole

, aoproximauion, Lq. IIT~(2), or by conoiuerinﬁ that V 5 ~or small angleo o

1
must surely be positive (L.e. repulsive)_since the atoms of one monomer :

are directly above like atoms in the secdnd;‘_gable IIl~(1) shows thau
_ the 8's for A and U transitions are only 110 épart, 50 We expect the Same g
general kind - of rotat ton For ApU and UpA au for ApA and UpU if v is greater
than 11°, Figs. IIT*(lB) and- I1I~(1k) show wgrsnaw s experimental ORD" o
’(with monomers subtract eJ) for ApU and UpA.%‘”hey do, in fact, show the .  f?
expected hehavior: positive rotaticn at the long wavelength side of the |
transition. In contrast to A and Uy the angles of the transition moments'ﬁ"
of G and C are very different, and in sqme cases they will make‘angles'in‘:;,@
the dimer that are larger than 70-30°, givihé'a negative Vi2 Othefé‘; {J;i
make angles less than zero givﬂng rise to negative triple products-'thus |
| we may expect to flnd some cases of ne;ative rotational strengths at lonét;i
wavelength. o | |
Later we will put these predictions on more firm nurerical ground,

hut let us say‘fbr now that the dinuclaos;des which have been measured up
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Table ITI-(5) : B -68-

Rotational strengths for y = 34,4° |

frequency in et ... rotational strength |
o x 1040 cgs

ApA 37874 ' ' 200
39346 . =200

Uy | 38173 Sy
38327 Ty

ApU . 3%s0 - S 29
. A 3610 w229

UpA SR . 38250 S 3
38610 - -371

ApG R L33 : . 170
o - 38610 ' 0 =128
39662 S

GoA S 36232 o -2
7 38610 | 321)
39682 ' -322

BpC - 35900 - - 7
: , : 38610 : N
43478 L=

con . 36900 33
. . : 38510 Lo . 38
43478 o =70

we L 35232 L
) . - 38250 G =ST
oisy - 39682 s =60

B ¥ T 2
SRR - 36250 Dol 148

UpC 36900 o
. 38250 Lo 5
o 43478 - S -4

QU . - 36%0 . g
o W50 0 o33
43478 S =5

Gc . 3623 a3
" 36900 i =33
39682 s 37
B3478 R !
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Tabln III—(;) (con t)

A Rotational strenvths for y = 3“ “°

~ frequenicy in cm"l rotation?l strength
X 1040 egs

CpG - 36232 15
' ‘ 36900 . -59
39682 I 15
43478 . - 29
GpG | 6020 . 46
o - 36444 o -123
39141 L 203
40223 . =126
e o 36722 %5

' : 37078 : T -108 -
43203 185

u3rs3s -173
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to now generally show positive rotation at long wavelength and that we
vfeei this is convincing evidence for their right handedness, We will
not ignore left handed helic:es enui rely, but we will concentrate our
efforts on right handed models. H |

Inlérder to investigate the steric.possibilities of the model in i_' avA;
Flg. III-(7) with adjustable nelix dncrement angle v, we used Courtauld_l' _f;'
molecular models, blncg known van dnr Waals radii and bond lengths are'-
used to set the dimensions of these models, they give one a falrly
reaiietic picture of steric effects. Tor right hanoed dimers with our ﬁ:"

.geometny, y'v of 28° to 40° are sterlcally oossible, and 1f one is williny
‘to abandon the locaticn of the hellix axis relative to the base (as shown e

| in Figs; Iii-é to III-11), one could ekténd Y to 25° of 55°»' F6f ahgleséf'

-of zero dugrees the ribose Sugars are too crowued to allow otuckinv on 5;{:i
the bases at 3. 4 R. - In order to construct 1eft handed helicos, one must TA 
tum the sugars so that they are not in the same relative conxarmatIOﬂ. ‘ f { 
That is, they are not related to each othar by the sann trans?ormation e

that related the bases in their hellcal peovetry; This means that al~ '73T5¢f

though the bases can be in a ae¢ical geometry with y<O the sugars are \
not relates by the samz z increment and helix 1ncrenent angle that relates
the‘bases. Therefore, one could not form B polymer 1onper than the di- {1'

nucleoside, Nevertheless, for dimers, we\may have the bases in. a 1eft

" handed helical geometry with y's betueen =15 and ~50° and still maintain 33,4
= the same posation of the nelix axis relative to the bases. By moving the ;5_f.

hellx axis relative to the bases, we could ‘extend the range to -~65°,

we have not considered the possibllity of rotation of the bases about

the glycoside bond. Extensive investipation of the X-ray scattering of ;f; :
many nucleosides and derivatives by Haschemeyer and Rich (1965) have led

them to conclude that the main ccnfbrmation occurring natuwrally is that
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which is found in DNA. That 1s the conformation which we have used by

taking the coordinatea given by Imngridge’ et al. (1960).

'Computntion of the ORD from Rotational Strenaths

We now have the rotaticnal strengths and locations of the various -

© bands in the dinucleosldes, and it remains to caléuléte'the optical rota~ -

tory dispersion from this information. The moleculér rotation per nucléb- -

side 1s

18 | S
= g ki, . - TTI-(22
Co awcw T (22)

where « 1s the rotation in radians/cm, Mis the molecular welght, C is:the-

concentr tion In grams per cc, and N 1s the number of nucleosides, in our

case two. The use of molecular rotat;on per residue allows alrect come-

parison of ol¢gomer and polyirer rotatLons. IWe could wr;te the ORD 51mply TR

as darped Drude eguations:

Crer= Bl v > Re e = v9) L IIme(23)
a2ne K (vg 5 5 5 S .

(Tinoco, Woody and Bradley, 1963). This method makes ani: assumption abbut_i' .
thé’éurvé shape which we may avold by using absdrption data to ccnstruétigig:
the ORD curve. In this way we hope to predict details in the ORD curve

wnlch will be detected in expelirents._]'

The method we have in mind is to construct the clrcular dichroism |

curve by making the assumption that the_circular dlchroism for any band S

has the same curve shape as the absorption.v mhis is probably a reasonable],_ﬁ
assumption for the allowed aoborptionb which we consider in nucleotides.f;i '
(boffit‘and Moscowitz, 1959). We then derive_the ORD by using a Kronig— o

Kramers dispersion relation, the details of which will follow below,



-T2
To construct the clrcular dichroism having the same curve shape as
the absorption and the rotafional strength computed. from uq. I11-(21),
we recall that we already have the a L.bsor'ptlon in a particularly conven-
,ién’c form, o get the dipole strehgths, we expressed the absorption of

Table ITI-(2) as a sums of gausslans:

e (v) = 2 € e & /- o ITI-(24)
We will construct the CD curve having the same form as the absorption &

 4in Egq. III;:(Z?#). The units of circular dichroism will be molecular ellin'-_

ticity (Moscowitz, 1960),
fe] = 2.303 gﬁgggl} (ELZ"€R>-?: o meesy

where e;, and e, are the extinction coefficlents for left and right handed

éircularly polgrszed Light. This molecular ellipticity will then be ex_—-“"<é';':‘.

~pressed as a sum of gaussians: o = o SR
cy — ) IIIe(26) ot

[2nam :
(D

for which we must ar\te“xm e the ci "Hey wi. ll be related to the €4 by a
single: factor which we can easily derive by writing down ‘the ﬁorrmllas
for' dipole strength and rotational trength of ‘gausslan bands (Moscos«itz g

1960). TFor the dlpole strength of a gaus gian ‘Jand,

1

D = »338 S ey i, . III(272) 0
. 08 811 Nl v ,\"‘,i'._. . . .'_-:: .

~ Where Nl is the number of absorbing moleculesg pér cce, Tor the case of an

absorption band expressed as a sum of gaussiens,
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: ' < - ' ' o
D, = 92 w3k 2 ah L - III=(270)

For the rotational strength of a gsussian band,

R, e [e(v)] @, o ITI-(282)
oa w83n71 - S ' .

and for the rotational strength of a band expressed as a sum of_gaussianf_ 
circular dichrolsms, '
R, = 0.696 x 107 v¥ 2 oy U III-(280)
. ‘ i v Sl — y

Vi

Fl
EX
Il

We now simply take the quotient Roa/LOa by d;vidlng fae III-(”SO) by

TII-(270), and’ OLCA one value of i from the >umo, to glve the ratio OL

Cl 'CO ei.

¢ e
= 1 _j_-_,OI“ Ci-'

13255207 & v

By XS

SEN

" '1'325 1k 1’1:-_(29)._1 ,

We may bbﬁain circular dichroism curves ron I;I-(°6). Although we af° i
primarily interested in ORD, we will also quo*e some of our results for |
cireular dichroisn (oee Appendix B), since ,one ‘measurements have alreadyu.j 
been glven (Van Holde, et al., 1965) and others will probavly be forth« |
coming. R

Now we will develop the transformation to the ORD by means of the
Kronig~Kraners relation, which relates the molar rotation to the molar- f';

ellipticity,
Etb(v) ’= g_g o(v)] v < ) avk IIT-(30) |
m ! .

(Voffitt and. MOSCOW¢tx, 19)9, Pbscowitz, 1957). For the case of gaussian o

“elreular dichroism, Lq. II;—(BO) can he 1ntenrated according to & method"'

J
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due to Moscowitz (1957). We begln by breaking the integral up into the

sum of three fractions.

- . VT eV ’ : : ) .
[a(v)] = 2/ (A-, c;e ” A \’2 d\’ l’ -1. L ' -
- J 1 i v S ¥

L“ e o B

L —_—l ]
+ 5 + s o
2VT (VT - V) 2v~(v + v)

mI-(3) ..

We now make the substitution: x = (v - v )/43i

Y o e ' .2-“;'  f' - -2 .
(W] = 2/7 & ci§>~ X, e e ¥
o 1T vy 2{x+ vy -v) = 2(x+ v, * V)
x+7§‘:" —-—73-—- . } Ai

1 . ) i

III—(Bc

We now QUote'a‘relation derived by @scowitz (1957) mhich will allow

uo to numerlcally ovaluate the above 1ntegrals.:

: 4 2 . 2
X ax =25 eC
' x+C _

Eq. III-(33) has a véry‘sinple asymptotic'fOfm; = f;/C 'for'Values of |

0($r’”l

very different frbﬂ Zer0. In Eg. IIL—(32),; i= the frequency of the

: gau531an, lu always much grtater than the gauosian half width Ai‘ There

fore, the asynpto ic form will be auequate” blrepresent the first and

third integrals of III-(32). In the %ecdndyintegral, the asymptotic'fcrm
;  is valid only far from the absorption band whﬁre vV 1s very different from
“1. Hence we write the eoua,*on in Lhe followinp form which was thﬂ én
used in our. calculations,

Le(W)] = 2/n~§2'¢i 2 R Qo
o i vy MRS S




(v, = v) ' ' . A
iA - .« The values of the integral were taken from a table -
i

of 400 values fron c=o to C=tl (uohmander and Rittsten, 1958). Tor values .

where C = .

of ¢ greater than 4 or less than -, the as ymptotic expression was used.,

The above formulas were eVdLuaLeo on an 13 fOJq computer at the |
Lawrence Radiation Laboratory, Berkeley.: The basls for the computation'of.‘
the interection ehex@iee Viz, Was formed by a progfam of ﬁ. DeVoe, Tﬁe o

- monopoles of Table III-(3) were scaled by “exn/”calc and Viz was ' computed

by the method described above (see P. 57; al 50 Anpen iix A). To compute -HF 3
the rotational strengths, we sxmply need tﬁe trlple products of Eq. III-(21)‘11

_1These were computed asg a function oP the nellx dncrerent angle, Y, for

intervele of .1 rad*an over the range ~l., Lo +1 5 rad for ApA and ‘rom

‘ ﬁﬁw;wm. 0 to .8 radianu xo" the other dimers. - The me bod used. Oﬂ»b e TRM 709U

was to compube Hl x U = UyH 2 gin (B - 82 + Y) which is a vector pqrzllel
tQ the hellx axio. The dot product of this vcctor wi th thc line Joinin
the bases (Rlz) = (gz - K ) was conputed from,t;e onetry of Tir. III-(?).rfL
(oee p¢ 25 above and Apnend1A A, o :
The- fittinu of the aDoOPpthD curves tovou;“ ef Fauss iano was done by,ﬁ‘
fixinr the pOQitious in frequency and the half Widtha of the gaaosian%,ye;Q “

and then 00¢ving a set of linear equation to Fit the anpl*tudes of the

gaussiana to the experirental aboorotion curveo. Wc choee half widths

™1 ana snaced ;aus lans everv c200 cm 1 through the absorotion.

= 700 cm
Thio yvielded poaitive gdussian amplitudes ror tbe center of the band (eoe

Table III-(6 The linear equations were solved by an IBM Share routine ﬁ;%*“

on the 709&; The 1r‘i‘ct:i.rrr to the sums of. gaus:ians iu not a very cxact
procedure} The fit is very wood at the etnerimcntal absorption pointe,

but in some cases anomalous excursions and xivvles were dis scovered in’ thefeﬁfﬂ

tt?d curves. ”Wl shows up When the Vauuo~dn curves are added to con-"ﬁP

struct circular dichroism curves, In the3curves to be shown below, these. '
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Table III-(6)

Amplitudes of absorptlon gaussians s Ai = 700 cm’l : | - Ch

' Adenine - - Guanine .
L band 1 ' band 2

vy cgp‘l &y vy ot % vy om™t £y

15110 ~74.5 39600  -101,2 - 15600 8o 4
L4610 209.8 .. 39100 50.1 o bs100 - 223345 - T
hilio 71580 38600  .1758.2 L. 4bgoo - 1204,3 0
43610 - 839.1 - 36100 1028,9 ... 4100 ~17.1 "
43110 775.9 37600  3582,1 . i 43600 2285,2

L2610 - 16494 37100  2297.0 i .. 43100 1733.2

42110 1784.5 36600  4237.8 -l 2600 2W4l.,5 Lt
b1610 - - 23247 36100 3599.0 © 12100 ¢ 3387.5 ‘
I1110 3301.7 35500 2892,2 41600 . 3842.3

40610 - 3511.5 35100 2857.3 31100 - 4580.8

39610  5224,1 34600 1320,6 . . 40O o B436,3 0 0
39110 - 6344.83 34100 570.3 . . ' h4ol00° - sh77.C L o
38610  6252.9 - 23500 102, 39600 5762.2- !

38110-  A175.3 33100 21,0 © - 39100 5466.5 -
37610  5784.5 32600 -25.0: - .°. 38600 3513.8.
37110 L6668 38100 . 2392,
36610  1905.2 137600 1419,.2 .

36110 . 2685.1 37100 247.0

35610  ~540,2 36600 . 951.9

5110 877.0° 36100 . =1172.1

34610 - -491.4 S350 - ;

34110 - 330.5 .

33610




Table IITI-(6) (coh't)f

| - Amplitudes of absorption ga&ssians; Ai'm 700 cﬁ'l ’

37000

Uraeil : Cytosine : o
" ‘band 1 band 2
15600 «34.4 41700 1.3 51500 =48,1
45100 82.8 41200 2.6 51000 214, 4
HU600 52,2 40700 - 174.1 50500  =254,7
hyroo  1758.3 40200 263.8 50000 ~  1620.7
43600 393.6 39700 Thi, 6 49500  ~2050,7
43100 470.1 - 139200 1516.6 49000  4347.0
h2600 882.8 36700 2630.3 48500 -2487.3
42100 1066.2 3820 1 2317.1 48000 . 5133.2 .
41600 1693.0 37700 4odn.2 47500 ~645,9
- 41300 1792.4 37200 3359.3 47000 4098,8
L0600 2522.3 35700 3942,8 L6500 1286.5
40100 2728.7 36200 3615.3 46000 3246,.3
39600 3610.2 35700 .2901.9 45500 25172
39100 3U447.1 35200 2352.2 45000 °  3031.8
38600 4430.6 34700 1662.1 Lu500 - 3063.0
38100 2774.,5 34200 -88,4 44000 2973.4
. 37600 4356.7 33700 399.0 43500 34eh.5
37100 3924,2 33200 -236.5 143000 2965,.6
- 36600 0 2561.9 32700 102.7 42500 3142.3
- 36100 2162.4 42000 2834.3
35600 1107.0 Wis00 .. . 2877.2 -
35100 4gh.1 THT000 -2413,3
34600 040 S 40500 2371.7
34100 3.8 40000 1954.4
33600 -3.8 39500 - - 159844
: 39000 . 54455
38500 © 335.3
38000 612.1

- 690.1
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| rough spots have been removed. ‘
The ..rovxir'—Kra:ﬂcrs transform was ,lso comsufnd on the 7091! and
~ values of [¢] were oota.med over trxe ranp’e of 200 to 300 mu. Listing:s

nd descriptions of’ J.l the :worramﬂ used appear *n Anppnd*x A.

o f

Resylts of the Calculstion

All these calculatlons assume a rigldly fixed conformation of the -

bases as shown in Ilg. III-(7). This is a low temperature appr'oxima‘cion_

vwhich is not valid at room temperature » -as may be seen from the t’emperaé

© ture dependence of the rotation (Warshaw and Tinoco, 1965). The optical. )

rotation increases with decreasing temperature, indicating that the pro- .

. portion of the stacked or rigid model conformation is increasing.  In no

case has any leveling-oif of the curve with temperature been found. If -

" one could go below 0°C, preswmbly the stacked form would eventually

" predominate and the expex'iments would be str'ictly comparable with the .~

- present calc'ulation. Since oUC’l low temprature c,xpcriments ho.ve not .

yet been done, we will have to scala. our calculated curve by a factor-, wu .’ '

roughly representing the amount of the dimer in the stacked form, in Qrder'

to c'ompare our curves wlth experiments at room temperature.

We have done this for Aph where thé factor necessary . for f‘itting the

curve (calculated i‘or vy = 34°) at the minimum near 261 my 5s .39. In |

g

Fig. III-(lS) we have plotted both the scaled calcula‘cion and the emeri—_ o

mental ORD curves with the monomer rotation sgbtracte_d (Warshaw, e‘c ale,

1965)s The agreement is good; the calculation glves approximately correct

points and the peak near 284 mu. Since we have not included the inf].uérice' '

of the 206 mu sbsorption of adenine, the trough at 216 mu is ho’c TePro=-
duced in the calculated curve. = B ' ' o
we do not have very nuch experimental or theoretical information -

pertaining to the nature of this shorter wavelensth absorption band, If

o

L

.
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‘ ' » , v _
we assume that it 1s a »-r type transltion, we know 1t will be polarlzed

in the base plane. The interactlon Vla g wlll be positive since it
represents the Ln? raction of two identical traﬁsitionﬂ at a small angle
(34°) from each oﬁher Since we have a rimht handed helix, the rotaxional

strengzth of the long wavelencth exciton comeonent is positive, so the.

- seneral shape of the ORD resulting from thls 206 myu absorption nust be

the same as that from the 260 my band, We would therefore expect to see  .
the Lrougn at 20o mp wiidle 1t in fact occurs at 216 nv, ”hi' shift could
be due to interaction of tie 205 mu band with higher bands or.witﬁ static
fields. |

We also show in Flg. III-(15) the cchular dlehroism curve calcula ed .
for Aph, This is scaled Ly the oamc factor as is the ORD. eompariscm
with the C.D. curve [or ApA given 1n Van Holde,_et‘al, (1965) shows > that
the agreement 1s also very good here, Theif curve sbows a'slighhly sharpeffzg
peak and treugh than the calculated oné. T?ls is probably eeeaﬁse we'have _.
assumed that the monomer absorption curve ié_not changed‘in shape inethe
dimer. If one censiders tﬁe interaction bet&een the two monomers in terﬁe:i”'

of' each of the vibronlc comonents malking up the broad‘absorption_curVe,-th”

there wlll be changes ia the transitien pfobébility to the different vi—'ﬁ';ei

bronic components of the band on d*wcrLAatlohl’Voung, 19 65). Inclusion
of these effeﬂta would glve a uarrowing of tne band and might Lmnrove o
the agreement with experiment (Young, 1963) » | |

In Tig. ;II—(’6) we have plotted the optical rotation at 261 m¥* aoja

function of the h&l*X Lacrement an&le, y, fbr ApA. For all the an&le%

, studied, the curve has a turining point at this wavelenazh' it has a min1~

mut for y greater than zero end a maximum Lor Y less than zero. This plot

1s an explicit demonstration of the probart'”t‘

1at we have already ment*oned

that right handed dimcrs of Identical bad@e uhow a double cotton erfcct -




CALCULATED MOLAR ROTATION (X 10™) AT MIN. OR MAX. (~260mp)

~798«
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(Y°YANGLE BETWEEN STACKED BASES IN ApA -

Fiéure III-16 ORD of ApA as a function of ﬁelix_'increment angle
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wlth the long wavelehgth rotational band p0°itive. For leff handed helices,
the curve i1s reversed with two minima and a maximum near the monomer ab-
sorption peak. |

The calculated ORD for UpU is shown in Fip. III—(l?) for the same :
angle of helix increment, y = 34.4°, It is similar in shape tb Lhat for -
ApA but is broader due to the broader absorption band of the monomer, The
magnitude 1s reduced, primarily because the Vi, is an order of magnitude 'f
smaller (see Table IIT-4), For this dimer, the angle, v, at which v
iargest rotation is foﬁnd, is lower than ;n'ApA;_the beSe'itself is smallerf;_

" and glves a igrge V., only at small angles.. Thus for y = ;7°, we find a

12
rotation similar in shape to the one in Fip‘ III-(17) but showing (6] =
-1.8 x 10“ at the nunimum Looking at Warshaw 8 experimental curve ln N

Fig, ITI-(12), we see that our, calculation agreeo generally with the snaoe  f

and position of the minimum:  The magnitudes are not strictly comparable,:f -

because the experiment 1s at room temnerature.‘ ‘
When we calculate the ORD of dimers: with ‘different bases, additional

. parametere become important. In calculating the triple product of Eq. III~:ff

(21b) and III-(2lc), we need the angle between the transition moments,
B8 = (v + By - 2) This requires knowledge of the direction of the traga ' :
sition moments (Bl and S ) relative to the base coordinate system as ssen 'fbif
in Fig, ITI~(8) to III-(ll). We show the calewlabed ORD for Apl at | "1;'

= 3, L% in Fig. IIT~(18) and for UpA in Fig. III—(19). These curvee:fflf”

show qualitative agreement with the experimental curves of Figs III—(;?)J

and ITII-(14) but the positions of the xinima are wrong. This is not 1mi“g;~’
proved if we cheose other values of y. This 1s probably due to Changeé iﬁ‘;_

the monomer absorption Uéén dimerization, and could be predicted only with
a study of the vibronic interaction meﬁtioned in connection with the ApA'5'>‘:

circular dichroism. The sequence,dependenee-of the ORD in the case of
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. _81_ .
these two segquence isomers is very small, .as ‘ché angles of the transition .
moments in these two bases are very similar (see FMegs. I17-8 and III-9).
We expect a st::::'ong7 sequence dependence in cases where the anglés of
transition moments are very differents The dependence of the rotation af ' '
the tuming point‘near 267 my as a function vcr>f‘ helix increment ang,ie f,
is similar to that for ApA shown in Fige. III-(16) except that the angle -
of zero rotation occurs at y = 11° for ApU and at y = ~11° for UpA. :
' These are y's at which the transition moments in the two bases are para-‘-"_-
.ilel, glving a zero triple product in the non-degenerate terms of
Eq, IIT-(21). '
- The next group of dimers we wish to'" consd.der is the large group "of."
. dimers of different bases containing either"a guanosine (G) o\r a{ cytidine
(C) - linked to an adenosine or a uridine, Thege dimers are more compli-

" cated than ApU and UpA because C and G both ha.ve two absorption bands in

the wavelength range 210 to 300 my (see Figs. IIT-5 and T11-6). Thus wé?
' compute rotationzl strengths for three separate bands. Tnis involves two -
gifferent Vlz's and twvo triple proc:h.xc‘t:aw '“he sum of these throe «hro*ational _ .
strengths is, of course, zero. However, ‘che‘two in’ceractions may have s
different dependence on angie Yy due to the 'dif‘fenences in the nature of i-"*"?'_i_f“* |
the two electronic transitions in ‘the base- (G or C) having two bands. - o
Therefore, the dependence of the rotation on the helix increment anp'le s Y’
ig;rather complicated. FIor a glven rotati_op curve, the ‘general shc‘pe d,oesl
 not change greatly with changing y, and only‘,: ‘che amplitude of the maxima H
and minima chang;e. However, at values of Y Whére two transition momn’cvs'_
become parallel, we do find qualitative changges in the ORD curve shape. ' | B
It would be conf‘uoing to pr‘esent the hundrefis of‘ plots necessary to illus-

trate this point, so we will quote ORD curves_ for a fixed value of vy.
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Because of our study of the simpler dimers, We believe that the conformation
of all the dimers is rignt handed, and this.essumption of right handedness
gives us reesonabie results for the remaiﬁing‘dinudleosides. Mor'eover9 we'*fﬁ
have mentioned that steric considerations limif us to vaiues of y betweeh
28‘and 4oe. Therefore we will choose y = 34° as a geometry which seems
llkely and will 1llustrate the kind of results we can obtain, .

In “ig. III-(20) and IIT-(21) we. show our caleulated results for AmG :;.i‘
and CpA wa may compare these with the exoerinental curves for ApG and l
‘GpA of Figs. III~(22) and III-=(23) which were again provided by Mr. Myron 1:1
Warshaw, Surely the agreement in curve shape 1s not so good as in the 'ft
simpler cases we have quoted previously. Also, the calculated magnitudeo -
of the rotation are very large; in facb this pair of sequence isomers has: 
the largest rotation of any dinucleoside we have calculated° n.”hisvrfla,y' o o
indicate that the room temperature rotation curves are neasuring a rather f
small proportion of the stacxed conformatlon and that on going to lower ;
temperature, ApG and GpA mignt show exc eptionally large rotations. In‘
spite of these discrepancies, we notice that we do calculate a seqﬁence .Lnﬂ
dependence, indicating that our calculation is cepable of predicting tﬁie.iﬁig:_
feature which is very important to the use of ORD as a means of analyzing
oligonucleotides, = Moreover, the posmtions of the first maxima and the
minima are rather well predicted. The positions of the second maxima,
around 230 to 240 m are not reproduced, and the ratio of maxima eo'minimaﬁr;u
, afe'not‘correct; " Inclusion of the higher frequency absorptions of A andf' Y
G might‘improve this sltuation. We also expect that inclueion of the Qi;::
“bronic interaction would lmprove the agreement of the curve shape. |

‘We next compare our calculated curve.fof.Apc (Fig, III-24) and CoA'f '

' Flg. ITI-25) with Warshaw's unpublished experimental curves for these two -
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dinuclecsides: (Figs. 1II~26 and IIII—-2'7). " In this case we have computed
a greatef debendence on sequence tﬁon is‘éctﬁally observedg the expérimeng .
| tal curves for ApC and CpA are rather‘simi#ar; The'agreement‘of‘the calé{ﬁ;ﬁ
culation'with‘experinent is not improved by aésumihgvother values of Y |
in the range of 20 to 40°, Our 1nabiiity to p:édict the'experimental'}‘
ourve fof this oase is probably due to bé&ﬁaoéomptioné about tﬁe difectioovar
of thé transition moments for C. Ne actually have very 1ittle informationi;l-i
about the transitions in C, but we can hope that an experimental deter— ;:;1'
mination of the correct direction of the transition moments might tell us 'lts
\how to calculate better values of Vi2's and the triple products. . %'
Nbving oni'to the calculated curves for Upu and CpU in FMgs. III-(28)lﬁ
and III—(29), we see that the magnitudes of the rotationo are large while |
“the experimental curves (Figs. III-3O and III—31) show rather small rota— W]j'
tion. Our fallure to ontain good agreement here may be due to a low o
proportion of stacked conformation in the diner at room temperature. f:
The rotation of pyrimidine monomers is 1arger ‘than that of purine monomef*;"
(Warshaw and Tinoco, 1965). Therefore the contribution of the inter-' ‘
action of the electric dipole transition moment of ‘one base with the
;nmgnetic transition moment of the other may be large (see Eq. III—lO).
We have no way of knowing what the nature of this contr1bution is exceot :
that it may be slgnificant in a case such as tbis, where tha monomer ro—
tation is largg. of course, there is also the possibhility that our agreoa f’b
ment in the cases of ApG and GpA is fortuitous and‘fhatIWé really have '.jiyf
the wrong directions for the trénsitioo‘momenté in G, FEither ofthese ﬁfft5"
two effects could be the source of the error and it is difficult to de¢1aej;;J¢
whereiimprovement should be sought. Iﬁnkouidlbe helpful oo have the éx—,‘
perimental ORD of GpG wnich has not been measuned, as a result of diffi-
culties in obtaining and workinp with that compound.
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| . _ =
In the case of UpC and CpU we have two pyrimidines with large mono- v:'

mer rotations, Therefore we expect that the electric dipole-magnetic

dipole interaction may make a large contribution to the rotations of the . - ;:J.,
dimer, The agreement of the calculated curves (Figs. IIT-32 and III..3_3)"’.;_; =
with Warshaw's experimental curves (Figs., III-34 ay}d TIT=35) 1is not very .

“goods  On the other hand, owr lack of knowledge of the transition moréxants' " |
in C 1s a likely source of the discrepancyo Our computed results ,fgz; CpC |
do not show good agreement with emeriment'-.v | | i ' | -

For the sequence isomers GpC and CpG, we“have four absorption bands ©

v‘ “Interacting and four separate terms with V 's and triole products to -

12
calculate, This means that we need to know four transition moment

";‘,:-di_z:ec‘tions to calculate the rotations shown 1n Figs. TIT-(36) .and ITT-( 37).

‘None: of these four transition moment directions is known from experimental . - o
polax‘fized'. spectra, éo we are unsure of the validity of the computation..:
m.emsr-j.mntal curve for GpC at pH 7 is shown in Fig, III-(38); CpG is"> B
not avallable for experinﬁnt, A’l‘he' exf:erimntairotation is extremely sfnall .
indicating that probablytthe 'proporvt;ion of stacked conformation at room' .7
temperature 1s extremely small., There is no-rwéa‘ll comparison of the experi-fi.-:‘ o
mental with the theoretical curve, If, howevér, we If.ook.at the-‘cu.r've: for- -
- the experimental ORD of GpC at pH 1 from Warshaw's unpublished dat%. (see "

_v Pig, I.II-3,8) we do see similarity to the computed ORD curve for GpC. We' :
see a minimum near 289 mu in both curves ‘and a maximum at 260 my in ‘cﬁe _
calculation, and at 265 mu in the experimental curve, This is not simple
to interpret since we would expect to find _the bases protonated at this =
low pH and that the stacked conformatlion would not be favored. Also , the e
electronic properties might not be the same at pH 1 as at pH 7, the p fcﬁj

. which all our calculations have been made, Obviously there are ’chemical_

subtleties involved, and we need further experimental studies to understand .
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the conformation of GpC at pH 1 and pH 7. | | |
The agreerent between the calculated cui've var-xd ‘the expefiﬁéntal ORD
at pH 1 leads us to suggest thé.t perhaps 'ther;e is somé reason why the
dimer is not stacked at pH 7, but that 1t is at pﬁ 1. It may bev that thé
bases have a charge at pH 7 and do not at p}i 1. This would require a
o rather large shift of pK of the bases on dimerization, but remains a poési-'
e bility, In order to pmperly compute ORb curvés at pH"s_ other than neutral, .
one should use the spectra at that'pH as a starting point. The electronic i
pmper*bies at pH 1 might be quite different since the spectra differ con-
_siderably from the pH 7 spectra. it wbuld be interesting to see the
xperimental curves for CpG at pH 7 and pH 1 to see whether similar ,
effects arise in that case. | o
The remaining two dlenucleosides are homodimers; however, thév ‘are'not.
so simple as are ApA.and UpU. GpG and CpC contain contributions from both -
the degenerate and the non-degenerate terms of Eqa. III-(21). For GpG L
(see Fig. III-39)- we see that the non—deg;enemte part dominates the curve ; 
" 1t 1s not simply a sum of two curves of the .ApA typé. The fact that the -
curve 1s one with two minima and a central maximum indioétea that the 'low-' :
est wa.velength rotational ati'ength is negaﬁiile. Because of the gneatly |
different anp,les of the transition mments, the triple products for the
non-degenerate terms are negative, glving rise to this ORD curve which
looks like one for a left handed geomtr-y, but whioh is in fact rlght_
handed with respect to the bases, The relative ordentation of the twé T
transition moments which glve rise to the strong rotation is, of cours‘e;; ‘,
left handed in spite of the right handedness of the helix, e
The caloulated curve for CpC is shown in Fig, ITT-(40),and the experi- o
mental curve is shown in Pig, IIT-(A1), In this calculated curve, we see

contributions from both the non-~degenerate and degenerate terms of Fq, III-
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(21), while the experimental curve looks actually simpler. The failure

to get p'ood agreenent here 1s most likely due to wrong assumptions for v‘
the directions for the transition moments in the base, C, Rather small E
changes in the transitions (seo Fig. III-11 and 'I‘abie III-3) could in- : )
crease the peak at 250 mu and shift the minimum of the calculated ourve . .f“
M 275 my to 268 mu. Unfortunately, we do not‘have'any‘ way ofv lmowing:'j‘ ‘
what changes to make owing to our lack of knowledge of the transition L

moment directions.

Discussion g
In Table III=(7) we give a sunmary ot‘ the emerlnental (pH 7 and -
.calculated (y = 3, 14°) peaks, troughs and crossovers oi‘ the axis- for the e

ORD curves. We can see that agreement of' the calculated curves with ex— : ;

perimental ones 1s best in the case of ApA (see Fig. IIT-15), In that
case the stacked conformation éeems to bo pnesént in good proportion at
room temperature, the monomer rotation is small » ve have good experimental
information on the direction of the tmasition moment, and thers is only B
one absor'ptmon band contributing to the rotation near 260 mu.‘ It is fop; .
tunate that this dinucleoslide phosphate was the I‘irst avallable for e:qaeri-~'»-'~‘=-'
ment, since it 1llustrates the effect most vividly. . - J
| For UpU, the effect 1s ca.lcu:lated to beusma.ller, and mpochrmism |
measurements indlcate that the stacked conformation is probably less _‘
favored at room temperature (Tinoco and Warshaw, 1965), In addition, the "
monomer rotation _1s large. However, we do see reasongble agreement _withl .
experiment. This 1s encouraging; the monome; fotation does lnot ‘seem to
intert‘ere too greatly, even though it is large. ‘ | | S
For the simplest non-degenerate cases (ApU and UpA), we still have -

good experimental lmowledae of the transition moment directions, and thus



 Table ITI~(T)

Comparison of calculated and ekpefinental peaks, troughs and croééings.‘

Peak o ' o : Trough
yalc. i ) Expte, pH T B ' Calc;' i Expt., pH 7 y Crossin
X in mpy  [$3xi0

A in my [¢]x10 Adnmy o [¢]x10° ° A inmy [¢]x10

286 N : 283 1.2 261 ~T.2 261 -2.8 274 272

3.2
287 .27 286 .5 264 - J47 264 - .68 279 275
284 1.3 278 <54 267 2.7 261 - .80 278 270 _
284 2.3 . 2717 A1 267 4,2 - 263 - .32 279 270 T
291 - 5.2 - 291 .32 264 - =124 270 =1.3 281 $ 283
281 4,9 . 277 76 257 - -12.8 = 253 S~ .62 2N 265
290 1.8 285 <15 264 . =40 265 -1.5 281 276
286 1.7~ 286  .uj 252 -4.2 - 263 -1.64 - 269 277
291 3.6 293 23 . 262 . -8.6 273 -9 28 285 |
. 282 2.8 293 .16 258 - -6.8 = 275 . - .38 273 283
290 . .5 288 A5 262 - - .98 267 = 66 280 280 .
284 1.3 288 . 1.0 252 3.0 260 -2.05 = 270 2717 - - 0T
260 - 5¢2 294 .38 290 =2.1 259 . =05 278 261
264 2.0 - - 292 - -l - .. - 280 -
. 264 6.7 - - 287 2.3 .- e 281 -
294 A 285 1.07 276. ~1.04 264 -1.3 289 280

Acale, %;xpﬁ.‘:l f.

~Lg-
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we get reasonable agreement with experiment; :"’It 18 when we come to dimers,"
‘with C or G in them that our lack of‘ experimental polarized gspectra be-
. comes, apparent. In some cases we do. well, but thene is enough uncertaintyj
B .80 we wculd be unable to assigm sequence isomers solely on the basis of

R ‘calculated rotation euwes.

7

: If exper-imental infomtion on the polarized spectra of crystals of
c and G or on electric dichroism were available, we could make a better S
~ cholce of transitions f'or the calculation. - If we had this ini‘omaticn,

it would be nice to recompute the molecular orbitals with adjustable para- :

o meters, such as core and resonance integwals, which are-often chosen

,ro:' the tems R’.‘iao )ézoa cnd 5“,29.0 Ea.ca‘ Estimatcs cr these terms are

'empirically. In this way , We could it the experinental mamitude and

direction of the transitioh monents and obtain MO's that would be excellent

for compntaticn or V:‘_2 8. ' o R : '\ :
Tt might be possible to use the osn to t‘ix the ‘@ rections of.‘ the -

transition mmnts. To do this one would need t'o test various assmptions.
.‘ ‘about the dipole moment d.irecticn by maid.ng; roug;h calculations using the
dipole approximation (Eq. III-Z).' In this way ; one could find a consis-
tent set of transition dipole monents that pave agreement with the experi-
mentel ORDcurves. R | ot

A further way to improve oim pnedictions of the shspes of the circular
dichroism and ecnsequently the ORD curvos wculd be to taeke into account
the vibronic interaction. This would lit‘t the aaswrption that the monome

_ B absorption band shape does nct change in t o ciner and would pmsumably
o y improve the details of the curve ehape. : ;
: An additional sou.rce or discrepancy with expei'imnt which we have

' mentioned is the dropping of in B III-(lO). Subtracting the

‘.v

rotation of the monomers accounts for parti fof,ﬂthis, but it does not ccrrect

.‘x, ':
~.l""

L




: dif‘ficult to make since Mo is not directly ascessible to experiment as

s u__. The f‘act that the monomer rotatﬂon curves show the crossinp;—over |

¥}
of the cotton effect near the absorption peak(Yolles, 1964) indlcates
that the allowed 1:-11* ‘cransition 1‘3 giving ri‘ée to the .monémer' cotton
effect, Since we know ¥on? the monomer rotatton allows us to estimate“ : »
- In order .Of magnitude, but nqt in direction, A possible way of getting |
: diréctions for magnetic transitions is the Famdsgv effect (see Chapter I).
Hopemlly, mafmetic rotation experiments wi]l be carried out on the basés‘ ;
glving us a better wnderstanding of the subtlet*es of the magmetic ‘cran-
sitions to exclted states in the ultraviolet , »
_‘ Also necessary to a full understanding of the experimental spectra 2
- is a determination of just what proportion of‘ the stacked I‘orm is present
at room temperature. This will require extensive studies of the ORD at
| di'f‘ferent temperatures and in solvents other than water at loz:r Jonilc T
_strenf,’;th, in order to go to temperatures belb»‘vno".c. ‘Also, studies at.v o
diff‘emnt‘ pH may be able to explain certain ‘rwsteries_ such as GpC, where -
the rotation is small at pH 7 and large at »ij i, the reverse of what w.oulc.i": o
be eJ‘cpectéd‘ from the pK's, We hope that f;he' ﬁrésent calculations may be. L |
| of some assistance in undersﬁé.nding; the ORD‘.‘ot‘ ‘the dinucleosldes undefu‘
. varidus éxperinéntal conditions, , _ | :
One thinks of various ways of exténcij_.ﬁg_ ﬁhe present calculation to '_ :

“other systems, Calculations for the trimer would be especially easy, .

The model of Blg.. IIT-(7) implies directly that one need only extend the

geometry to computa the triple products and the Vlz's in order to caLlc:u-'o‘~ ;

o late the rota’cional strength arising h'om the interactﬂ.on of the next
' nearest neighbors. This would provide a small correct‘ion to the nearest'ﬁﬁzf; ; |

neipghbor caloulation of the trimer ORD,

!



o .not for‘the hydrogen bonded one. One could extend the ecalculation to

. . _ ~90- R
| Also, we have included only the commonly occurring RNA bases in o
this calculation. In some RNA's, especially e-FNA, there are several :
_other bases found. These include pseudo-uracil, di-hydro uracil thoxan-i’ojw
thine, N,N-dimethyl guanine, and N-methyl adenine., In order to include .
these and other "strange" bases, one would need to do MO caleulations n .
order to determine transitlon moment directions, In addition, there is
a well known dinucleotido nicotinamide-adenine dinucleotide (NAD) vhose -
ORD has not been reported in the absorption regjon. One could-auroly,
extend the calculation to this compound, = |
One might also notice that the mods;loﬁ‘Fig. IIT-(7) could 2130 servoo?'

as the computational basis for the ORD'ofaiotercalated structures, Such_{i»fl
a structure was“reoently prooosed'by Ohnishijand McConnel (1965) for S
~ chlorpromazine in DNA, If the same intorcalation occurred in RNA or poly,}g%;
A at pH 7, we could calculate the ORD from a model 1llke Fig, III-(7).

The fact that adjacent rings are not connectodoby ribose phosphates wooldlzﬁ‘.
not affect the calculation. | I .l ,_,,v
RNA in solution is probaoly compoqod nartly of single stacks of the :
type found 1n poly A at neutral pH and oartly Of‘ "natrpin loops" in Which
the strand is folded back on itself and stabilized By hydrogen bonds i

(Spirin, 1964), We have computed the ORD for the first conformation but

. include hydrogen bonded forms by taking one base plane to be actually a
hydrogen bonded base palr, As a simple model to test computations of e
the double stranded or hydrogen bonded conformation, one could choose
.poky A plus poly U, which forms a hydrogen bonded doublo strand under ;!
appropriate conditions, RE




" ’necessitating the use of cr'ystals or» fiber's. |

v \;91. -

One -can see . that calculations of the tyne we - have carried out her'e . :
can lead to a better understandinsg of t‘m ORD of polynucleotides in-

solution., “'!oreover, ORD is a powerful analytical tool if it can be B

interpreted. ORD is sensitive to the anount and type of three dimensional 1 

structure of‘ polynucleotides and 1t can be used in solution, rather than
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© APPENDIX A |
o Listing of ngraiﬁs o

" There are three programs used to cofrpute ‘the rotations, The first

is 'called MONOPOL, whlch computes V. as a mnction of y from the mno-‘

laj2b
poles. On the print-out, one sees all the 1nteractions, 1n units of o

electronic charge and A, grouped by angle, The subroutine, SORT, groups
‘them by interaction and punches V12 in units of eml, | ‘
One gets punched-card output, which is used in the DIMEROT pros;r'ém.
,,,,, ROTCUR fits trie experimental absorption cu.r'ves tc gaussians and computes
the mag;aitude of the transition dipole moment. This punches cards which

(. _are used as input to DIMEROT. 'I'he last program, DIMER(YI‘, computes rota-

tional stmngths for each value of helix increment angle, v, t"xen constructs ’.

‘ the CD curve from the gaussian absorptions and does the Kmnig;—Kramers o '

" transform to the ORD. The printed oupput contatng. one ORD potnt every

L ) ten (1.e., every 500 em™t in our present study), while the binary ou‘cout
has every point, The binar'y output tape is rewound and the tumingr points :
of the ORD curves are found, The binar'y 'cape is again rewout'xd and selected

ORD curves are plotted versus wavelength,

| We also mention the subroutine IOSET, which is used in many of the '
routines to set the input and output units. This subroutine simply assigxs’l.t“
values in the labeled common block, IOPOOL.. Themfore, 1t 1s called before_
any 1nput or output can be accomplished. In MONOPOL for example, the unit
NI (=2) 18 the card reader, NO (=3) 1s the printed output, NK (=11) is used'ifj'::_‘_,
N :'for;.butput to the sorting routine, SORT., NP 1s not: used in the present

" form, "I‘f‘ie unit numbers specified in pamhtﬁeses' are appropriate for the o

IBM 70913' at LRL, Berkeley, as may be seen f.‘rom the user's manual at the

LRL computer center,



- | ~96-
The input cards for MONOPOL specify the monopoles (in units of |
electmnic charge) and the monopole cylindricé.l- coordinates (sée Figs.
III-7 to III-11)., A group is taken to be a transition in a base, so
that one computes intgractions ( 12'8) between groups., The' input cards
are as follows: - | |
1. Title of the problem (one card).
2, GMINCR, ZINCR, NL, NG, NGI, NGJ (one card). - | ‘
CMINCR 18 the smallest value of helix 1ncnement angle :Ln | , :: o
radians (=01 in this stuciv)(floating pt., 8 cols )e )
ZINCR 18 the hellx distance 1ncrement 1n R (3, 14 A used 1n o .
.this study)(floating pt., 8 cols, ). _

NL 1s the number of levels, Use 1 for nearest neip;nbor,
2 for next nearest neighbor, ete, (=l in this s'cudy)(mxed pt.,
4 eols.). . | ) L | ___;‘
NG is the number of groups ('-6_‘):._4vin the present study)(ﬁked b
pt., 4 cols.). o -'_ ' |
NGI ie the last group used I‘or I (==6) in the present study)
(t‘ixed pte, U cols)). e I .
NGJ 1s the first gr'oup used for J (-1 in the present stuciy)
(fixed pt., 4 cols.). e ' .

3, N,F (one card), S :

i - N 13 the number of monopoles (rimd pt., 2 ools})
- :. B F is the factor for scalins; the monopoles ( “e)tp/“calc (floatjng:‘?i
. pt., 5 cols.). o ._‘. : : - .
i, and following cards containin@; the monopole cylindrical coordina‘ces :
and transition monopoles, 2 per cerd‘ e
| A, radius in ) (floating pt., 8 cols ). RS
Camma, angle in degrees (flgating pt., 8 cols,),



QT
Z in R (floating pt., 8 cols,). |
RHO the transition monopoles, unscaled (floating pt., . v
12 cols").. | |
Repeat 3 and 4 for all groups. One blank card at end terml-

nates the program.

The program computes all interactibns of groups for the I,J inter- .
actions specified by NGI and NGJ and then incf:ementé the angle GMINCR by
.1 radian and recomputes all interactions untdl GMINCR - .7 rad or 40,1%, .
Then SORT 1s calied. This explicitly used unit 11 (NK in MONOPOL) as |
input, It sorts the interactions ( 's) by 1nteraction and ou‘cnuts onl ,
xmit 114. The output from unit 14 must be punched into BCD cards and 1s -, f
then sorted for input to the rotation program, DIMEROT, (Unit 114 1s the -
nomal punched output unit at LRL). The way one uses these cards depends " ‘
on the model one '13 caleulating, In the present gtudy, 6 groups were

used, one each for the transitions of A and. U and two each for the tran- f. I

.sltions of G and C, For dimers, we need only the +1 interactions so we
- set NI=l, If we nurber the groups 1 through 6 in the order they are given
1 Table TTI-(4), 1t may be seen that the Ial, J=1 interaction:ls the one
for ApA. The +1 and swl levels are identical because there is no sequencev'_:.‘.i}f.’f ;

dependence., The Isl, J=2 interaction 1 for A»a.nd U, The +1 level g;iveséil'-vf. Y

‘the interaction for the upper palr of beses. :!.n I‘ig. III-(7) (UpA) and the:
-1 level mves the interaction of the lower pair of bases in Fig, III-(?)
(ApU).‘ In this way 'w‘e are able to construct Ta.ble I11-(4),
For the curve fitting to the sum or gaussians the program ROTCUR isv
used, We are indebted to Dr. I. Tinoco, Jr., who wrote this program, .
This prog;ram calls MATINV to solve the linear qouations, and this subrou- .
tine 1s also listed. The mput ca.rds for ROTCUR are as follows: |
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1L, N, START, STOP, DELTA T‘AC’I‘ SPACE WIDTH, CMOLS o g

o  : 5 i.s N1is an integer greater than zero: (fixed Pte, 5. cols ). ‘ ,,,
‘, ‘ START 18 the smallest wavelength used for absorption data

‘ -_ in mu (floating pt., 10 cols, ). ‘ . o B
| S'DOP is the largest wavelength used for absorption data
(floating pt., 10 cols)

' DELTA is the Spacing between the experimntal absorpt:ion :
points in mu (floating pt., 10 cols ) -
R " - ' FACT should be set equal to A f‘or mtemal setup of t:he

w :gaussians. If it is desifed to use gaussians of 1rrepu1ar
spaclng and width, this should be set uo and the gaussian i
.- position and width put in explicit]y on cards, o

SPACE 18 the spacing in cm"l between gaussians (==500 in"this y
: 'studv)(floating ptey 10 cols.) . _", Vo
WIDTA 18 the half width of the gaussians (n7oo cm‘l 1n this

: study)(floating pt., 10 cols. ) | . : |

. f | CMOLS is the molarity of the solu’cion whose OD 13 ‘to be fit;ted. o
s s necessary in finding the dipole strength (f loating pt"
' 10 cols.)

2'. © and following cards conta.ining the absorptions t‘rom the 1owest
wavelength (STAR‘].‘) to the highest (STOP), every DELTA mu (i‘loating:
pt., 10 cols, )and 7 values per card). _ =

H . .
L

.The ‘last program, OIMEROT, useé thé Vlz's ‘to compute rotational -
strengths and the gaussian curves to oonpute CD and ORD, The control pro- g

.gram MAIN f‘irst calls ROTS. NI (=2) 1s again used for the card reader and

o NO (=3) 4is the print:ed output., NK (=35) is the binaxw output which con- :

- tains.all the rotations and cireular dichroisms. NP 1s first used for a :
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BCD scra.tch (=11) to record rotational strehp'ths and 13 then reassig,ned
(a.s 15) by MAIN as an output from SELECT, which will be described.

‘The 1riput cards for this program fall 1nte groups according to whieh
routine reads them; They will be discussed in such groups, and are to be -
loaded in the order deseribed. The first group of cards is read by ROTS,
and are the ones necessary to tﬁhﬂ rotational etrengths.

1. ’I‘:Ltle for the dimer (one card).. |

2. Z, RADl, RAD2, GMINCD, NCASE (one car'd).

» Zhds.the helix distance: increment in AI*("B. AAn this;s‘cudy)
" (floating pt., 5 cols,) - '
RADL, RAD2 are the distances in ] from the hellx axis to the
‘ eenter of the beafe (see Figs, III-8 to III-11) for monomer one e.nd
~ monorer two. 1 4s 3' linked, and 2 13 5' inked (floating pt.,. o
5 cols. each) o S | -
GMINCD is the f‘irst value of helix increment angle in degrees |
(I‘loatimr pte, 5 cols.) |
* NCASE 1s a fixed pt. number' (2 cols.) which tells \ whic"x kinds
of interaction are to be calculated. |
=] for degenerate term only (ApA a.nd UpU) _
=2 for non~-degenerate term, one be.nd ea.ch monomer (ApU UpA)
=3 for non~degenerate terms, one band for one monomer- and two bands
in the other (ApG, OpA, ApG; CpA, UpG, GpU, UpC, CpU) o
 -=18 for non-deggenerate terms, two bands each monomer (GpC, CpG)

- =§ for both degenerate and non-degenerate terms (Gpt, CpC)

3 and following cards describing the transitions FU, D, GAM,’- VA2
' FMU 1s transition frequency 1n et (rloating pt., 10 cols )
DMU is the transition moment 1n Debye units (floating pt.,

10 cols,)



| =100~
- CAM is the angle of the transﬂ tion moment in deg;rees (see
" Table III-1) (floating pt., 10 cols ) . H
. Vle in em™L for the first helix angle (floating pt., 10 cols. )
y, Output cards from uIOMOL’OL containing; V12 and helix 1ncrement a.ngles.
. Repeat from title (card 1) for each dimer. . | '

Two blark cards sigal the end of this rotational strength caleulation,
Transfer goes to ROTEM which computes the CD and ORD curves from the rota-.'
tional strengths and the. g;aussian curves oI‘ the absorption. The routine |
XFIL loads the table of values or the Dawsm integral needed for Eq. III-  ‘
(34) taken from I;omander and Rittsten (1958). The data cards for ROTFM aré°
L N, START, SIOP, DELTA, B (one card), | o

' N = positive number (t‘ixed point 5 cols,) )

STAR'I‘ 1s the lowest frequency used to cormute the K=K’ trans-
form in om L (floating pt., 10 cols )(-33, 333 1n this study).

STOP 1s the highest t‘r'equency (floating pt., 10 cols., )
(=50,000 in this study), o | e

' DELTA is the interval in cm"l The ‘rotation and €D will be

, computed every DELTA cm -1

between STAR’I‘ and s'mP. (floating pt. ,1 i
10 cols,)(=50 emL 1n this study) . | | ‘
'NB 1s the number or bands in the dimer (fixed pt., 5 cols )'*’ 3
2. ‘There follows one card for each dimer nand containing NG, CMOLS :
‘PEEK. |
fgg_ is the numbes of gauésia:i mald.ng up the band (fixed p~tv. \ |
. 5 cols.,) L g B | | "1'1!’
CMOLS 1s the concentration in 'Qr.m.:)is/liter'of‘ the solution o
whose absorption band was fitted (¢ floating pt., 10 cols,) -
PEEK 18 the peak frequency of the band in em L (f'loating pt. R -

10 cols,)



3; After these cards come the gausslans f‘or the bands, 2 per card. :
| "‘hese are punched in correct fomat by ROICUR, FNU, E, T™ETA, . ... ..
pTU is frequency in om -3 _
E is anplitude of gausslan .

THETA 1s the half width in cm‘l (a1l floating; pts, 10 cols 3

Repeat from ,eard 1 for each dimer. The printout contains one point for the o
transform in every ten, All the points are on ‘the binary tape (NK). A
card like the first, wi.th 0 for the 'value of N, stops the program and

transfers to CHOOSL: which examines the curves and finds maxima and mimina. B

This routine reads no cards but calls the cal comp plot routine, PLODO,
which reads one card per plot as a title. So, for each dimer, put in
three title cards, for the rotation at the first, seocnd and third tuming
point as a functlon of the hellx angle,. vy, | | tolw
| The last routine SELEK is called to plot __ro_tation versus wavelength
for selected values of helix increment angle, y. ‘It mags cards to select'
which curves to plot. B |

1. JMAX, KPUO _ | |
JMAX 1s themumber of dimex-s computed (fixed pt., 5 cols.) B

KPUQ =] !‘or BCD output of selected curves ORD and CD on NP
=0 for no output, | - | o |
2, One card for each dimer, specifying whieh eurves . to plot (fixed pt.,
2 cols.) For exanple- o '
010518 would specify plotting for curve 1, , curve 5, and eurve
-~ 18; ALl others would be Agnored, . -
- 3; ‘After all specification cards » one} title oard for each graph to.

be plotted in the order selected.

This completes the data cheok.
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“NONPOL MONPOL : ‘ 04/
- EXTERNAL. FORNULA“NUMBER_”____~SOURCE.STATEMENT e INTERNAL

&

¢ THIs wAS USED TG COMPUTE V12 FCR THE DEC 64 ROTATION CALCNS L

DO 26 K=1,N __ ___ , } _ R

RHO{I+K)=RHO{TIKIX*F

..... C .NK.IS USED FOR SECOND QUTPUT._AND_NP_IS USED. FOR.SCRATCH ... ...
CMONPOL COMPUTE MONOPOLE—-MONOPCLE INTERACTIONS ‘ N MC s
C......_..CEVOE, 1228IA.. . PROGRAM FOR_MONOPOLE-MONOPGLE. lNTEKACTION.“_-_mdm-MC

DIMENSION TITLE{12), NC{24), . S

SRS | . . IMU(24), GAMMU{24), XYNU(24),. VALMU(24)._-__“__“~““.M —

, COMMON /ICPOOL/NI NG ,NKoNP 3
emmririeere COMMON /POLES/ A(24512)3GAMMA(24112)+2(24412) sRHO(24, 12),NPOLE(24)_,%
CALL IOSET |

“_w__mmSI.READ(NI,101)TJTLE,GMINCR,ZXNCRp»NLp-NG._NGX-_NGJ_’ §

_ .“ﬂzﬁ (GMINCR) 27499927 o _ . - ”“J

, 27 CONTINUE , | - N -

oo WRITE{NG,103). TITLE. _ ' - , o

o D0 SC I =1, NG : ' MG |
— READ(NI,102)_NsFy(ALl4K) ,GAMMA (L, K).Lxx K)'yRHOL L, K) K=1, N)_“*__muﬂu i
}

e NPOLE{I)=N . _ . ___ ' : — |

c INSERT FGR CONVERTING PHI TO RADIANS "FROM 'DEGREES AND SCALING RHO i
i

————26..GAMMA(I,K)=GAMMALL, K)/57-2958 — ' —— :
.. . END INSERT : ‘ o L -
S NCH{I)= N - o ! MU
o CGMPUTE COMPONENTS ETC. OF DIPOLES AT ZERO LEVEL. - - NG
e XMU = 040 N— . S MC
YMU = 0.0 . o N : . MO
e ZMU T ) o= 000 - R : . . 1]
DO 25 K = 1,y N ' - L , MC!

e XMU. = XMU=A (T, K I%*RHOU I, K)*COS(GAMMA(I.K)) N S — o]

YMU = YMU=ALT,K)®RHO(L,KI®SIN(GAMMA(T,K)) .~ ~~".. = 1Ci
e 25 ZMUL T ). = ZMULT ) =Z (1 oK) #*RHO{ 4K} — : - MCI
GAMMU(I) = ATAN(YNU/XMU) ' : S - , MG
e IF {XMU). 205 .35, 40.. N e MO
30 GAMMU(I) = GAMMU(X) + 3. 1415927 . T - MGt
.——GC TO0. 40.. .. I A o MO
25 IF (YMU) 36, 38, 38 o , " - o C MG
36_GAMMULI) =.-1.5707963 I : ’ : : MGH
GO TO 40 ~ A o - MO
—— —-m38 .GAMMU(1)..=..1.5707963 . — — : e MCN
GO TO 40 o ' S - MCM,
40 XYMUCT) = SQRYT{ XMUS%2. .+ YMUS®2)___ — - MG
VALNMULT) = SQRT{XMU=R%2 + YMURX2 + ZMU(I)%*%x2) ' - MON
e SO0-YMRITE(NC.L04) Iy VALMUL L) o GAMMULL) - ZMUCI ) y - XYMUCI) e MOR
o COMPUTE INTERACTION ENERGIES AND DIPOLE 007 PRODUCTS. i MUN
—_— 80.-GMINCR=GMINCR+.1 . .. - et e e e b e e e e 1 )
4 GMINCD=GMINCR%57.2558 . . '
et e WRITE(NG,111} GMINCD S e
Y1l FORMAT (17H1GAMMA INCREMENT=,F6.l, 7HOEGREES) '
i o N21 = 2%NL+1 e e e e e e s e+ MON
00 100 I = 1, NGI , : : o MON
eemmeeires MAX = MAXC UL GNGY ) e e : O SN SY Y1 0 1\
/D0 100 J = MAX,NG o oo B MON

- VALMUP= VALMUCDI®VALMULJ). ... . .. . -~ . L ~ MUN
WRITE(NOy105)1,JyVALMUP . 8

B S R ——
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MONPOL MONPCL . - ' o . 04/2

__EXTERNAL _FORMULA_ NUMBER = ' SOURCE._STATEMENY __ = _ INTERNAL F

e e o NCI = NCUI) .- R L . MON
CNCJ = NC(J) S - ' . MCN
10TV = 0.C —_ ' - i o TGN
e TCTVOP = 0.0 . E o N | MGN
e e RIN=O e i e e e oo M/N
00 75 L = 1, N21 _ , . 5 T MUN

L EL = L=NL=-1 S 1 ; . MON

LE = EL . ‘ L ~ MCN

i DELGAM = EL®GMINCR ' N ' ' : ___ MON
DELZ = EL*ZINCR S o R _ MON

~ IF {LE) S2,75,52
.S2 CONTINVE _ _. . - : A : T
BC 6C K = .1y NCI ,' S o , MGON

00 6C M 1y NCJ__ . ‘ ___MON

60 V = V 4+ RHO(I,K)%RHO(J, M) / SQRT(A(T, K)**Z*A(J,M)**Z-é O%A(I K% MON
1A(J s M)%CCS (GAMMA(J yM)+DELGAM=GAMMA (I, K) )+ (Z(1,K)=Z(J, M) +DELZ ) #%2)

V = 0.0 | R | : o . MCN

DPMU = XYMU(I)*XYMU(J)*COS(GAMMU(J)+DELGAM—GAMMU(I))+ZMU(I)* : MCN

e e LZNULY Y I » _ , o.._.MON
VCPMU VZDPMU o S : - MUN

I § = {LE), Sy 755.65 SR .. MON
65 TOTV = TOTvV + V o : ) o MON

... TCTVDP. = TGTVOP _+ VOPMU R e . MON
LEABS=ABS(LE) : e o '

CIF(LEABS) 75,74,75  _ . ' o o g B

74 VCHM=V*116CCC.
e _GD1=GMINCR%*57.2958
WRITE (NK,112)VCM,LE,I1,J,GD1 T : :
Y12 FORMAT {(F1042,110510X912,1He912,F20, 4) . . : ; : -
75 WRITE(NO,Ll06)LE,V,DPMU,VDPNU ) _ _ , f
e+ _100_VRITE (NO,1C7) TOTV,TQTVDP o e e

If (GMINCR- .6) 80'80y81
81 _CONTINUE.

WRITENO, 108 YGHINCR, ZINCRINL, NG, NGTLNGY TTMON

DO AL I=LGNG . _MON
41 WRITE{NO, 109)(A(I»K):GAMMA(1 K)o Z (T, K) RHO( T, K) WK=1,11)

T 101 FORMAT (12A672F8.5, 414) T " MON

102 FCRMAT(12,F5.0/ __2(F8.2,F8.3,F8.2, F12 6)1): .
103 FORMAT (1HL1,24Xs12A6/1H0/1H ,38X,10HABS. VALUE,18X,7HZ COMP.,6Xy L3MON
LHPROJECTION OF/1H ,28X,SHGROUP,8X,5HOF MU,8X, SHGAMMA 8Xy5HOF__ MU, TXMON
25 14HMYU IN XY PLAAE) . C MEA
104 FORMAT (1H. 930X eI23F15¢59F13.4,F14.5,F15.4) _ . MUN
105 FORMAT {1M0/IM .29X,14HGROUPS 1, J = ,12,2H, 412,18H. MULI) X MU(NC N
Ld) =eTGLL/MH 229, BMLEVEL OF/1M 430X, THGROUP_Je8Xy 6HV(I.JJ.7X,15HNM

e e e e b e e wm e

2UCIY DOT MULJe3XeLSHY X QOT PRODUCT) , _ ; VL\

e 106 FORMAT {1H_ 933XeI3ZsLlX,3EB18.06) . o N
107 FORMAT (1H ,29X,45HTOTALS EXCLUDING ZERO LEVEL CF GRDUP ) - Vo=, MCh
e 1EL446/1H 951Xy 17THY X DOT PRODUCT. =,E14.6) N C MUN
< 108 FCRMAT{1H1,20X,4HBATA/2F10.3,4110) )

109 FORMAT(5X,1HA+7X¢SHGAMMA+7X,1HZ,10X,3HRHO/20(3F10.4,F10.6/))

110 FORMAT{48H 6%PI#Z/HC* MUSQUARE # SUM OF J#vJ* SIN 2PI J/P=,1PEl2. 6
1y - o e

. rG60 10 Sl ' : o : :

—.. 99 CONTINVE ' - . Lo Lo

REWIND NK ' o ' :
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e e s it rrn e o s $IBFTC SORTS DECK .. e+ v e Ca AU -
T "~ SUBROUTINE soar : ! .
DIMENSION..V12{1260)., GAMMA(IZbO)oV(#Z.BO) Gl42, 30) e
REWIND 11 L
— B INPUT- 1S ON 11, ourpur ON. 14(PUNCH)
. ‘ NGAMS=8 _
e NVS= NGAMS#42 .
. o READ(11,12) (VI2(I1),GAMMA(L), =1, NVS).
‘ R _12_FORMAT .{F10.0,25XyF20.0) —
T DO 9 Jd=1442 N

el K=0 L e s e e
DO 9 I=J,NVS 542 . | _ _
K=K+1 . . . e o e e e e e e 2 et < < b+ s o
VIJ,K)=V12(1) SR ‘
9_G{J,K)=GAMMA.(1)
. DO 10 J=1,42 - S

10 WRITE(14413){V(JeK)sGlJy K) K=1, NGAMS)m_W-umMM“fwu;w;mwm.,.._
13 FORMAT (F10.0,25X,F20.2) _ Co .
RETURN... oo e e e e e
END : S , o
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oo : ’ : r .
. L L R e e e R T S e T e e w06 =
. E j
T SIBETC .ROTCUR DECK | "l
C___. . THIS ONE SIMPLY FITS THE ABSORPTION TO A_SUM_OF. GAUSSIANSmm__m_;;
C THEN OUNCHES THEM OUT FOR.ROTGND ' 1
R .. _CCURVE FITTING TO SUM OF GAUSSIANS ,. FOR THE DIMER -ROTATION CALC. ’ |
C  THESE GAUSSIANS CAN ALSO BE USED IN,THE INDEX OF REFRACTION DECH!
. o C._IT CALLS A SHARE F2 TYPE ROUTINE WHICH WAS MODIFIED FOR F4.  MAl
DIMENSION A(80,80 ),E( 80),FNUI{ 80),THETA( 80),FNUJ( 80), ~§
1ATRA( 80,80} ,0(200),8( BO,IJ,FLAI(‘BOX,FLAJ(“SO),ElﬁVSOX“;_M@
DIMENSION Bl( 80) L : - R
i COMMON /I0POOL/ NISZNOs,NK,NP -
CALL IOSET L S
. C___FOR INTERNAL SETUP OF GAUSSIANS, SET FACT =1. PUT IN VALUE OF- Sf:
C AND ‘WIDTH. FOR READING IN THE GAUSSIANS, SET FACT =0 AND PUT IN
__10 READ(NI,100)N,START,STOP,DELTA,FACT, SPACE,NIDTH  CMOLS __ i
100 FORMAT(I5,7F10.0) . _ _ o 4 o
IF(N) 8,8,9 . - ' SR S
9 M=(STOP-START)/DELTA+1. o : L o
e READ(NI S LOLI{EL(I) o I=10M) o " . ' SECANNE
~ 101- FORMAT (7F10.4) = I - A R
‘ _IF_(FACT)700,700,701 . ., L
700 READ(NI,102) (FNUJ(J).THETA(J)oJ 1,N)
. '102_FORMAT (2F10.0). _. . __._

GO TO702

701 _NU=100000./START-WIDTH/200.,

THETA({1)=WIDTH
FNUJ(1)=100#NU

N={10000000./START-10000000+ /STOP)/SPACE+1.1. BB T
DO 703 J=2,4N _ o - 4

FNUJ (J) =FNUJ (J-1)~=SPACE - » S . ' -
703 THETA{J)=WIDTH -~ . ‘ : VT |

702 DO 300 J=1,N ‘ - e o PRI
I=1_ . e ‘ - ' ' ' .
FLAT(I)=START | , e '

400_FNUI{I)=10000000./FLAI(I). ‘ B S—
ALL,J)=EXP(=((FNUILI)- FNUJ(J))ITHETA(J))**Z) o - 3

FLAI(I)—FLAI(I 1)+DELTA
IF. (M-1). 30094001400

300 CONTINUE

: : _ ‘ ' o . o
DO 303 K=1,N SN e e )
DO 302 L=1,N J - - e

ATRACK L) =0a . . oo
DO 301 I=1,M ! Ny ST S
301 ATRA(K,L)=ATRA(K,L)+A{L, K)*A(InL)

302 CONTINUE _ R . i
303_CONTINUE . . Y o o -

DO 305 K=14N

BUK,10=0a e e
DO 304 I=1,M : T T T
E(L)=E1 (1) - - ey _ _ e

304 B(K,1)=B(K, 1>+A(1,KJ«E(I) P . o
305.CONTINUE . ... e e e e
CALL MATINV (ATRAyN:By1, DET) : "

WRITE(NO,199).. - e ot
199 FORMAT (14H1CURVE FITTING//) - - o
WRITE(NG,200) . ... ... .. .




.

200 FORMAT

ly _ _COEFF. WIDTH)//)

.201 FORMAT (3{F20.0,F10.4,F10.0) )

WRITE(NP,205)

205 FORMAT (2(F10.0,F10.4+F10.0))
i ' ~ WRITE(NO,202)

202_FORMAT(1HO,3({40H
DO 307 I=1sM

CDUIY=0a e

DC 306 J=1:N
306 D(I)=D(1)+B(Jyl)2A(I,yJ).

(50X,22H GAUSSIAN COEFFICIENTS// 3(40H o

DT L Beha e R

 FRE(]

WRITE(ND»201) (FNUJ(J) »B(J,1) s THETALJ) s J=1,N)

(FNUJ(J)yB(J+1) » THETA(J) yJ=1yN) °

FREQUENCY_. __0D_CALC.e___

OD_EXPL.)_ ) '

307 CONTINUE
AVD=0._ _  _ . .

DO 73 I=1,M
73_AVD = ABS(D(I)-E(I)) +AVD___

- AM=M
___AVD=AVD/AM

WRITE (NO,204) AVD A
204 FORMAT (12H AVG. DEVe = _Fl0.4)

WRITE(NO,203) (ENUI(I)+DIT),E(1), I=1'M).
203_FORMAT (3(Fl6.042F12.4) ) . _

c FIND DEE THE DIPOLE STRENGTH.
DEE=0a _ . Lo

DO 751 J=1,N
B{Js1)=B(Js1)/CMOLS . __

751 DEE=DEE + .92#l. 772*B(Jg1)*THETA(J)/FNUJ(J)

»

__WRITE (ND,255) o DEE+DD. S
255 FORMAT (/3X,24HMONOMER DXPOLE STRENGTH".FIO 5.21HE~38 Esu—CM»u
1. MU=,F8.5,5HDEBYE).._ . _ . . _ e
GO TO 10 . 4y
8_CONTINUE _____ ... __ i
CALL EXIT ‘I
CSTOP. e a
END :
I )
L !

A .

y ' - ——



"SIBFTC .MATINV DECK
C _THIS IS A F2 SHARE MATINV WHICH WAS RUN_THRU SIFT
C IT IS USED BY THE CRVE FITTING PROGRAM

_CMATRIX INVERSION WITH ACCOMPANYING SOLUTION OF LINEAR EQUATIONS
C

e ORI

" SUBROUTINE MATINV(A,N,B,M,DETERM) . =~ . .
c .

DIMENSION IPIVOT( 80),A( 80,80),8( 80,1), INDEX{ 80,2),PIVOT(;
C THE FOLLOWING STATEMENT(S) HAVE BEEN MANUFACTURED BY THE TRANSLAT,
C__ _COMPENSATE FOR THE FACT THAT EQUIVALENCE DOES NOT REORDER COMMO!
COMMON PIVOT , INDEX . IPIVOT

DIMENSION IPIVOT (100),A(100,100),B{2041)y INDEX{100,2), vaort
COMMON PIVOT, INDEX, IPIVOT

EQUIVALENCE (IROW,JROW), (ICOLUM,JCOLUM), (AMAX, Ty SWAP)

e 4 i metemmam s s

INITIALIZATION

OO0 OO

10 _DETERM=1.0 . . . ' - T e
15 DO 20 J=1,N . . C : - t
20 _IPIVOT(J)=0 _ ‘ . ' . |

30 DO 550 I=1,4N S ;

OO0

SEARCH FOR PIVOT ELEMENT I T

40 AMAX=0.0
45 DO 105 J=1,N
50 IF (IPIVOT(J)Y=1) 60, 105, 60 T E
60 DO_100 K=1,N __ _ , S

70 IF (IPIVOT(K)= 1)'80' 100, 740

85 IROW=J
90_I1COLUM=K
95 AMAX=A{J,K)
_ 100_CONTINUE . .
105 CONTINUE
110_IPIVOT(ICOLUM)=IPIVOT(ICOLUM)+1

INTERCHANGE _ROWS_TO_PUT _ PIVOT ELEMENT ON_DIAGONAL

OO O

130_IF (IROW-ICOLUM) 140, 260, 140
140 DETERM=—DETERM ‘
150_D0 200 L=1,N  _ ! ] ' e e

v L e e e e

160 SWAP=A{IROW,L) .
170_ACIROW,L)=A(ICOLUM,L). ! - ‘ :
200 A(ICOLUM,L)=SWAP - ‘ 5 o ' -
205_IF(M) _260, 260,_210.. : ‘ S |
4 210 -DO 250 L=1, M o o - f
: 220_SWAP=B(IROW,L) e am o e t
230 B(IROW,L)=B(ICOLUM,L) B . ' ‘ .
250_B(ICOLUM,L)=SWAP _ __ ' - I :
260 INDEX(I,1)=IROW
270 _INDEX(I,2)}=ICOLUM -
310 PIVOT(I}=A(ICOLUM,ICOLUM) - . ,
320_DETERM=DETERM*PIVOT(I) ___ ' : : _

.G DIVIDE PIVOT ROW, BY_PIVOT_ELEMENT




[ERPEPEPIRSIE S

. 230_A(ICOLUM,ICOLUM)=1.0__
340 DO 350 L=lsN '

350 A({ICOLUM,L)=A(ICOLUM, L)/PIVOT(I)
355 IF(M) 380; 380, 360.

360_00 370 L=1yM

370 B(ICOLL.yL)—B(*COLUM L)/PIVOT(I)

O
380 DO 550 L1l=1,N -

¢ REOUCE NON-PIVOT ROWS

_390_IE(LI-ICOLUM) 400, 550, 400 .

400 T=A(Ll,ICOLUM)
420 _A(LY,ICOLUM)=0.0

430 D0 450 L=1,N

450_A(L1,L)=A(L1,L)= A::CO;UM.L)»T

455 IF(M) 550, 550, 460
460.D0 500 L=1,M

500 B(L1,L)=B(Ll,L)~ B(ICOLUM,L)*T
_550_CONTINUE. :

c

C. . INTERCHANGE COLUMNS.__ - _____ _
C R ' N .

600_0C 710 ..I=1,N '“_-
610 L=N+1-I :
620_1IF (INDEX(L,l)—INDEX(LyZ)) 630, 710:

630 JROW=INDEX(Ljy1l) . T
650_JCOLUM=INDEX(Ls2)_

630.

650 DO 705 K=1,4N-
660_SWAP=A (K, JROW) .

670 A(KyJROW)=A({K,JCOLUM)
700 _A(XyJCOLUM)=SWAP

705 CONTINUE o

T10..CONTINUE. -
740 RETURN ' ’ '

Z50 - END oo e
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CTTA4Q1010IMEROTT T T "“”730“””””"f“f“””““”““““bimsnh‘MAxN "-'os?d;
EXTERNAL FORMULA NUMBER - —  SOURCE STATEMFNTY = INTERNAL F.

T COMMON  /T10PO0OL/ NT4NO,NKy NP T o n

‘CALL IOSFT ) e _ i

- T CALL ROTS o -ﬁg
PEWIND NP !
TUTTTTTTTTT U CALL ROTEM T o - :

REWIND NK

H

| Nf’:ls \ e+ e o ot e e e .. - ‘3

CALL SELFK _ o
T TTTTUOCALL CCEND Tt T "34
CALL EXIT ol
S s AR ; |
END . " ‘ O
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L 449101DIMEROT _ ~ 30 o Dxﬁ§59N:}9557* 04/29/6
T o EXTERNAL FORMULA NUMeER“"“"“‘SDURCE‘STATEMENT T INTERNAL FORM!

SUBROUTINE IOSET

e COMHON 7 1OPOOL7NINYNOUT L3 NOUT2'3 NPUNCH™ '
C SET FCUR INPUT OUTPUT UNITS FOR IN,TWO OUTPUTS AND PUNCH OUT. -
T TN INE 2T :
NOUT1=3
NOUT2=35
NPUNCH=11
———=—"""RETURN

. END - .
TTTTREGTNTASSYL 2223792
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44910IDIMEROT 30 DIMERO ROTWO. 04729

tXTERNAL FORMULK‘NUMBER =—""SOURCE STATEMENT "=~ INTERNAL FC
SUBROUT INE ‘ROTS ' ‘ e

o THIS WAS THE FORM OF ROTSTR USED IN DEC 64 CALCN FOR 30 ANGLES ;
T CTTITCALLS DGNRTFOR THE DEGENERATE TNTERACTION ROTN TERM o ; <)
C AND CALLS NDGNR FOR THE NON DEGENERATE INTERACTION ROTATION TERM )
DIMENSTON TITEEYYZ)T¥NU(KTTDMU(4Y_GAM(4)7V1214T‘ROTN1KT“FNUI(CT“““““’ﬂ
NODO=-1 .
4) READ(NI9)™ ‘ TTITLE 777777 . !
9 FORMAT (12A6) ' - ) 4 ' , o
T NODO=NODO*{=1)" , . - |
- READ (NI,10) | Z,RAD1,RAD2,GMINCD,NCASE - ]
10 FURMAT (4F5.3,12T . - : i
IF (Z2) 27,99,27 , i
CTTTTTTNCASE =17 T0T S"FOK“CASES"OF"I"APA”z“nPU;3 APC”#'GPC‘S‘GPG.
27 1F (NCASE-5) 20,21,20
21VNTRANS=4 ~ 777 =

T T COMMON / T0POOL/ TNTYNO S NKy NPT 1
!
|

U1 D, 6AM )y VIZUDY, I{ lﬁNT'R_AN'S)

. GO 70 23 . : ‘ : ) . ':

70 NTRANSENCASE ‘ 4 . . i

23 READ(NI,LL) _ (FNUCT),OMUCT) +GAM{I)4V12(I),I=1,NTRANS) !

T ILTFORMATT(AFLOT0) % "
. 202 WRITE(NO,51) TITLE,Z,RADL,RAD2,GMINCDyNCASE, (ENU(]) ,DMU

— ST FORMAT (TZAG/4FI0-3; T57(FI0; 07 2ZF10- z.F1o.0)) — — -,
 GMINCR=GMINCD/57.2958 , o ‘

DO 24 T=17NTRANS
24 GAM(I)=GAM(I1)/57.2958
DO 25 T=1,NTRANS
25 FNUL(I)=FNU(I)
c RECYCLE POTNTFOR NEW ANGLE
, 42 DD 26 1=1,NTRANS
T 26 ENUCTY=FNUL (LY T T
NIF (NCASE-2) 301,302,306 ' - ’ - -
73017 CALL DT(Z, RAol,GMINCR.DMU(lr"FNUTrT‘NUTSTR) — ‘ T
ROTN{1)==ROTSTR . +.001 ' - - ' Lo
ROTN{2)="ROTSTR ) =. 001
FNU(2)=FNU(1)=-V12{1) ' :
TENUMIIEENUCLYFVI20T)
NV=1" :
NR=2 . B R ' R . .
GO 1O 307 . S
T 302 CALL RNOTTZ,RADI,I ﬂo?"t;‘A‘Mﬂ'T‘G‘A‘MTZW“D’PUTTT‘Dﬂm‘Z’)‘_FNUTYT“FNU 2Ty
. - 1GMINCR, VlZ(l),ROTSTR) , -
T TTROTNC L) =ROTSTR T R .001 : ,.' ' T T
o _ROTN(2)=—ROTSTR_ ~ [ © . +4001 o . o
NV=1 : T‘ - A : . ,
T NR=2 = g : - o , o
GO0 TO 307 — ; =
306 IF (NCASE-4) 303,304,305 Lo o . . - . .
"'303 IF (NODO). 60,60,61 ~~ 7T ' .
60 CALL RNDT(Z, RAD2,RAD1,GAM(2), GAM(l)'DMU(l)yDMU(Z)oFNU(l)oFNU(Z),' '
LGMINCR,V12{1},ROTSTA) T T T T T
CALL RNDT{Z,RAD1,RAD2, GAM(Z),GAMta).DMU(Z).0MU(3).FNU(2),FNU(3),
TLGMINCR,V12(2),ROTSTC) T T T e
6o 7062 ' '

fon e smlire e s ieaw m e % AL bt he emm e n e St s e s meeia s e B MY iy A o m—— e At e s e deate & v
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_ 449101DIMEROT D 30 ' DIMERO ROTWO.  04/29/
"""" . EXTERNAL "FORMULA 'NUMBER ™~ ~~“souace STATEMENT ~~ =~ " INTERNAL FOR

‘“‘““‘“GI“CALL RNDT(Z"RADI,RA02°GAM(1):GAMf21"DMU(2)vDMU(I)oFNU(lY"FNU(ZTT*””“‘

IGMINCR V12{(1),ROTSTA)

T "CALL RNOT(ZyRADL1,RADZ, GAM(B):GAM(Z)yDMU(Z)vDMU(3)oFNU(Z)yFNUKB)T—_'""~“"

L1GMINCR, VlZ(Z)yROTSTC)

—

oo

1

e 5 NRE3 .
NV=2
ROTN{TIY=ROTSTA - +.001
. ROTN{2)=ROTSTC-ROTSTA , +.001
Tt T TTROTNAIZ)ESROTSTC B —+4001
GO TO 307

“'"“JBOK"CALL RNDT(Z, RADI~RADZ'GAM(1T"GAM?ZTTDMUfT?vDMUfZJTFNUfl)”FNU(Z)y
1GMINCR,V12(1),ROTSAB)

LAUt_RNDTTZ}RADZ“RKDr_GﬁMT3T—GﬁMTZT—DMUTZT—UNUTTT”?NU12) FNU3T Y-
IGMINCR,V12(2),ROTSBC)

TTTTTTTTTTTTTCALL RNDT AL, RADl.RADZ,GAM(3T‘GAM(ﬁ?{DMUT?T_UMUT¢T—FNUrBY_FNU1%7,
1GMINCR,V12(3),ROTSCD)

‘CALL™ RNDT(Z“RADI9RADZTGAM(IT”GAM(QT"DMUFYT_DMUTﬂf"FNU(I’ ’VU(4);

1GMINCR,V12(4),ROTSAD)

NVEG :
- NR=4 ,f . , ,
TTTTT T T ROTN( 1) =ROTSAB+ROTSAD ) +3001 ) - ‘
- TROTN{2)=ROTSBC-ROTSAB ... +.001
: " ROTN(3)=ROTSCD-ROTSBC —4%001 :
'ROTN{4)Y==ROTSAD-ROTSCD +.001 ' S
CUTTU 307 . .

. 305 CALL DT(Z,RAD1+GMINCR,DMU(1),FNU{1),ROTSAA) .

T T U T CALUTDT(ZG RADIYGMINCRy DMU(2)FNU(2)yROTSBB)
CALL RNDT(Z,RAD1,RAD1,GAM{1)yGAM(2),0MU(1) 4OMU(2) 4FNU{L1)FNU(2)},

T UTTIGMINCR,VIZ2(1YYROTSABY T
~° CALL RNDT(Z,RAD1,RAD1, GAM(Z):GAM(I)'DMU(I) DMU(Z):FNU(I)»FNU(Z):

—TIGMINCRTV1IZ2{(2)7RUTSBA)
ROTN(1)==ROTSAA+ROTSAB+ROTSBA +.001

T ROTN{2)=ROTSAA+ROTSAB+ROTSBA +.001
ROTN(3)==-ROTSBB-ROTSBA-ROTSAB +.001 -

T T ROTN(4) =ROTSBB-ROTSAB-ROTSBA +5001
: FNU(3)=FNU(2)+V12(4)

FNUTET=FNUT2T=V 120 %)
FNU(2)=FNU(1)=V12(3)

T T ENG (1) = FNUCT) #V12(3)
NR=4

TNV =S
307 WRITE(NO,52)

o 52 FORMAT (SX‘TSHFREQUENCY‘CM‘T‘SX‘ZZHRUTWTTONAt‘STR*1U ET407/7

WRITE {(NO,53) : (FNU(I) ROTN(I)yI 1sNR)
ST B3V FORMATT(2F2000)
e 401 WRITE (NP,55) GMINCD, (ROTN(I), FNU(I)oi loNR)

Y PSS [P

' 55 FORMAT (F10.2/(F10.4,F10.1))

- IF {(GMINCR=".65)313741747
313 READ (NI,12) (V1i2(1)+GMINCD, I 14NV) -

T 127 FORMAT T(FL0.0725X7F20.0)
' GMINCR=GMINCD/57.2958

T WRTTE (N 5%)77T TTTGMINCDT (VI () TT=TTNV)"

o 5¢*F@RMAT=77ﬂOﬁ%MMN?”FE=Z=”7HVT7zKRET(f?f’FLU.U)ﬁ
GO TO 42
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T EXTtRNAL FORMULA™ NUMBER SOURCE"STATEMENT INTERNAL F

L.

99 CONTINUE
- RETURN
g e ' : - — ' ’ '
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4491010IME. T

T T EXTERNAL FOR”“LA NUMBER

Lryv u.nu .« O or——

SOURCE STATEMENT

" INTERNAL F

[+ N

U
t
1

SUBROUTINE DT (Z,RAD GAM.FMUoFNU ROTSTR)

ST T O[PS TR FMURED
B=2.%RAD*SIN{GAM/2.)

e aad

TTTTITTTTTTRIZ2=SQRT {BRR24Z 4% 2)

B=ABS(B)
THETA =1.%708 ATAN(Z7BW

ROTSTR= l.5708*FNU*R12*DIPSTR*SIN(GAM)*COS(THETA)/;9999:

e e e “RETURN'
- : END

TTTTTTBEGIN ASSY.LT2223067
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G O TOTHET Ty T e JINERONDGIR 0472
T EXTERNACFORMUL NUMBER -~ 'SOURCESTATEMENT = INTERNAL F(

SUBROUT INE RNOT (Z,RADI,RADZyGAMl.GAMZ DMUL,0MU2,FNUL, FNUZ GMINCR,
T TTLIVL2ZRQTSTRY T , - , | T
DIPSTR=DMUL*DMUZ - ’ ' ~116 - ‘
TTTTTTTTTTTTTTGAM EGAML-GAM2+GMINCR : . . ‘
B=2.%RAD2*SIN{GMINCR/2.)
AUFAS 15708 ¥GMINCR727™
C=SQRT (B*42+(RADL-RAD2)*%2 = 2.*8*(RADl-RADZ)*COS(ALFA))+ 000001
T T RL2: SQRT{CHER24ZKNQ2 )T TTTTmem o T
THETA=1.5708~ ATANI(Z/C)
ROTSTR="6. 2832*v12*FNUl*FNUZ/TFNUZ**Z"FNUI**21*RIZ*DIPSTR*SIN(GAM)“““
1%C0S (THETA)/10000.
RETURN
END
CEGINTASSY 2223780




AT

449101DIMERDT 30 ‘ ‘ DIMERO ROTGND 04729

o , “TTTEXTERNAL FDRMuCA”NUMeER““““““SOURCE"STATEMENT “TINTERNAL FO
c IN THIS DECK NP IS USED FR INPUT OF ROTATIONAL STRENGTHS.' -

TTTETTTCABSORPTION AND ROTATION OF DIMER.
' SUBROQUTINE ROTEM
COMMOVMVIOPDOL/NI,NOvNK}NP
CALL IOSET
COMMON 7XTAB/ XT400)
CALL XFIL

T TDIMENSTIONTE(10074), THETA(100, 4)7FNU(1007‘“?R(100 Y5 ROTSTR(4) FQ(4

R l)yNG(4)7CM0LS(4),RATIU(4).DEE(4):DD(4)vFLA1(500)oC0R(4)

1,CD1(500), ORDI(SOO)pEPTl(SOOY"FNUl(lOO.#ToPEEK(4)

42 READ (NI4212) N,START,STOP,DELTA,NB
‘“‘“‘““ZTZ‘FothT‘Tifﬁiﬂfl0 (FREE
BN=2

“““*“”WWWM_NPTS‘(STOP-START)/DELTA+1.

START1=START

IF (N) 44,99,44

44 READ (N1,231) (NG(J),CMOLS({J)PEEK{J)+J=1,NB)

231 FURMAT(15,2F10.0)
KSTART=77777
TTTTTTTTT T U TWRITE (NK) KSTARTT , ‘ - , — )
S D0 220 J=1,NB o - s -

. NGJ=NG(J) -
220 READ (NI'2143(FNUI(IyJ)vE(IoJ);THETA(IvJ),I 1, NGJ) B
. 214 FORMAT (6F10.0} |
c FIND D(J)Y DIPOCE”STRFNGTH_OF'UTW—BKNU_KNU—KKTYU(J).
43 DO 701 J=1,NB .
T TUNGI=ENG YT T
) DEE(J)=0.
: 00 700 I=1,NGJ
T E(I,J)=E(I,J)/CMOLS(J)

700 DEE(J)= DEE(J)+.92%1. 772*E(TTUW#T“ETA(T“UY7FNU1(1 J)
DD(J)=SQRT{DEE(J)I*.01)
TTO01 WRITE "“7’(N0,205)DEE(J),DD(J)
205 FORMAT (/3X,24HMONOMER DIPOLE STRENGTH=.F10 54+21HE=~38 ESU-CM**Z OR
Tl MU=, F8.5y5HDEBYE)
. 41 READ  (NP,215) GAMMA:(ROTSTR(J) FQ(J) sd= 1.NB)
215 FORMAT (FI0.0/(ZFI0.0))
T UUSTART=STARTIT T T
WRITE (NO,704) GAMMA,(ROTSTR!J)vFQ(J)oJ 14NB)

704 FORMAT (1H1,20X, 6HGAMMA .Fb l,SXp9HFREQUENCY'5X'6HROTSTR/
T32x,2F10.00 )y T T .
- . DO 702 J=1,NB
: COR(JI=PEEK(J)=-FQIJI)Y ™ -
RATIO(')-ROTSTR(J)/DEE(J)*IBZ 6
NGU=NG{T )Y
DO 703 I=1,NGJ
FNU(IZJ)=FNUL(I,J)=COR(T)
_““;“_703 R(I,J)= C(X,J)*RATIO(J) -
97 WRITE(NO,201) - B
201 FORMAT -(41HO FREQUENCY DENSITY - WIDTH - - ROTATION//) ' , o
702 WRATE (NO,202) 777 (FNUCTYIY s ECISI Ty THETATI GO VROV W TELVNGYY T

N
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449101DIMEROT 30 ‘ DIMERO ROTGND  04/29
""" "EXTERNAL FORMULA NUMBER ~~<—"~SOURCE STATEMENT " = INTERNAL FC

— 202 FORMAT{F10%TPyF1071,2FL030)
NPTN=1
TTTTTTT T U WRITE (NG, 20p)

203 FORMAT (BLHJFREQUENCY DENSITY €O - ORD HELIX CD HEL .

R B “z:IQZ’CD“'TOTAL ‘ORD /7)° =T - - T
- : N200=1 , s o

- TH00 T EPT=0.
D O L] - -
A=y - : — -
HRD=0. - - ' : ' '
T “HCD=0.
D0 301 J= I'NB
NGIENGTI)
DC 301 I=1,NGJ
'”f””""““"”_'SEX-(EXP(—((START%FNU(I.JT)/THETl(T"UTTW*ZI)/2.
EPT=EPT+E(I,J)%SEX .
T T CO=CO+R (IS ) HSEX
‘ C= (FNU(I,J)—START)/THETA(IoJ)
TIFUABS (Cy=4.7 10, 10511
11 RINT=1./{2.%C)
Y A
10 I1CP=100.%C
IR (ICP)Y I 14T
13 RINT==-X{ICP) . , :
Gd TO 12 ) . . o
14 RINT=0. . ~ E
A Y0 B O I
15 RINT=X(ICP)
T T 2T RDERD AR TU)W(RTNT¥THETA(I“3)/(Z—WTFNUFTTH‘THTanj*TFETKTT-U?/—_"—_—_
. LFNU(I,J))%0.564
30T CONT INUE
: FLAL(N2001=10000000./START
T T IR (NPTN=10) 23452357235

L]

235 WRITE(NDO,204) START,EPTCDsRDyHCD, HRD»TCD,TRD FLAL(NZOO)
T 204 T FORMATT (BFIO’D F10.2)7 -
NPTN=1 o B
GO 107236~ , T ) '

234 NPTN=NPTN+1 _
TTT236T0RD1(N200)Y=RDTT -
EPTL(N200)=EPT ‘ - “
- CD1(N200)=CD — ;

© N200=N200+1 L i
STARTESTART*DELTA : ‘
IF (STOP—START) 401,400,400 . ' ' ' ' s
o ST AOLTWRITE(NKY T '**‘(FLAI(I)yCDI(I)oURDl(I)'EPTI(IY“I=1”NPTS) R
: Ir {GAMMA=-39, , 41 42 42 S
e GG KSTARTEQ - o ’ : . — - . T
WRITE (NKY © KSTART . . S L

~TEMDFIUETNK - - _ -
. REWIND NK S o K . : :
T CALL CHOOSE(NPTS) — ; - — ;
: RETURN IR S
T S

BEGIN ASSY. 2224.08 ' T
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|
SIBSTC XFIL. DECK . . ‘
..SUBROUTINE XFIbL.._._ S '
C THIS IS SIMPLU A TAPLE OF 400 VALUES OF ERROR FUNCTION
- C...IT. .PLACES.THE VALUES IN COMMON .FOR. INDEX. REFRACT. AND. THE .ROTGND,

CALCULATIONS OF K-K TRANSFORM | o )

oneme COMMON  /XTAB/ x(400).Wm.;mﬁﬂm“mnum”m*mm,ww-¢_ﬁ;¢"“M“mw»myi
X{ 1)=0.00999 ' ' Lo s :

X(._2)=0.01999 .. ____ |
“X{ . 3)=0.02998 ! T "
X{__ 4)=0.03995 _ - e R

X{ 5)=0.04991 . . - . T
X(e6)=0a05985 . ool e, o e et
X({ 7)=0.06970 ‘ . R T |

X{__8)=0.07965 __

X( 9)=0.08951 . e : o Ly

X{_.10)=0.09933 . .. _. i e e e e
X{ 11)=0.10911 o - B . :

. X(-12)=0.11885. SRR R i
- - X( 13)=0.12854 ~ T T

|

| | . |

X{_14)=0013818 ool il LN ' ?
| T | . . E

|

e B - - eennd

’
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X{ 15)=0.14777
X(_16)=0.15729

X{ 17)=0.16676

_X{ 18)=0.17616

X( 19)=0.18549
X(_.20)=0.19475
X{ 21)=0.20393
X(_22)=0.21303
X( 23)=0.22205
X( 24)=0.23099
X{ 25)=0.23983

X(_26)=0.24859 '

X{ 27)=0.25725

X( 29)=0.27427
X({_30)=0.28236

l, ‘I

-12

0-
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X(_28)=0.26581 -

X{ 31)=0.29088
X{:_32)=0.29902

X( 33)=0.30705 "

X(_34)=0.31496

X({ 35)=0.32276

X(_36)=0.33045

X( 37)=0.33801
X(_38)=0.34544

X({ 39)=0.35275
X(_40)=0.35994

X( 41)=0.36699

L X(_42)=0.37392

X{ 43)=0.38071

X(_44)=0.38737.

" X({ 45)=0.39389

_X{(_46)=0.40028

X( 47)=0.40653
X(_48)=0.41246 _

X{ 49)=0.41860

X(_50)=0.42443 _

X{ 51)=0.43012

X(_52)=0.43566

X{ 53)=0.44105
X(.54)=0.44631
X{ 55)=0.45141
X(..56)=0.45637

X( 57)=0.46119

e e+ a o

X(_58)=0.46586

- X( 61)=0.47899

X{ 63)=0.48701

X{_64)=0.49080
X{ 65)=0.49444
X(_66)=0.49749

X( 59)=0.47038 ' -
X(_60)=0.47476 _

X(_62)=0.48307.

X{ 67)=0.50130 " °

X(_68)=0.50451

X{ 69)=0.50757

X(_70)=0.51050

. sow—



X( 71)=0.51328
X{_72)=0.51592

o pr—

X{ 73)=0.51842
Xt

X 75)=0.52301

X{ 76)=0.52509 ___

X{ 77)=0.52705

T4)=0.52078. _ . _.

X{_78)=0.52886

X{ 79)=0.53054 .
X(_80)=0.53210,

X{ 81)=0.53352
X(_82)=0.53481

X{ 83)=0.53598
X(_84)=0.53702

X( 85)=0.53793
X{(._86)=0.53873

X( 87)=0.53940.
X{_88)=0.53996

X

891=0.54040"
X(_90)=0.54072

X{ 91)=0.54093
X(_92)=0.54103

X( 93)=0.54102
X{(_94)=0.54090

X{ 95)=0.54068
X(_96)=0.53036

“X{(

97)=0.53993
X(_98)=0.53941

- X{ 99)=0.53879 °

X(100)=0.53807

X{101)=0.53727
X(102)=0.53637

X(103)=0.53538

X(107)=0.53060
X(108)=0.52921

 X(104)=0.53431________ ..
X(105)=0.53316 '
X(106)=0.53192 .

X(109)=0.52774
X{110)}=0.52620.

X{111)=0.52459
X{112)=0.52291

X{113)=0.52116
X{114)=0.51935

" X(115)=0.51748

X(116)=0.51555 .

X{117)=0.51356

X{1181=0.51152 . ...
X(119)=0.50942 . .
%X{120)=0.50727 ..

X{121)=0.50507
X{122)=0.50282

S
=

X({123)=0.50053
X{124)=0.49820

X(125)=0.49582

X(126)=0.49341 _

Iz
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TTX(127)=0.49095
X(128)=0.48847__

X{(129)=0.48595

X(130)=0.48339 _
X{131)=0.48081
X{132)=0.47820 _

X(133)=0.47556
X{134)=0.47290

!
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X(135)=0.47021."

X{(136)=0.467S1

X{(137)=0.46478
X(138)=0.46204%

X(139)=0.45928
X(140)=0.45650

X(141)=0.45371
X(142)=0.45091

X{143)=0.44810
X(144)=0.44528

X(145)=0.44245"
X{146)=0.43962

X{(147)=0.43678
X{148)=0.43394

X(149)=0.43109
X({150)=0.42824_

X(151)=0.42540.
X(152)=0.42255

X(160)=0439993

X(153)=0.41971
X(154)=0.41686_

X{155)=0.41403
X(156)=0.41119

X{157)=0.40837
X{158)=0.40555

X{159)=0.40274

X(161)=0.39714

X(163)=0.39159

X(164)=0.38883:

X(162)=0.39436 _ .. .-

X{165)=0.38608

X{166)=0.38335_._.

X(167)=0.38063

X(169)=0.37523"
X(170)=0.37255

X(168)=0.37792 "

X{172)=0.36725

X(171)=0.36990

X(173)=0436463"
X(174)=0.36202 .

X{175)=0.35943

X(176)=0.35686

X(1771=0.35431
X{178)=0.35178 .

X{179)=0+434926
X(180)=0.34677

X(181)=0.34429

X(182)=0.34184




TX(183)=0.33941

X{184)=0.33700

X(185)=0.33460 i
X{186)=0433223 ___ .

X(187)=0.32989

© X(188)=0.32756

X(189)=0.32525  .°

X{190)=0.32297

X(191)=0.32071
X{192)=0.31847

X{193)=0.31625

X{194)=0.31405_
X(195)=0.31188 -

X(196)=0.30973

. X{197)=0430759 -

X(198)=0.30549

X(199)=0.30340
X(200)=0.30134

X(201)=0.29929
X(202)=0.29727

X(203)=0.29527

X{204)=0.29330_

X(205)=0.29134 . . - -

X(206)=0.28940

X(207)=0.28749
X(208)=0.28560

X(209)=0.28373

X(210)=0.28188.___

Y

X(211)=0.28005

X(212)=0.27824_

X(213)=0.27646
X(214)=0.27469

X(215)=0.27294 .

X(216)=0.27122

X(217)=0.26951

X{218)=0.26782 . .

 X(219)=0.26615 "1

X{220)=0.26451

X(221)=0.26288 - .

X(222)=0.26127 .5, 0 i
. X(223)=0.25968 1 i il

%X{(225)=0.25655 .

X(226)=0.25501

X(224)=0.25810 i

X(227)=0.25350 "~ -

X(228)=0.25200 ...

“

X(229)=0.25051 ° ff “'“

X(235)=0.24198
X(236)=0.24061

X(230)=0.249051J31H"“ﬁ

X(23l)=0.24760j7;ﬁfﬁﬁdﬁff”
X(232)=0.24617 - 2.7

"X(233)=0‘24476»-3Q7Q-ﬂ';'
X(234)=0.24336 -

....

X(237)=0.23926

X{238)=0.23793 __




X(240)=0423531

X(243)=0.23149 -

_X(244)=0.23025

X(239)=0.23661"

.......

X{(2411=0.23402
. X(242)=0.23275_

X(245)=0.22902

X(246)=0.22780

X(247)=0422660;

X{248)=0.22541.

X(249)=0.22424" . -

T X(251)=0.22193
X(252)=0.22080__

X(253)=0.21967
X(254)=0.21856

X(255)=0421747

X{257)=0.21531
X(258)=0.21425

X{259)=0.21320

' X{(261)=0.21113
X(262)=0.21012

X(250)=0.22308__._

X{256)=0.21638.

X(260)=0.21216 "

X(263)=0.20911.

X(264)=0.20812

' X(265)=0.20713
X(266)=0.20616

X{270)=0.20237

X(267)=0.20520~521ﬁ5.m,
X(268)=0.20425_

"X(269)=0.20330 .

X(271)=0.20145.

X{272)=0.20053 __

' X(273)=0.19963 -

X{(275)=0.19785

X(277)=0.19610

. X(279)=0419439

X(283)=0.19107
:X(284)=0.19026

X(285)=0.18945

X{286)=0.18866

X(288)=0.18709

X(276)=0.19697 _

X(274)=0a 19873 - 1 oo o7

X(278)=0.19524 .

X(282)=0.19188_ "

X(287)=0.18787 .-

X{289)=0.18632 " . -
. X(290)=0.18555.

X(2911=0.18479

X(292)=0.18404

X(293)=0.18330

X(294)=0.18256 .

X({295)m=0.18183.




X{298)=0.17967

X(299)=0.17897 ..
- X(300)=0.17827
X(301)=0.17758

< X{304)=0.17553
.. X{305)=0.17486__

X(306)=0.17420

X(308)=0.17288
X{309)=0.17224

X(312)=0.17033

X{316)=0.16785

T X(318)=0.16665
X(319)=0.16605_

X(320)=0.16546
X(321)=0.16487

X(323)=0.16371

X(296)=0.18110
X(297)=0.18038

-4

X{302)=0.17689 "~
X{303)=0.17621

.

X(307)=0.17354 "

-X{310)=0+17160 ..
X{311)=0.17096____

X{313)=0.16970.__-"

X(314)=0.16908 .
X{(315)=0.16846_

X(317)=0.16725_ " "

X(322)=0.16429 .

X(324)=0.16314 .

X(326)=0.16200

X{331)=0.15924

2 X{332)=0.15870
- X{333)=0.15817.

X(334)=0.15763

. X(336)=0.15658 .. .
~X(337)=0.15606 .___.

X(325)=0.16257__

X(327)=0.16144 "

X(328)=0.16088 °
X{329)=0.16033.
-X(330)=0.15978 '~

_X{335)=0.15710 ..

[P

X(338)=0.15554 .

X{(340)=0.15452

X(339)=0.15503_

X(341)=0.15401 " .
T X(342)=0.15351 ..l
X(343)=0.15301 . 0.

X{344)=0.15252 ...0 < -

X(346)=0.15154 ~ -7 - UL
,‘X(347)=0.15105.:tLAT;:;«M
X(348)=0.15057 - = '

X(349)=0.15009

X(350)=0.14962

XL3«5)=0°l5203::“f R

X(351)=0414915 ... . ke
X(352)=0.14868 |

3

cEte Tl tapy £ oTeagr ooeote

it




TTX(353)=0.14821 -
X(354)=0.14775

X{355)=0.14729

X(357)=0.14638

e X1358)=0.14593 _
X{359)=0.14548.
X(360)=0.14504

X{361)=0.14460
X(362)=0.14416

X{363)=0.14373

T X(365)=0.14286
X(366)=0.14243

X(367)=0.14200

X{369)=0.14116

X(370)=0.14075_

X(371)=0.14033
X(372)=0.13992

X(373)=0.13951

X(375)=0.13870 "

X1376)=0.13830

X(377)=0.13790

X{(379)=0.13711
X(380)=0.13672

. X(356)=0.14683 __ " - -

e e er——. —— e o s s s

X{3641=0.14329

_X{368)=0.14158

X(374)=0.13910.

X(378)=0.13750

X(381)=0.13633 .
X(382)=0.13594_

X(383)=0.13555"

X(384)=0.13517

X(385)=0.13479

X{387)=0.13403

X(389)=0.13329

" X{390)=0.13292 _

X(391)=0.13256

X{393)=0.13183
X(394)=0.13147

X(386)=0.13441.

X(388)=0.13366

X(392)=0.13219

X(395)=0.13111 "

X(396)=0.13075

X(398)=0.13004

see o

o

X{399)=0.12969

RETURN
END

X(397)=0.13039 -

X(400)=0.12934.
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.~ SIBFYC. SCHOIX.. LIST,REF,DECK . e . S O ,;va"“...m;mm,w
SUBROUTINE CHOOSE (NPTS) .
e C__THIS PICKS OUT_MAXIMA.AND.MINIMA. FDRM .THE . ORD COURVES . AMD_PRINTS.. THEM
C. SINCE THE CURVES AREBE ALWAYS SMOOTHE, IT MAY FINE spunxous
e .. C  MAXIMA AND MINIMA. . o
’ COMMON /10POOL/ NI,NO,NK,NP '
DIMENSION FNU{1000),FLA{1000), E(lOOO)yCD(lOOO)oORD(1000)'BLOK(10001

'1),0RD1{35),0RD2(35),0RD3(35) 4GAM(35)
ot 42 GAMMA =.-=5.7.
NPLO=0 o , | -
o READ INKY o KSTART. i L i e i i e e
; IF (KSTART=77777) 99+41,99,

o4 1 READ (NK)  (FLA(I),CD(I), ORD(I).E(I).1=1 NPTS)nm e
NPLO=NPLO+1 :
GAMMA = GAMMA__+.5.728
o TAKE AVERAGES AND DERIVATIVES- - ~
— e BLOK (1) =ORD( 1) +0ORD(2) +ORD(3)40RD(4). . —— .. o e i
DO 31 I=5,NPTS,4% : ' - ‘ : ‘
BLOK(I)=0RD(I)+0ORD{I+1)+0RD(I+2)+0RD(I+3)., P — P
31 BLOK(I+1)= BLOK({I)-BLOK(I-4) Ce T e
C - .BLOK1,5+9+13 ETC._.CONTAIN. AVERAGES
C = BLOK 2,6,10,14 ETC. HAVE DIFFERENCES OF BLOK5-2,9-5,13-9, ETC.

e Qe . e e e

c FIND TURNING POINTS , _ o
e e = WRITE {NO,51) GAMMA, m-_L_w<mmmm;,;w;-;m“;___.__.M;.._”w,,u.mwmu4.
‘ 51 FORMAT (1H1,5X,6HGAMMA=,Fb6ely g
"1....//710Xy30HLONG_ . wAVELENGTH_IURNING POINT.//J
_ WRITE {(NC,52) e y o
——-%--—-52 FORMAT (10X, 10HWAVELENGTH,15X+3HORD/) - e e
' DO 32 I=1,NPTS,4 R T . .
oo o DERPRD = BLOK({I+1l)#BLOK{I4+S) ——. . e i i e
-7 NPRX=1-4 ' . ‘ : I :
NPRW=1+4 .
IF (DERPRD) 61.32,32 _ , o o
—eee——.32 . CONTINUE . RS B SR
. WRITE, {NO,54) - o S T
eme-54 FORMAT (14H NO TURN-FOUND).. t_:~f;;“v ARE—
GO TO 99 S
61-YRITE (NO, 53)-(FLA(I).0RD(!J.J=NPRX.NPRH)
53 FORMAT ( F20.2,F20.0) o ,
i “WRITE {NO955) - e ~w_w.~~“—;
55 FORMAT (1HO0,10X,31HMEDIUM WAVELENGTH TURN!NG POINTI) - - ~
soniee. Con. FIND THE 262 TURNING POINT L O R
. . WRITE (NO,52) - R B ' 3
. ' DO 33 I=NPRW,NPTS,4 ' : e
: ' " _DERPRD = BLOK(I+1)*BLOK(I+5) L . SR ,
e e« NPRX2= l=8 . o oot A : e e e o b
NPRW2=T+4 ;-4: . - T o '
IF (DERPRD) 62, 33.33‘mw—«w-m-u-_;—fm;f-~,, , -
.33 CONTINUE : _ R v PR -
WRITE ..(NOyS4)— S SN R — L -
- . GO TO 99 S ‘ Lo o
m 2 62 WRITE (NO,S53) . (FLA. (J),0RD<(J)rJ-NPRX20NPRH2)-fhwm—w;wl~-~—amw»—»~~m~_-
C '~ FIND SHORY WAVE TURN h , . ;ja L L '
e WRITE (NOy56) - o i S —
56 FORMAT (lHOleX.3lH SHDRT HAVELENGTH TURNING POINT/) o -

@
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34

C

— 63.

57

64

65

35-

e WRITEL ANO Y52 ) T i T e

DO 34 I=NPRW24NPTSy4
DERPRD .= BLOK(I*I)*BLOK(I*S)
NPRX3= I=4

- _NPRW3= I+4 e - ,-mgutw

IF (DERPRD) 63’34934 . L ‘ .
CONTINUE ... o e e e < e e e e e e e e
WRITE (NO,54) A
WRITE (NO,S53)__(FLA{(J), 0RD(JL¢J=NPRx3oNPRH3) .
FIND THE CORSSING POINTS . o o
WRITE. (NO,57). ) -“am-w;;;mﬁ;mq¢4“__;,“; A
FORMAT (1HO, IOX.ISHCROSSING POINTS ATy . X
WRITE. (NO,52) . TR R ' e e e
NPRA=0 : ‘ e ' o ,
DO 35 1=2,NPTS 4 : : - - S _
PROD= ORD(I1)=20RD{I-1) S o -

NPRC=1 . . ... . . T S - S S
If (PROD) 64 99.35 ' T o S -

IF (NPRA).99,65,66 ; - N -j‘,__f,f,__~_~;_u__

NPRA=NPRC
CONTINUE..
WRITE (NO,54)

——eee e — .66 NPRC1=NPRC-1. —_ ._M”w“fwmﬁﬂf*_,,_~~~;w- ;m._,mm_hf;m;nﬂ

. TEM=0. R ‘ U TS

FIND MAXS AND.MINS

NPRAl= NPRA-1 |
WRITE (NO,53)  (FLA(I),ORD{I},I=NPRAL, NPRA) — e
WRITE (NO;53) (FLA(I)ORD{I),I=NPRC1sNPRC) S

TEX=0.

- TES=0

71

DO 36 I=1,8... . S— e
INPRX=1+ NPRX - : ' : :

INPRX2=1+NPRX2 — — N
INPRX3= [+NPRX3: | | - B -

TEX=TEX+ORD{INPRX)-Zom oo oo . o 5_q;”-._+'_

TEM=TEM+ORD { INPRX2) A S .
TES=TES#ORD (INPRX3)rmmr o cmim e i e
TEX=TEX/8. . S

TEM=TEM/8.

58

43

— 44

99

'TES=TES/8. : - |
—WRITE (ND,58) --TEX,TEM,TES —_— - B

FORMAT | lH-vIOXo 44HAVERAGE VALUES OFfF ROTAT!DN AT TURNING POINTS/

- 11H0,5Xy SHSHORT,10X, 6HMEDIUM99X¢ 4HLONG/3F15 0) .- -

ORDL(NPLO}=TEX
ORD2 (NPLO)}=TEM
ORD3(NPLO)=TES _ o : : o , o
GAM{NPLO)=GAMMA ... ... - : N — S O
IF (GAMMA=39.0) 41,44 ,44 . . o .
CALL PLODO (GAMyORD1908910) o ool o o
CALL PLODO (GAM,0RD2,08,10) S SRS

CALL.PLODO .{GAM,0RD3,08,10)
GO T0 42 »

WRITE (NO,153)- (FLA(X)'ORD(I).CD(I),E(I) aLoxtx).x-1,3so) S

. 153 FORMAT (2F1S. B'IOXyZFlS 8+10X¢F15.8) -
- - ~RETURN - e e T T

END




. -129-1- - .'..-.- e

s L ees.SIBFTC ..PLODO" LIST,REF,DECK.. N S
: SUBROUTINE PLODD  (X»Y,NPTS,LENGTH)

C_THESE .TWO PLOT..ROUTINES..ARE.. CALLED .OFTEN... - ONE.. PLODI..READS IN.
. C THE ABSCISSA VALUES FORM LARGEST TO SMALLEST WHILE PLGDO READS IN F
e C. . SMALLEST TO LARGEST.. . ' . . .i
o THEY PLOT ONLY ONE CURVE ro A FRAME i
C.NPTS IS THE NUMBER OF POINTS YO BE PLOTYED( THE X TO BE READ IN FROM |
. C SMALLEST TO LARGEST,THE ASSOCIATED Y HAVING. THE SAME INDEX. ;
C__ONE .TITLE.CARD IS.READ. LENGTH IS _IN INCHES e e
COMMON /CCPOOL/XMINyXMAXoYMINyYMAX,CCXMIN, ,CCXMAX, CCYMIN,CCYMAX
C..... CALL CCBGN ... . .. . USED TO BE IN.  0OUT JAN 10 .
. COMMON /IOPOOL/ NI,NO,NK¢NP
— ——-—.. DIMENSIONTITLE(12),X(1000),Y(1000),FMT(2). .. e e
READ (NI,11)TITLE , -
11 _FCORMATI(13A6).
XMIN = X(1) : ‘ ‘ |
— XMAX= XANPTS) o S
IF (NI+1l) 121, 122.121 DR PR
121 RCOR=102%e - - ccooome ' S — -
NRCOR—IOZé ' - :
GO TO0.123
122 RCOR=1l. } , C _ 5 :
- ieeeeie—ee - . . NRCDOR=1 i A
. 123 CCXMIN= 100¢/RCOR : E L S ' ]
S . —. CCYMIN=2004/RCOR . S : U L TP
' CCYMAX=900./RCOR o R - '

CCXMAX=(100+LENGTH#100)/NRCOR ' R :

'€ FIND YMAX AND YMIN FOR SCALING PURPOSES o ]

‘ YMAX=Y{1) —_ _ - C e

. o - DO 21 I=2,NPTS o cono S
e i e YDIFRYMAX=Y (D) e e S

"1F (YDIF)22,21,21 A ‘ -

22_YMAX=Y(I)._ ; - : o |

21 CONTINUE : : o S = A SRR

e YMIN=YLY) . e e e Ll o L L L :

- DO 23 1=2,NPTS o : S " . , S

i iimeme - YD T FM=YMIN=Y(I) ———e . . e e el ) L

‘ " IF (YDIFM) 23,24,24 " L e T |

24 YMIN=Y{]) - L : ,

23 CONTINUE ' 3 S oy

. CALL CCGRID (LENGTH,2, 5.6HLABELS»7 z.S)Ww_wu-fw;fnwu-efn_--"nwu—q4

, CALL CCLTR{. 048828¢¢097656’0o?'TXTLE978) , : _ _
e CALL CCPLOT (X, Y.NPTS.4HJOIN) e e
' WRITE (NOy12)TITLE . R - - \
12-FORMAT (1HOs13A6) — :
CALL CCNEXT N > , - o
v RETURN e e e e : R e o
o END ‘ s o o
' B f
B y
/ ]
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s — - emem——— ‘_.._*_..,,_.'...... et e e e c e ..'..‘,-, O, _130- e e e -
’ ' 4 . ’ [P ’ ’ 1
“DIMERN SELECT U v e e ‘ , | 05/
EXTERNAL FORMULA NUMBER . —_._ SOURCE STATEMENT = = INTERNAL f
- o L -
) TTUSURRNUTINE SELFK . T T T T ' . .
C__THF RATGNN WRITE OUT BINSRY TAPES 0OF ROTN ETC VS WAVELENGTH S
T ETUTHE CHNNSE AND SELECT DECK ARE TO GFT CFRTA!N FEATURES OUT DF THE |
C__BINARY TAPFS , .
£TTSELECT PICK NUT CERTAIN SEUECTED VALUES OF GAMMA AND PUNTS THE
' C__ROTATION VS WAVFLFENGTH AND OUTPUTS I'T TDO FOR LATER PLOTTING ETC.
TTTTTTCTTUNP {THE NPUNCH UNIT) IS USED FOR OUTPUT TO CULPRIT IF XPUn=1,
NIMENSTON N(30, 16).FLA(OGOO)'ORD(OSOO).E(OSOO) cn(osooy -
COM1ON /7T0PODL/ NIZNO,NK,NP
. READ (NI,21) JMAX,KPUD
21 FNRMAT (215) _
R _DP 31 J=1,JdMAX T U S
~ 31 READ (NT,22) (NCI,J)e1=1,30)
22 FNRMAT (3012)
DN 32 J=1,JMAX
16=0
- I=1 L T R
REAN (NK) XSTART
e TE (KSTART=77777)_99s41,99 R
41 IG=1G+] :
MAXGAM=09
NPSA=334 . ‘ .
IF ([G MAXGAM) 46 32,32 o .

46 READ (NK) (FLA(IR)vCD(IR)qORD(YR),E(IR’vIR loNPSA)
NSEL=N{T,J)

IF (NSEL-IG) ~ 41,42,41
42 1=1+1

CALL PLODIV (FLA,NRD,334,10)
CHWRTTE (ND,23) (FLA(LI7), 0RD(T?)9CD(!7)1E(IZ!9I7 1., NPSA)

T23 7 FORMAT . [43H WAVELENGTH  ORD €D ABSORPTION/ = (4F10.
o i e e e e o+ ]
1F (KPUOLNFLLY 60 T 41 ’ T T

WRTTE (NP,24) (FLACIS),ORDITS),1S=1,NPSA)

WRITE (NP,24) (FLACIS),CD (IS).IS=1, NPSA) ~ o . |
24 FORMAT (4(F10.1,F10.0)) :

GO TN 41 B -
32 _CONTINUE ‘ . L e
99 RETURN . ' o
. o e e R o




B I

) - prwgen LpLonr S SO o5
EXTERNAL FORMULA NUMBER =  SOURCE STATEMENT = _INTERNAL

.

TTSURROUTINE PLODIV (X, YyNPTS,LENGTH)
_C NPTS IS THE NUMRER NF POINTS TO BF PLOTTED( THE X TO RE READ TN FRNM
TCLARGEST TO SMALLEST,THF ASSOCIATED Y HAVING THE. SAME INDEX.

] C__ONE TITLF CARD IS READ. LENGTH IS IN INCHES
C CALT CCRAN OUT JAN 10

COMMON /CCPOOL/XMINGXMAXy YMIN,YMAXoCCXMINGCCXMAX, CCYMIN,CCYMAX

COMMON /10P0OLY NT4NO,NK,NP
‘-w__DT“FNQIﬂ“TITLF(l?),X(OGOO)yY(OSOO)vFMT(Z)

READ {NI,11)TITLE
FORMAT((13A6)

1)

XVIN=X{MPTS)
CXMAX=X(1)

TIE NI+ 171.1?2,171 0
121 RCNR=1024. S

NRCOR=1024% . .

GO TN123

122 RCNR=1.
NRGAR=1
"123 CONTINUE
_CCYXMIN=100,/RCOR_
CCYMIN=200,/RCNR
CCYMAX=200. /RCOR

[ESSR . [ U U

P —— [N e e san e webve v b pess s e

CCX”A¥~(100+LFNGTH*100)/NRCOR o . ‘ y
FIND YMAX AND_YMIN FOR _SCALING PURPOSES - - R '

YMAX=Y (1)
b0 21 I=2,NPTS e
YDIF=YMAX=-Y(]) .
IF (YDIFY22,21,21

22 YMAX=Y(1)

21 CONTINUE
YMIN=Y(1)
DN 23 I=2,NPTS .
TUYDIFM=YMIN=Y(])

IF (YDIFM) 23,244,264
YMIN=Y (1) |
CONTINUE

24 .Y
23

CALL CCGRID (LENGTH,2,5, 6HLABFLS.7.2.6)

CALL rrLTR(.04sa7a,.oo76 70,2, TITLE,78)
CALL CCPLOT (X,Y,NPTS, AHJHIN) o
WRITE (ND,12)TITLE ¥

12 FNRMAT ([ 1HO,13A6)

CALL CCNEXT . = "
RETURN s . . .
FND
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APPEI\IDIX B

Circular Dichmism Curves :

In this section we pnesent the comput;ed circular dichroism
A curves for all 16 dimers. Only one of these (ApA) was discussed
in the text Bince ther'e have been no published masumments of the

others. We also include the ORD curve of ApA unscaled.'

}
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1)

This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, 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 information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, 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 Com-
mission, or employee of such contractor, to the extent that

W such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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