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STRUCTURAL EFFECTS ON THE CIRCULAR DICHROISM
OF ETHIDIUM-NUCLEIC ACID COMPLEXES
by

Kenneth Steven Dahl

ABSTRACT

Binding of the framéshift mutagen ethidium bromide to dinucleoside
phosphates (dimers) of different base sequences was studied by optical
methods, notably UV-visible spectroscopy, circular dichroism (CD), and
fluorescence detected circular dichroism (FDCD). The ethidium ion in-
tercalated between the base pairs of the minihelix formed by the com-
plementary dimers; the stoichiometry of the complex was 2:1 dimer:dye.

Equilibrium constants for complex formation showed a general prefer-

ence for dye binding to complementary sequences in the order:
Py(3'-5')Pu > Pu(3'-5')Pu = Py(3'-5')Py > Pu(3'-5")Py

wnere Py = a pyrimidine base and Pu = a purine base. Complexes with
ribodinucleoside phosphates had Targer formation constants than their
deoxyribo- analogues. Above 300 nm, where only the dye absorbs, the -
induced CD spectra of the complexes had bands at 375 nm, 330 nm, and
near 307 nm. The magnitude of the 307 nm band per bound dye depended
upon the base sequence in the djmers. The CD spectra of these com-
plexes down to 220 nm were obtained by FDCD measurements; between 220
and 300 nm both positions and magnitudes of the CD bands were sequence
dependent. A study of ethidium ion binding to dCA5G + dCT.G tested

5
for any site preference of dye binding and for any correspondence be-
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tween the dimer:dye FDCD spectra and oligomer:dye FDCD spectra.
Ethidium ion binding and optical activity in complexes with calf
thymus DNAwere studied as a function of NaCl concentration. The bind-
ing constant was dependent upon salt concentration, increasing as the
jonic strength decreased. The magnitude of the induced CD band at 307
nm also increased as the ionic strength decreased. Possible mechan-
jsms for this behavior and the previously observed (Houssier et al.
(1974) ibpolymers 13, 1141-1160) induced CD dependence upon the dye
binding ratio were presented. The available evidence favored a mech-
anism which considered the effects of the complete nucleic acid/bound

dye/counterion system on the optical properties of the dye.
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"Dr. Hoewnikker used to say that any scientist who couldn't
explain to an eight-year-old what he was doing was a charlatan.”
"Then I'm dumber than an eight-year-old...I don't even know

what a charlatan is.”

Kurt Vonnegut, Jr.

Cat's Cradle
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Chapter I
INTRODUCTION

1. Background

One of the more fascinating areas of scientific inquiry over the
past thirty-five years has been focused on the structure and function
of the nucleic acids: deoxyribonucleic acid (DNA) and ribonucleic
acid (RNA). After the publication of the right-handed double helix
structure for DNA by Watson and Crick (1953), studies in succeeding
years gradually revealed the processes by which the genetic message
is preserved from generation to generation through replication of DNA
and how the message is transcribed and translated via RNA intermed-
jates into proteins (for reviews, see Watson, 1976; Kornberg, 1980).

In Tight of the known mutagenic and carcinogenic properties of
certain molecules, among them, polycyclic and heterocyclic aromatics,
studies aimed at uncovering their means of producing changes in the
genetic message were undertaken. Models specifying how these mole-
cules interacted with huc]eic acids were proposed, among them, the
intercalation model of Lerman (1961). As shown schematically in
Figure 1.1, the aromatic dye molecules, which are similar in thick-
ness to the base pairs of the double-stranded nucleic acid, slip into
the helix between adjacent base pairs, both lengthening the helix and
distorting the regularity of the backbone by unwinding the helix
(Waring, 1970). Many of these same intercalators were found to be
frameshifters, that is, they somehow caused either an insertion or a
deletion of bases in the genome during replication. One model for

this process (Streisinger et al., 1966) proposed that the intercalat-



Figure 1.1. Schematic representation of the double helix of
DNA. Left: DNA 1in the B form with the base pairs perpendic-
ular to the helix axis. Right: B form DNA bound with in-

tercalating dye molecules.






ing drugs stabilized intermediate Tooped structures (Figure 1.2) that
may form during DNA replication, resulting in a new strand with bases
inserted or deleted. One widely studied frameshift mutagen is ethid-
jum bromide (Figure 1.3). It shows frameshifting activity in the
Ames. test (McCann et al., 1975) and intercalates into both DNA (LePecq
& Paoletti, 1967) and double-strandéd RNA (Douthart et al., 1973).
Among the features which make ethidium bromide poﬁular for intercala-
tion studies are solubility in water, a low tendency to self-aggre-
gate (Reinhardt & Krugh, 1978), an absorption shift in the visible
spectrum upon binding to nucleic acids (Waring, 1965), a marked flu-
orescence intensity increase upon binding (LePecq & Paoletti, 1967),
and acquisition of an induced optical activity when bound in nucleic
acids (Aktipis & Martz, 1970). These spectroscopic features of the
dye were not only seen upon binding to polymers, but were also pre-
sent when it bound to complementary nucleic acid fragments as small as
two base pairs long (Krugh & Reinhardt, 1975; Krugh et al., 1975;
Reinhardt & Krugh, 1978). Sobell and co-workers (Tsai et al., 1977;
Jain et al., 1977) were even able to obtain refined crystal struc-
tures at atomic resolution of ethidium ion complexes with 5-iodoUpA
and 5-iodoCpG.

The induced CD spectrum with the dinucleoside mono- and di-
phosphates, together with nuclear magnetic resonance chemical shifts
of the dye protons, led to the conclusion that an ethidium ion was
intercalated between the two base pairs of the minihelix in the com-
plexes (Krugh & Reinhardt, 1975; Krugh et al., 1975). The structures

obtained from the X-ray data confirmed that the phenanthridinium ring



Figure 1.2. The Streisinger model of frameshift mutagenesis.
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Figure 1.3. Structure of ethidium bromide, a frameshift

mutagen.
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of a dye molecule was stacked between the base pairs in each minihe-
1ix; in addition, a second dye was stacked outside of one base pair.
In the solid state the dimer:dye stoichiometry thus was 2:2. On the
other hand, all evidence pointed to a 2:1 dinucleoside phosphate:dye
complex in solution as Tong as an excess amount of dinucleoside phos-
phate relative to ethidium ion was maintained (Krugh & Reinhardt,
1975).

From an optical spectroscopist's point of view, perhaps the most
interesting of the above observations js the induced optical activity
above 300 nm acquired by the ethidium fon (EI) when bound in nucleic
acids. In Figure 1.4, characteristic circular dichroism (CD) bands at
307, 330, and 375 nm are shown for the calf thymus DNA:EI complex; an
additional negative band corresponding to the visible absorption band
of the dye is found at 510 nm. The magnitude of Ae per bound ethidium
jon in DNA at 307 and 330 nm strongly depends upon the ratio of bound
dye to phosphate and.increases as dye bound/phosphate (r) increases.
This is charted for the 307 nm band in Figure 1.5 with data taken from
several studies of the phenomenon (Dalgleish et al., 1971; Aktipis &
Kindelis, 1973). This curve was reproducible, within error, for bind-
ing to nucleic acids of different base contents (Dalgleish et al.,
1971; Aktipis & Martz, 1974; Williams & Seligy, 1974) and for dye
binding through a wide range of added monovalent counterion concentra-

tions (Aktipis & Kindelis, 1973; Houssier et al., 1974). Increases in

EA max
bound

binding to calf thymus DNA that had been denatured by heating and re-

A with increasing dye binding were also seen for ethidium idn

cooling (Aktipis et al., 1975) and for the binding of ethidium ion
analogues to DNA (Kindelis & Aktipis, 1978). The behavior of the



Figure 1.4. Induced circular dichroism spectra for ethidium
bound to CpG (X) and calf thymus DNA at binding ratios of
0.20 dye/phosphate () and 0.10 dye/phosphate ). The
molar CD (ae) is calculated per bound dye. The salt con-

tent of the DNA solutions is ~80 mM NaCl.
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Figure 1.5. Variation of the magnitude of the induced CD per
bound dye at 307 nm with the extent of ethidium binding.

The molar induced CD, Ac 4 is calculated on the basis of

boun
bound dye. The extent of binding, r, is defined as the moles
of bound dye per mole of DNA residues (phosphate). Data

were taken from Dalgleish et al. (1971) and Aktipis and co-
workers (1973, 1974), and represent a synthesis of results

in different salt concentrations and nucleic acid sequences.
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Tongest wavelength CD band at 510 nm was different: it remained rela-
tively constant with increasing binding ratios (Houssier et al.,
1974). |

Dalgleish and co-workers (1969), in a study of the induced op-
tical activity for aminoacridine dyes bound to DNA, proposed qual-
itative explanations for the variations of Agéound with binding
ratio:

Two possible explanations can be advanced. (1) The varia-
tion is the result of interaction between bound Tigands, which
naturally increases as the number of molecules in a given in-
teracting group increases...

(2) The progressive binding of Tigand molecules alters con-
tinuously the shape of the macromolecule, so that the environ-
ment of any bound 1igand is determined by the number of bound
ligands in its vicinity...

Mechanisms (five in all) in terms of the electronic properties of the
dye and helix for the induced CD of the aminoacridines in DNA were
presented by Jackson and Mason (1971). These mechanisms, together
with the general picfure presented by Dalgleish et al. (1969), were
applied to the problem of the induced CD of ethidium jon bound in DNA.
For the band at 510 nm, the asymmetry of the intercalation site in the
macromolecule alone was advanced as the reason for the induced optical
activity; such an interaction would remain unchanged as the extent of
dye binding increased (Aktipis & Kindelis, 1973; Houssier et al.,
1974). The behavior of the near UV band at 307 nm was attributed to
two distinct mechanisms based on the general presentation of Dal-
gleish et al. (1969). The first held that at low binding ratios the
induced CD per bound dye was due to the asymmetry of the binding site

and thus was low. As more dye molecules intercalated in the DNA, di-

rect interaction between transitions on two or more adjacently bound



(assuming neighbor exclusion) dye molecules gave rise to increasing
magnitudes of the CD band. These interactions could either be between
different transitions on the ligands (non-degenerate excitons) or the
same transitions on the ligands (degenerate excitons); the latter were
given greater credence because a second, roughly equal, negative CD
band at 290 nm was seen under certain conditions (Aktipis & Kindelis,
1973; Houssier et al., 1974; Williams & Seligy, 1974). A second mech-
anism for the 307 nm band behavior was based upon symmetry arguments
and attributed the induced CD in the dye to the static asymmetric per-
turbing field of the rest of the complex (Lee et al., 1973). In this
mechanism, increased ethidium jon intercalation would alter this per-
turbing field and, in this case, the change in this field would in-

crease the induced CD magnitude per bound dye.

307

i £ :
The leveling off of the Acbound

vs. r curve at higher r values
(r > 0.25) was attributed to saturation of the available intercala-
tion sites under the’néighbor exclusion model (Armstrong et al.,
1970; Bresloff & Crothers, 1975). In this model, intercalation of a
dye molecule between two base pairs rendered the immediately adjacent
sites unavailable for dye binding. Thus, the 1imit of dye intercala-
tion was at r = 0.25; any binding beyond this was "outside" binding
due to electrostatic attractions between the charged dye and the DNA
phosphates (Waring,’1965). Since only intercalated dye molecules ex-
hibited an induced CD, the magnitude of these bands (307 and 330 nm) -
Teveled off near this Timit and then decreased since outside binding
increased the amount of bound dye, but not the amount of intercalated

dye (Houssier et al., 1974; Williams & Seligy, 1974).

In a series of experiments designed to more fully characterize



16
the interaction between the dinucleoside phosphates and the ethidium
ion, Pardi (1980) obtained equilibrium constants and thermodynamic
parameters which established the formation of the 2:1 complex in an
excess of the self-complementary dimers CpG and dCpG. As had been
done. previously, measurements of the induced CD per bound dye were
made for these complexes (see Figure 1.4 for CpG complex). The
striking feature of these spectra were the bands at 307 nm, which
were comparable in magnitude to those for DNA that was saturated
with ethidium ion (r = 0.25). This observation called into question
the exciton mechanism proposed to explain the behavior of this band:
if the greater magnitudes were simply due to a greater likelihood of
dye-dye interactions at higher binding ratios in DNA, why should there
be equally large magnitudes when no second dye molecule to interact .
with the intercalated drug was present in the dimer complex? Further
work by Pardi uncovered a possible effect of salt concentration on

this band: by lowering the salt concentration at a fixed binding

307

bound increased. Quite possibly the

ratio in DNA:EI complexes, Ae
second.mechanism, which invoked the effects of the static field of the
helix on the dye transitions, was responsible for the induced CD's
bind{ng dependence instead.
2. Purpose and Scope of This Study

We intend to examine more fully the possible mechanisms for the
induced CD spectrum of ethidium ion bound in nucleic acids and also to
account for variations in the spectrum as the extent of binding
changes. We employ both old and new methods for studying this bind-
ing.

We begin by looking at the interaction of ethidium ion with di-



nucleoside phosphates (loosely referred to here as dimers) of RNA and
DNA (Figure 1.6); using sequences which are both self-complementary
and non-self-complementary (see Figure 1.7 for the complementary Wat-
son-Crick base pairs). We obtain equilibrium constants and thermody-
namic parameters for the formation of 2:1 complexes, and also examine
their induced CD spectra. We find evidence for some sequence depen-
dence in the binding as well as segquence variations in both the ther-
modynamic parameters and induced CD. These are all discussed in Chap-
ter II.

In Chapter III we use a technique which relies on both the en-
hanced fluorescence and induced optical activity of ethidium ion in
the dimer:dye complexes to obtain their CD spectra down to 220 nm.
This technique is fluorescence detected circular dichroism (FDCD),
and the construction and operation of this instrument are also out-
1ined in this chapter. One of the discoveries of Chapter III, the
apparent sequence dependence of the FDCD spectra for the dimer:dye
complexes, is used in Chapter IV to attempt to discern any binding
site preference for ethidium ion in a longer sequence formed by the
complementary heptamers dCA5G and dCTSG.

The dependence of DNA:EI complexes' induced CD spectra upon

counterion concentration is further investigated in Chapter V. Here

307
€bound

creases as the counterion concentration decreases, all other things

we find an effect similar to that seen by Pardi (1980): A in-
being equal. We use pelyelectrolyte theory (Manning, 1978) to pro-
pose an explanation for this effect. Finally, in Chapter VI, we con-
sider mechanisms for the induced CD of ethidium fon and its dependence

upon binding ratios. We propose a possible mechanism for this behav-

17



jor in light of our new evidence and suggest further experiments to

test its validity.

18



Figure 1.6. Structure of a ribo- dinucleoside phosphate, CpG.
Replacement of each 2' OH group by H results in the deoxy-

ribo- dinucleoside phosphate, dCpG.
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Figure 1.7. Watson-Crick complementary base pairs for DNA.
Replacement of the CH3 group of thymine by H results in

uracil, its RNA analogue.

21
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Chapter 11
DINUCLEOSIDE PHOSPHATE - ETHIDIUM ION
INTERACTIONS

1. Introduction

Several optical studies of the binding of ethidium fon (EI) to
the dinucleoside mono- and di- phosphates have previously been done.
In these studies, the sequences of the dimers were both self-comple-
mentary and non-self-complementary (Krugh & Reinhardt, 1975) and both
deoxyribo- and ribo~ nucleosides were utilized (Krugh et al., 1975;
Reinhardt & Krugh, 1978). Until the study of Pardi (1980), no quan-
titative conclusions had been reached on the strength of the binding,
although pyrimidine (3'-5') purine sequences were known to bind the
dye more readily than purine (3'-5') pyrimidine sequences. Further-
more, the complexes' stoichiometry was 2:1 dimer:dye when an excess
of the dimer(s) was present (Krugh & Reinhardt, 1975; Reinhardt &
Krugh, 1978).

Pardi (1980) established the 2:1 stoichijometry of the dinucleo-
side phosphate:ethidium ion complex when the dye was present in an ex-
cess of the self-complementary dimer CpG and showed that aggregates of
this complex did not form under his experimental conditions. Equi-
Tibrium constants for the complexes of ethidium ion with CpG, dCpG,
and UpA were obtained, as well as enthalpies and entropies of forma-
tion for the first two dimers' complexes. In addition to these re-
sufts, he also examined the induced circular dichroism of CpG:CpG:EI

and found the magnitude of the CD band at 307 nm per bound dye

307

bound) was as large (~22 L/mol-cm) as it was for DNA saturated

(Ae

23
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with ethidium ion (Aktipis & Kindelis, 1973).

In this chapter we extend the quantitative binding study of
ethidium ion with dimers to include five new base sequences, among
them, non-self-complementary dimers. Our results are consistent with
Pardi's conclusions and further bolster his contention that dye-dye
interactions are not necessarily responsible for the increase in the
307 nm Cb band as the extent of binding increases.

2. Experimental-
A) Materials

Ethidium bromide was purchased from Sigma Chemical. The ribo-
dinucleoside (3'-5') phosphates: CpG, UpA, CpA, UpG, ApA, UpU, ApG,
CpU, ApU, and GpC, were purchased from Sigma. The deoxyribo- dinuc-
leoside (3'-5') phosphates dCpG and dTpA were purchased from Collab-
orative Research. A1l dimers except UpA and dTpA were used without
further purification. UpA and dTpA displayed several bands under UV
viewing of thin Iayef chromatograms developed in 70:30 v/v ethanol:

1 M ammonium acetate. Each dimer was spotted on Whatmann 3M chrom-

M
atography paper (previously developed in ethanol to remove any impur-
ities) and developed in 80:20 v/v ethanol:water. The dimer bands were
cut out, moistened with doubly distilled water, and eluted from the
paper by analytical centrifugation. The fractions were pooled, fil-
tered through a 0.45 yu Millipore filter, frozen, and lyophilized.

This procedure was repeated with the substitution of a 50:50 v/v

ethanol:water solvent for the second development. Upon completion of

the process, each dimer displayed only one band on a thin layer chro-

matogram.

The buffer used in all cases was composed of 0.18 M NaCl, 8 mM



NaZHPO4,

7.0.

20 mM NaH PO45 and 0.1 mM Na,EDTA and had a measured pH of

2 2

B) Methods

Ethidium bromide was dissolved in doubly distilled water, follow-
ed by freezing and lyophilization. This procedure was repeated twice.
Stock solutions of this material were prepared with doubly distilled
water and were kept cool and in the dark. Stock solutions of the di-
mers were prepared by dissolving each in doubly distilled water and
were kept in the refrigerator.

Concentrations were monitored optically using a Cary 118 spec-
trophotometer. The molar extinction coefficient of ethidium fon was
taken as €480 5600 (Waring, 1965). The extinction coefficients for
the ribo- dimers at pH 7 and 25°C were taken from Warshaw (1966); the
extinction coefficients for the deoxyribo- dimers at pH 7 were taken
from P-L Biochemicals Reference Guide and Price List 105 (p. 27, 1977).
The molar extinction'cdefficients on a per dimer basis were €055
19,800 for CpG,

24,600 for UpA, ¢ 21,000 for CpA, ¢

€259 261.5

27,400 for ApA, e

255

20,000 for UpG, 19,600 for UpU, ¢

€257.5 255

16,200 for CpU, ¢

261

25,000 for ApG, 24,000 for ApU, €

€265 260

19,700 for dCpG, and ¢

255.5

18,000 for GpC, 20,800 for dTpA.

©254 260
Solutions containing variable amounts of the dimers and a con-
stant dye concentration were diluted to a fixed volume with buffer.
Ethidium ion concentrations were typically around 0.04 mM, while the
total dimer concentration was in excess of this by 8-fold up to 250-
fold, depending upon the ease of complex formation. For complexes

with the non-self-complementary dimers, roughly equal amounts (with-

in 10%) of the two dimers were added to each solution. Complex for-



mation was monitored by measuring the shift of the band in the visible
spectrum (Waring, 1965) and spectra were measured either on the Cary
118 or a Gilford 250 spectrophotometer with scanning option. Spec-
tra were digitized and stored for Tater use via interfaced Pet mini-
computers and software partially provided by Mr. Jeff Nelson. Tem-
peratures of the sample cells were maintained to + 0.49C by an exter-
nal bath (Neslab Instruments) on the Cary 118 and to = 0.19 by a Gjl-
ford 2527 thermoelectric temperature programmer on the Gilford 250;
A1l spectra were run in 1 cm path length quartz micro cells (Preci-
sion Cells).

Binding studies were carried out at 0°C in all cases. Binding
was also studied at 5 and 109C for some dimers. The equilibrium con-
stants at different temperatures were used to determine aH? and aSO

-1 addition-

for complex formation by van't Hoff plots of In K vs., T
al points were provided for some plots by performing optical melts on
solutions with known'dimer:dye ratios. The melting temperature of the
complex, Tm’ was defined as the midpoint of the transition and, at
this point, half the available dye was bound in the complex and half
was free in solution.

Circular dichroism (CD) spectra of the complexes were run on a
Cary 60 spectropolarimeter equipped with a Cary 6001 accessory. Cell
temperature was maintained at 09C (+ 0.20C) with a thermoelectrically
cooled temperature jacket (Allen et al., 1972) connected to a Halli-
kainen Thermotrol. Quartz micro cells of 1.0 and 0.5 cm were used.
Solutions prepared for the binding studies‘were also used in the cir-

cular dichroism study. A baseline spectrum on an equal amount of to-

tal dimer was deducted from each spectrum. Spectra were digitized and
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stored using a PDP 8/E minicomputer and the revised Super Spectrum
software (Appendix B).

Mixing and instrumental errors in the determinations of the equi-
1ibrium constants and AEbound were calculated with the propagation
formulae in Bevington (1969). The estimated errors in pipetting and
mixing were ~10%. Errors in the absorbance and CD spectra arose from
baseline shifts and noise during measurement. The estimated errors
for the spectra-were ~2% of the chart's full scale value during a |
run. All analyses are discussed further in Appendix A.

3. Results
A) Optical Titrations

The shift of the 480 nm absorption band of a fixed amount of
ethidium ion mixed with successively larger amounts of dTpA is shown
in Figure 2.1. This shift is analogous to that seen when the dye
binds to nucleic acids and can be used to determine the binding con-
stant for the reaction if a stoichiometry is khown or assumed. The
greatest difference in absorbance between the dye with no dimer pre-
sent and the same amount of dye in an excess of dimer occurs at 465
nm, and data at this wavelength are used in all these calculations.

Writing the general reaction for two dimer molecules combining

with one dye:

NpN_ + NpN, + EI 2 Complex (1)

b

the equilibrium expression is

C

0 - 0 - 0 -
[CNpNa kccmx][CNpr KCeptxdECET = Copryd




Figure 2.1.

Titration of 0.043 mM ethidium jon with increasing

amounts of dTpA. Cell length is 1 cm and the temperature is

00C.
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where k = 1 if the dimers are non-self-complementary (NpNa # Npr) and

k = 2 if the dimers are self-complementary (NpNa = Npr). CﬁpN ,
a
CﬁpN , and CEI are the total concentrations of dimer a, dimer b, and
b

ethidium ion, respectively. CCp]x is the equilibrium concentration of
the complex. Analysis of the data was performed using the method of

Benesi and Hildebrand (1949). For cell lengths of 1 cm we can write

- 0
A - eglpy

=T B2 : 3)
Cplx (
b 7 °f

C

where A is the measured absorbance of the solution of dimer(s) plus

dye, stgI is the measured absorbance of the dye solution alone, and
€ ¢ and e, are the molar extinction coefficients of the free and com-
plexed dye, respectively. Substituting (3) into (2) and rearranging,

we obtain the form

0
o 1
- 0 0 - 0 " -
A - edlpy [CNpNa kCCp]x][CNpr kCopyulley = eel K
1
+ e (4)
[eb - ef]

which, by plotting the left-hand quantity vs. {[Cﬁ kC

| PN Cplx][cﬁpwb

- kCCp]x]}—] will yield both [eb - ef] and K from the slope and in-
tercept if the data are linear. The equilibrium concentrations of the
dimers were initially unknown, but as a first approximation we set
CCp]x at zero and used only the initial cencentrations of each (which
were larger than any amount of complex which may have formed). Ar-

riving at K via (4), we then obtained C via (2). Restarting the

Cplx
process with this value in (4), we iterated to convergence of the e-
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quilibrium constant to within 1%. Convergence typically occurred with-
in four iterations (see Appendix A for the computer program used to
perform this calculation).

Benesi-Hildebrand plots for the formation of 2:1 dimer:dye com-
plexes with ethidium ion and the dimers UpA; dTpA; CpA and UpG; ApA
and UpU; ApG and CpU; and ApU are shown in Figures 2.2a - 2.2f. ATl
plots exhibit good Tinear fits to the data, indicating the assumption
of a 2:1 stoichijometry was valid. Table I lists the equilibrium con-
stants and [eb - ef] for each case, along with the results for the
dimers CpG and dCpG from Pardi (1980). The data are grouped in re-
lated general sequences, i.e., all ribo- dinucleoside sequences of the
pyrimidine (3'-5') purine type and so forth, to facilitate comparison
of sequence similarities and differences. No equilibrium constant forv
GpC plus ethidium ion could be measufed owing to the formation of a
precipitate in the mixture, even at room temperature.

B) Optical Melts -

Additional §a1ues for the equilibrium constants of complex forma-
tion were obtained by performing optical melts on solutions of known
dimer:dye concentrations. Monitoring of the absorbance at 465 nm
throughout the melt measured the amount of ethidium .ion bound in the
complex at any temperature. A typical melt is displayed in Figure 2.3.
The same lower baseline was applied to all melts for a particular di-
mer:dye system. Melts were successfully run only with the CpA/UpG/EI
system; dimer:dye ratios here ranged from 10:1 up to 90:1. For the
ApA/UpU/ET and ApG/CpU/EI systems we were unable to obtain a Tower
baseline at similar dimer:dye ratios. The lower stability of these

complexes Teft much of the dye unbound, even at low temperatures.



Figure 2.2a. Benesi-Hildebrand plot of UpA:UpA:EI complex.
Line represents least squares fit to the data. Concentra-
tions are 0.031 - 0.049 mM for ethidium jon and 0.59 - 4.0

mM for UpA. Temperature is 0°C.
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Figure 2.2b. Benesi-Hildebrand plot of dTpA:dTpA:EI complex.
Line represents least squares fit to the data. Concentra-
tions are 0.043 mM for ethidium ion and 1.5 - 7.8 mM for

dTpA. Temperature is 0°C.
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Figure 2.2c. Benesi-Hildebrand plot of CpA:UpG:EI complex.
Lines represent Teast squares fit to the data.v Concentra-
tions are 0.039 mM for ethidium ion, 0.16 - 1.8 mM for CpA,
and 0.15 - 1.8 mM for UpG.
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Figure 2.2d. Benesi-Hildebrand plot of ApA:UpU:EI complex.
Lines represent least squares fit to the data. Concentra-
tions are 0.039 mM for ethidium ion, 1.5 - 4.9 mM for ApA,
and 1.5 - 5,0 mM for UpU. |
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Figure 2.2e. Benesi-Hildebrand plot of ApG:CpU:EI complex.
Lines represent least squares fit to the data. Concentra-
tions are 0.042 mM for ethidium fon, 1.6 - 3.9 mM for ApG,

and 1.6 - 4.0 mM for CpU.
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Figure 2.2f. Benesi-Hildebrand plot of ApU:ApU:EI complex.
Line represents least squares fit to the data. Concentra-
tions are 0.040 mM for ethidium ion and 4.4 - 11 mM for ApU.

Temperature is 0°C.
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Complex

CpG:CpG:EI?

UpA:UpA:EI
CpA:UpG:EI

dCpG:dCpG:E12

dTpA:dTpA:El

ApA:UpU:EI

ApG:CpU:EI

ApU:ApU:EI

TABLE I

'BENEST-HILDEBRAND FITS OF ETHIDIUM ION

BINDING TO MINIHELICAL SEQUENCES

Temperature K x 107
(oc) (M°°)
890 + 200
5 420 + 150
0 7.2 +1.0
0 150 = 20
5 46 + 7
10 19 £+ 5
0 65 + 10
5 15 + 2
0 1.3 + 0.3
0 3.0 £ 0.4
5 1.9 £+ 0.3
10 1.4 + 0.3
0 4.9 £+ 1.2
5 2.7 + 0.6
10 2.1 £+ 0.6
0 0.5 + 0.1

qpata from Pardi (1980).

b T °f
(L/mol-cm)
~3400 + 200
~3200 = 300
-3600 + 200
-3500 = 100
-3500 + 200
-3200 + 400
3500 + 200
-3300 + 100
-2900 + 400
2900 + 100
-2600 + 200
2300 + 200
-3000 + 300
2800 + 300
-2400 + 400
-2500 + 200
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Figure 2.3. Optical melt of CpA:UpG:EI complex monitored at
465 nm in 1 cm cell. Concentrations are 0.039 mM for ethidium

jon, 3.5 mM for CpA, and 3.5 mM for UpG.
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The melting temperature, Tm, is the temperature where one half
of the total ethidium jon in solution remains complexed and the rest )
is free. This assumes two-state behavior for the dye during the
melting process. The Tm is then the midpoint of the optical melt
transition. Using-equation (2), we can write an expression for K at
this temperature:

1

(a - k/2)(b - k/2)[C,]

where a is the concentration ratio of dimer NpNa to total dye and b is
the same number for Npr. Experimentally, for self-complementary di-

mers, a = b and k = 2, while for non-self-complementary dimers, a = b,

generally, and k = 1. Each pair of K and Tm values from these studies

was used in the van't Hoff plots (below).
C) Thermodynamics of the Binding Reaction
Determinations of the enthalpy and entropy of the binding of
ethidium ion to dimers were carried out using the equilibrium con-
stants from both the binding studies and the optical melts. Van't
Hoff plots of In K vs. T_] for CpA/UpG/EI, ApA/UpU/EI, and ApG/CpU/EI
are presented in Figure 2.4. AHO and AS9 for each are listed in
Table 1I, together with those obtained by Pardi (1980) for CpG and
dCpG plus ethidium fon. aH? for dCpG, -29 kcal, is comparable to that
of dpCpG with ethidium jon, where aH® = -27 to -30.6 kcal, depending
upon the method of measurement (Davanloo & Crothers, 1976).
D) Induced CD of Dimer:Dye Complexes
Measurements of the induced circular dichroism from 370 to 290 nm

for ethidium ion in all the solutions from the binding studies were

47



Figure 2.4. Van't Hoff plots for ethidium complexes with
CpA/UpG ([O), ApA/UpU (), and ApG/CpU (X). Lines represent
least squares fit to the data and estimated error associated

with each point.
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TABLE II
THERMODYNAMICS OF ETHIDIUM ION BINDING
TO MINTHELICAL SEQUENCES

Complex AHO ASO
(kcal/mol) (cal/mol)

CpG:CpG:E12 -32 -84
CpA:UpG:ET 32 £ 1 86 £ 4

dCpG: dCpG:EI® -29 -69
ApA:UpU:EI 12 %2 18 7
ApG:CpU:EI 13+ 3 22 + 12

%Data from Pardi (1980).
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attempted. An observable induced CD spectrum was obtained for all
cases except for ApU plus dye, where no significant CD signal for the
ApU/EI mixture above the ApU baseline was seen, even at the highest
dimer:dye ratio (11 mM:0.040 mM). The molar CD per bound dye may be
very low for this complex. For GpC plus ethidium jon we obtained the
same spectrum as Krugh et al. (1975), but a precipitate was suspended
in the cell. We believe the spectrum is largely due to scattering hy
this precipitate.

The induced CD spectra for UpA; dTpA; CpA plus UpG; ApA plus UpU;
and ApG plus CpU plus ethidium ion are presented in Figure 2.5. The
quantity A kound is the molar CD per bound dye, i.e., per mole of com-

plex. Values of Ae were calculated using

bound

69/(32.98[C 12) (6)

% hound ~ Cplx

where 69 is the measured ellipticity of the solution in degrees, CCp]x
is the equilibrium concentration of the complex, and ¢ is the path
length in cm.

The Targest induced CD band is between 300 and 310 nm and the

maximum position varies with the base sequence. The wavelength max-

A max

bound 2'e Tisted with those from ethidium ion with CpG and

ima and Ae
dCpG (Pardi, 1980) in Table III. The maximum values of bey sund remain
quite constant throughout the range of dimer:dye ratios studied for
each sequence of bases. Krugh & Reinhardt (1975), using solutions in
which all ethidium ion present was bound in the complex (as judged by

the shift in the visible absorption band), also obtained Ae val-

bound
ues for some of the same sequences. Their results compare favorably

with ours in most cases (Table III).



Figure 2.5. Induced CD spectra per bound ethidium ion at 00C

for 2:1 dimer:dye complexes.
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TABLE ITI
INDUCED CD PER BOUND ETHIDIUM ION
IN MINIHELICAL COMPLEXES

Complex gt Wavelength Aebound
00¢C (nm) (L/mol-cm)
CpG:CpG:E1l 307 220 +3°¢
307 20 P
UpA:UpA:EI 301 23+ 4
CpA:UpG:EI 305 22 + 4
305 21.4 P
dCpG: dCpG:El 307 15 + 38
dTpA: dTpA:EI 305 10 £ 5
ApA:UpU:EI 306 3.7 + 0.8
| 303 9.0 P
ApG:CpU:EI 308 7.4 £ 0.7

4pata from Pardi (1980).

bData from Krugh & Reinhardt (1975).
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4, Discussion
A) Stoichiometry of the Complexes

Krugh and co-workers (Krugh & Reinhardt, 1975; Krugh et al., 1975)
stated that with excess dimer to ethidium ion, any minihelical com-
plex formed in solution was Tikely 2:1 dimer:dye. However, the cry-
stalline complexes of ethidium ion with 5-iodoUpA and 5-iodoCpG were
composed of two dimers and two dyes (Tsai et al., 1977; Jain et al.,
1977), even though the mother liquor originally contained an excess of
the dimer 1in each case (Krugh & Reinhardt, 1975). More recently,
fluorescence lifetime measurements of ethidium fons (Reinhardt &
Krugh, 1978) established the existence of only one bound species in
solution with excess CpG and roughly equal bound populations in cry-
stals with CpG, confirming the 2:1 and 2:2 stoichiometries, respec-
tively. Pardi (1960) obtained optical and equilibrium sedimentation
evidence which also established the solution stoichiometry as CpG:CpG:
EIL. |

We assumed the 2:1 dimer:dye stoichiometry in all our analyses,
primarily because we alwayé worked with an excess of dimer in each
solution. That this was indeed the stoichiometry can be substantiated
with two experimental observations: 1) the linearity of the data in

the Benesi-Hildebrand plots, and 2) the constancy of aAe for each

bound
complex through a wide range of dimer to dye concentration ratios.
Attempts to fit our data to either 1:1 or 2:2 complex stoichio-
metries (see Pardi, 1980, for methods) all failed to produce a better
fit than for a 2:1 complex, even at Tower dimer:dye concentration ra-

tios where these other complexes would more likely form. Either of

these two competing stoichiometries would also have caused significant



deviations from linearity in cur Benesi-Hildebrand plots (Figures 2.2a
- 2.2f), especiaT]y as the dimer concentration decreased. HNo such de-
viations occurred in our data.

The occurence of either alternate stoichiometry (1:1 or 2:2)

would also have caused decreases in Ae at lower dimer to dye con-

bound
centration ratios. A qualitative reason for this can be advanced.
First, any bound ethidium jon, no matter what the stoichiometry, would
have displayed a réd—shifted visible absorbance band. Such shifts
were seen by Pardi (1980) in binding studies with single non-self-com-
plementary dimers where no double-stranded minihelices formed. LePecq
and Paoletti (1967) also saw this shift when ethidium ion bound via
electrostatic attraction to the polyanion polyvinyl sulfate. Second,
any dye bound, but not intercalated, would not exhibit an induced CD
spectrum., Pardi (1980) observed this for the 1:1 complexes, and any
outside stacking of dye on a 2:1 complex would presumably contribute
1ittle to the CD also. In combination, both effects would cause
Ay ound to decrease at lower dimer to dye concentration ratios; the
absence of such decreases in our data rules out these competing stoi-
chiometries.
B) Sequence Preferences in tﬁe Complexes

Previous studies of ethidium ion binding to dimers (Krugh & Rein-
hardt, 1975; Krugh et al., 1975; Reinhardt & Krugh, 1978; Lee & Tin-
0co, 1978) emphasized its relative preference for binding to pyrimi--
dine (3'-5') purine sequences. We can explore this observation on a
quantitative basis with this work and Pardi's (1980).

The grouping of complexes in Tahle I reveals a general sequence

dependence for ethidium ion binding with complementary dimers. At 0°c
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this order is (Py = pyrimidine, Pu = purine):
Py(3'=5")Pu > Pu(3'-5")Pu = Py(3'-5")Py > Pu(3'-5")Py.

This 1s consistent with previous results which showed the preference
for -Py(3'-5")Pu over Pu(3'-5")Py; we place the remaining general se-
quence (Pu(3'-5')Pu = Py(3'-5')Py) in the picture also. A similar or-
der of ethidium ion binding preference has been presented for G-°C base
pairs in deoxytetranucleotides (Kastrup et al., 1978). The equilib-
rium constants for the strongest (CpG) and weakest (ApU) complexes
differ considerably: by a full four orders of magnitude.

The equilibrium constants we have determined are for an overall

equilibrium:

NpN, + NpNy + EL 2 NpN_:NpN,:EI . (7)

b b

For the purposes of discussion, this overall reaction can be broken

down into three reactions:

K
NpNai-Npr 21 NpNa:Npr (wound) (8)
Ko
NpN_:NpN,_ (wound) 2% NpN_:NpN,_ (unwound) (9)
a b a b
I
NpN_:NpN, (unwound) + EL 2° NpiN_:NpN:EI (10)

where our overall equilibrium constant is the product K]K2K3. The
actual mechanism for complex formation depends upon sequence and is
different from this.scheme (Davanloo & Crothers, 1976), but individual
contributions to the formation of the minihelix complexes can be con-

sidered within this framework.



Equation (8) represents the formation of minihelicés in solution
in the absence of the dye. Equation (9) represents the unwinding and
separation of the two minihelix base pairs to accomodate a dye mole-
cule, while equation (10) represents the intercalation of ethidium fon
into the opened minihelix.

Krugh and co-workers (Young & Krugh, 19753 Krugh et al., 1976)
measured the equilibrium constant K] for the formation of a double-
stranded minihelix with the complementary dimers dpCpG, dpGpC, CpG,
GpC, and GpU plus ApC between 0 and 59C. A1l the equilibrium con-

1 .
or less. Since our overall con-

stants were on the order of 10 M~
stants range from 5000 on up, the contribution of minihelix forma-

tion to the overall free energy of dimer:dye complex formation is
probably small.

The energetics of the remafning two reactions have bean evalua-
ted in calculations by Ornstein and Rein (1979a, 1979b). Their cal-
culations showed thaf minihelix unwinding (9) was energetically unfavor-
able (aH >‘O), but very specific for the general base sequence. The
Toss of stronger base-base stacking interactions in Pu(3'-5')Py se-
quences vs. Py(3'-5')Pu sequences partially accounted for the obser-
ved preferences for dye binding. Base-phosphate interactions com-
prised the remainder of the preference and again favored the Py(3'-5")
Pu sequences; this last contribution was lessened if the phosphates
were electrically neutral (Ornstein & Rein, 1979a).

Other calculations showed that the dye:minihelix interactions in
reaction (10) were enthalpicly favorable (aH < 0), but the Pu(3'-5")Py -
sequences were preferred over their isomeric Py(3'-5')Pu sequences; |

this last factor was reversed by the greater contribution to the spec-



ificity from reaction (9) (Ornstein & Rein, 1979b). Thus, the se-
quence specificity is provided in (9) but the driving force for bind-
ing is from (10). Important contributions in reaction (10) were pro-
vided by the dye-base interactions (overlap) and the phosphate-dye in-
teractions (hydrogen bonding between the DNA phosphates and the amino
groups of the dye). In their X-ray studies, Sobell and co-workers
(Tsai et al., 1977; Jain et al., 1977) also noted the importance of_
dye-base overlap, while Kindelis and Aktipis (1978) found that mono-
amino derivatives of the ethidium ion formed conformationally different
complexes with DNA from the diamino derivatives, possibly because their
hydrogen bonding properties were different.

Our equilibrium constants and other thermodynamic data are all
consistent with these previous studies: Py(3'-5")Pu sequences form
stronger complexes with the ethidium ion than Pu(3'-5')Py sequences.
The likely reésons for this preference are those proposed in the pre-
vious studies. Complexes with complementary Pu(3'-5')Pu + Py(3'-5"')Py
sequences fall between these two cases. Removal of the small reaction
(8) contribution to reaction (7)'s large total free energy shows that
the contributions from (9) and (10) constitute the major driving force
for the overall reaction in our results.

Comparisons of complex stabilities for analogous ribo- and deoxy-
ribo- sequences are possible with these results. In each case (CpG vs.
dCpG and UpA vs. dTpA), the ribo- sequence forms the stronger complex
with ethidium ion. Krugh and co-workers (1975) observed the same ef-
fect with CpG and dpCpG but cautioned that direct comparison was re-
stricted by the extra phosphate group on the deoxyriho- dimer. Both

our deoxyribo- sequences have equilibrium constants smaller than their
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ribo- analogues by a factor of ~10. Double-stranded RNA with G-C con-
tents greater than 20% is more stable than DNA (8loomfield et al.,
1974); this might partially account for the greater stability of the
CpG:CpG:ET complex compared to dCpG:dCpG:EI. However, the results

for UpA:UpA:EI vs. dTpA:dTpA:EI run contrary to this: the deoxyribo-
sequence should be more stable than the ribo- analogue. Whether all
deoxyribo- dimer:dye complexes are less stable than their ribo- ana}o-
gues requires further study.

The applicability of these results, especially the binding con-
stants, to dye binding with Tonger oligomers and polymers is an inter-
esting question. The binding of ethidium ion to longer sequences us-
ually occurs with some sizable pepulation of extant double strands.
Since our results give overall constants for complex formation from two
single strands nlus dye, direct comparison with the equilibrium con-
stants usually obtained with longer sequences is invalid. Still, the
relative magnitudes of fhe constants, e.g. the ~1000-fold difference
between a CpG and an ApU complex, may remain intact in longer sequences.
Thus, a single macroscopic‘binding constant for dye binding to DNA or
double-stranded RNA may mask contributions from many classes of binding
sites, each with their own microscopic, but experimentally indistin-
guishable (at this time) binding constants.

C) Induced CD of the Complexes

The induced CD spectra of ethidium jon intercalated in complemen-
tary sequences of both deoxyribo- and ribo- dimers are all similar to
those with polymers: bands are observed at 375, 330, and near 307 nm
(Aktipis & Martz, 1970; Douthart et al.,1973). The similarity ends,

however, when the magnitudes at 307 and 330 nm per bound dye are com-
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pared for the dimer complexes and the polymers. In polymers, the mag-
nitudes of these bands are Tow when few dyes are bound but they rise
steadily as the extent of binding increases (Dalgleish et al., 1971;
Aktipis & Kindelis, 1973; Aktipis & Martz, 1974+ Houssier et al., 1974;
Williams & Seligy, 1974). In the dimers, on the other hand, the mag-
nitudes of the bands are large. In fact, the dimer Aegozgé values more
closely resemble those of the polymers at higher r values where virtual-
ly every intercalation site is occupied, especially the dimers with
Py(3'-5')Pu sequences (Table III).

One guestion that immediately comes to mind is whether the CD's of
the dimer complexes sefve as models for longer sequences. In the only
reported CD study to date of ethidium ion binding with oligomers, Kas-
trup etAal. (1978) examined dyé binding with pdC-dG-dC-dG (2 dC-dG
sites), pdC-dC-dG-dG (1 dC-dG site}, pdG-dG-dC-dC, and pdG-dC-dG-dC (1
dC-dG site). For dye plus pdC-dG-dC-dG, both dC-dG sites were occupied
at an added EI/strand ratio of 1, and the measured molar CD per bound
dye at 305 nm was ~15 L/mol-cm, a value identical to ours for the dChG:

305

dCpG:EI complex where Aepound = 15 £ 3 L/mol-cm. Binding stoichiomet-

ries for the dye with the other three self-complementary tetramers were

less well-defined; however, at added EI/strand ratios of 1, Agggind for
each was 11 L/mol-cm for pdC-dC-dG-dG, ~10 L/mol-cm for pdG-dG-dC-dC,

and "6 L/mol-cm for pdG-dC-dG-dC. The Tower magnitudes for Aeggind in

the two sequences with one (presumably) preferred dC-dG binding site in-
dicates that bases beyond the nearest neighbors may influence the mag-
nitude of the CD band or that the dye molecules are bound in other
sites.

A commonly accepted explanation for increasing polymer Ae val-

hound
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ues near 307 nm with increasing dye binding maintains that contribu-
tions from the interaction between bound dye molecules can be added to
the small CD contribution from the inherent asymmetry of the site
(Houssier et al., 1974). The interaction is more likely to occur as
more dye binds (and the dyes are closer to each other, on average), so
the induced CD per bound dye increases. This exciton interaction be-
tween transitions on the dyes then might account for the negative lobe
in the induced CD at 290 nm which is seen under certain circumstances
(Aktipis & Kindelis, 1974; Aktipis & Martz, 1974; Williams & Seligy,
19745 Balcerski & Pysh, 1976).

The objections raised to this theory by Pardi (1980) centered on
the fact that the magnitudes of the induced CD band around 307 nm for
ethidium ion bound with CpG, dCpG, and UpA all were as large as in a
DNA sample fully bound with the dye, yet only one dye molecule was pre-
sent in the 2:1 complex. Furthermore, his equilibrium sedimentation
study of CpG:CpG:EI showed that it was not forming aggregates, so dye-
dye interactions between stacked complexes were not occurring. Clear-
ly, if exciton interactions between intercalated dyes were not respon-
sible for the large CD bands near 307 nm with dimers, maybe such in-
teractions did not explain the changes in the induced CD with polymers.

For the sake of clarity, the question of the ethidium ion's in-
duced CD iﬁ nucleic acids should be divided into two parts. First,
what is the contribution to the CD from the inherent asymmetry of the:
binding site, and second, why dees the induced CD per bound dye between
300 and 350 nm increase as more dye binds? With the dimer:dye results
we can answer the first question: the apparent induced CD associated

with the binding site asymmetry is Targe, and probably sequence depen-



dent. Naturally, there 1is the question of an exact correspondence be-
tween the dimer:dye complexes and complexes of the dye with longer se-
quences. The relative orientations of the base pairs and the dye may

be less constrained in the dimer:dye complexes than in 1onger sequences,
where bases beyond the nearest neighbors may restrict dye:base orienta-
tions in the binding site, but at present this does not seem signifi-
cant because Aegoﬁié remains large in tetramer:dye complexes (Kastrup
et al., 1978). More work with oligomers is needed to resolve this
question. If the inherent asymmetry of the site contributes a Targe
magnitude to the induced CD, previous approaches to the second ques-
tion were misleading. Rather than ask what possible interactions con-
tribute additional intensity to the low inherent CD of the near UV bands
for ethidium jon in polymers as more dye binds, perhaps it is better to
ask what interactions could reduce the intensity of the CD due to the
site asymmetry as dye binding decreases. This is the point of view we

will take into the succeeding chapters.
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Chapter III
FLUORESCENCE DETECTED CIRCULAR DICHROISM
OF DIMER-ETHIDIUM ION COMPLEXES

1. Introduction

In any solution containing more than one optically active species,
the circular dichroism (CD) spectrum is sensitive to local structure
around each chromophore, but it also a sum of contributions from all.
Resolution of a particular chromophore's contribution from the entire
spectrum may be difficult, or impossible. On the other hand, a sin-
gle fluorophore mixed with other absorbing species can be readily iso-
lated by measuring its fluorescence excitation profile. A single
technique which unites the sensitivity of fluorescence with CD's con-
formational information is fluorescence detected circular dichroism
(FDCD).

In FDCD, a sample is excited with circularly polarized 1ight and
the intensity of emission is measured as a function of the incident
beam's circular polarization sense (Turner et al., 1974). Thus, FDCD
is analogous to CD since both techniques provide information about the
ground state of the molecule (Tinoco & Turner, 1976).

The use of fluorescence detected CD to study the complexes of
ethidium jon with nucleic acids was first performed by Turner and co-
workers (unpublished results) who Tooked at the complex formed with
dCpG. The advantages of FDCD in these systems stem from the fact thét
the fluorescence quéntum yield of the dye is enhanced up to 20-fold
upon binding in the dimer:dye complex (Reinhardt & Krugh, 1978) and

the dye is in a chiral environment. Thus, any FDCD signal in these
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systems is almost solely from the dimer:dye complex. This is most
convenient because the large excess of dimer relative to dye obscures
the conventional CD spectrum of the complex below 300 nm in many
cases.

The results of FDCD studies on the dimer:dye complexes studied
in Chapter II are presented in this chapter. They show that the CD
spectrum of the complexes below 300 nm is sensitive to the dimers'
base sequence.

2. Experimental
A) Materials

The dinucleoside phosphates, ethidium bromide, and buffef were
prepared as in Chapter II. In several cases, solutions used in the
determination of binding constants were employed in the FDCD studies
also. Rhodamine B was obtainaed from Eastman Kodak.

a-Naphthylamine was obtained from Sigma. The material was a
deep red amorphous masé, so purification by steam distillation was
necessary. The steam feeder line was passed through two traps to
remove any particulate matter. The slightly translucent distillate
was cooled and then filtered through a 0.2 um polycarbonate filter
(Bio-Rad). Baseline solutions for FDCD were prepared from this stock
by dilutions with either doubly distilled water or buffer. The pH of
these solutions was ~ 7 as measured with indicator strips (Merck).
AT1 solutions were kept in the dark and refrigerated when not in use:
a-Naphthylamine is an OSHA-regulated carcinogen and restrictions on
its use are in effect. Purification of the compound was performed in
a restricted access area; all glassware was cleaned separately and

the washings collected in a separate waste container. The fluores-
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of potassium dichromate in 10'2 M KOH (Dorman et al., 1973) and an
adjustable mount kindly provided by Dr. Marc Maestre. Each tube ex-
hibited an artifact of 1 millidegree on the 40 millidegree scale in
the regions of dichromate absorbance. A1l fluorescence cells were
also tested in this fashion; none showed artifacts above the level
present in the photomultipliers.

A preamplification circuit for the photomultipliers was con-
structed after Turner (1978). The operational amplifier was from
Union Carbide Electronics (H7020A); this model is no longer avail-
able, see Turner (1978) for an alternate. Jacks from either photo-
multiplier tube could be connected to the preamp depending upon the
type of measurement desired. Each phototube was shielded with mu
metal.

i1) Manipulation of FDCD Data

qultiple FDCD scans (5 to 9) were neceésary due to the large a-
mount of noise. Acquisition, storage, averaging, smoothing, and other
manipulations of the data were performed on the PDP 8/E computer (Di-
gital) with the revised Super Spectrum‘software (Appendii B) and aléo
on the CDC 6400/6600/7600 computer system at Lawrence Berkeley Labor-
atory (Appendix C). Signals at dynode voltages above 950 volts were
Jjudged unreliable and ignored in subsequent analyses.

The signal from an FDCD measurement at the chart recorder on the

Cary 60 is given by
0 = . -
op ]4.32(A€F/€F R) (1)

RzAA(J____?_/iiQi_ (2)
A 107 - 1
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k~0' . = _ . ;
where og 1s the ellipticity in degrees, hep ( e EFR) is the molar
circular dichroism of the fluorophore in L/mol-cm, ep is the molar ex-
tinction coefficient of the fluorophore (also in L/mol-cm), AA (= A

L

- A,) is the circular dichroism of the sample, and A is its absorbance

R)
(Tinoco & Turner, 1976). The factor AsF/eF is referred to as the Kuhn
anisotropy or the Kuhn dissymmetry factor of the fluorophore.
Equations (1) and (2) are for the general case. When only one

fluorescent, optically active species is present AA/A = AeF/sF, and

these reduce to the form

00 = 32,9820/ (10" - 1) - (3)

(Tinoco & Turner, 1976). For calibration of the instrument, the CD
spectrum of the standard, d-10-camphorsulfonic acid (Eastman Kodak),
is calculated from the FDCD and absorbance spectra by rearranging (3)

to obtain

A

8% = -p2(10" - 1) (4)

F

where the relation 69 = 32.98AA has been used.
ii1) Calibration of the Instrument
After calibration of the 6001 CD accessory according to the man-
ufacturer's instructions, the new elevator was mounted in the Cary 60.
Since the Targer elevator was used for both CD and FDCD measurements,
it was first calibrated in the CD mode. Prior to calibration, the
Pockels cell on this elevator was aligned by minimizing the CD arti-

2 M KOH.

fact for a solution of potassium dichromate in 10
Calibration of the new elevator for CD proceeded by connecting

the leads for the CD pnotomultiplier tube to the preamplifier, follow-
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ed by rotation of the mount into the path of the excitation beam.
Using visible Tight (540 nm) and s1its opened to 1 mm, the beam was
centered on the phototube by placement of an opaque card with a small
hole in the beam. When light passed by the hole reflected off the tube
and was centered on the hole, the tube was properly aligned. After the
mount was immobilized, calibration of the CD proceeded as for the Cary
6001 accessory. A 1 cm cell containing 4.3 mM (1 mg/ml) d-10-camphor-
sulfonic acid in doubly distilled water was set in the cell holder.
Scans of the CD spectrum from 340 to 240 nm were made and the trimpot
(R12 4n Figure 5, Turner, 1978) was adjusted on the preamplifier until
a maximum ellipticity of 312 millidegrees was measured (Cassim & Yang,
1969).

To calibrate the elevator for FDCD, the CD phototube Teads were
disconnected and the CD tube was rotated out of the excitation beam.
The FDCD tube leads were connected and a Schott KV 380 interference fil-
ter was mounted in front of this phototube. To obtain a sufficiently
strong signal, 21.5 mM (5 mg/ml) camphorsul fonic acid in a 1 c¢m fluo-
rescence cell was used to take the FDCD spectrum. For this and all FDCD
measurements, the slit multiplier was set at the maximum (10.0), as op-
posed to the usual setting for conventional CD (5.0) to increase the
incident 1ight intensity. The baseline solution was o-naphthylamine in
buffer; this solution had an absorbance (1 cm) of 0.67 at 305 nm. To
check calibration of the FDCD, the CD spectrum of the standard from
FDCD and absorbance spectra via equation (4) is compared with the con-
yventional CD spectrum in Figure 3.2; the agreement between the two cur-
ves is within 10%.

jv) Measurement of FDCD Spectra
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Figure 3.2. Calibration curves of the FDCD instrument for
d-10-camphorsulfonic acid (5 mg/ml) from CD measurements
alone ([0) and from FDCD and absorbance measurements via

equation (4) (X).

/2
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Quartz fluorescence cells (Precision Cells) of 2 mm and 3 mm path
lengths were utilized for all FDCD measurements of the ethidium ion:di-
nucleoside phosphate complexes. A Schott KV 408 interference filter
excluded all scattered or emitted Tight below 408 nm. In the tests for
photoselection, a Tinear polarizer (Polaroid, HN32, 0.030") was mount-
ed in front of the cutoff filter. No photoselection was observed for
any of the complexes (see Chapter IV). Solutions of a-naphthylamine,
either in water (15 0D units at 305 nm), or in buffer (1.5 0D units at
305 nm), were used for baselines depending upon the optical density of
the dimer/dye solution.

Measurements of the CD and absorbance spectra at 00C were perform-
ed on the Cary 60 with Cary 6001 CD accessory, and either the Cary 118
or Gilford 250 spectrometers, respectively. The temperature was main-
tained as in Chapter II. Path lengths were selected to keep the ab-
sorbance below 2 at the maximum.

v) Fluorescence Measurements

Corrected excitation profiles of ethidium ion, both alohe and in
the presence of CpG; were run at 0°C on a Perkin-Elmer MPF-44B fluores-
cence  spectrophotometer. A Perkin-Elmer DCSU-2 unit was used to cor-
rect the profiles for lamp and photomultiplier characteristics. These
instruments were kindly made available by Dr. Alex Glazer. The temper-
ature was maintained with an external bath (Neslab) to within z0.20C.
Solutions in buffer of ethidium ion (0.046 mM) alone and with CpG (0.53
mM) were scanned in a 2 mm path fluorescence cell. Slit widths were
2.4 mm (8 nm bandwidth) at the emission monochrometer and 1.8 mm (6 nm
bandwidth) at the excitation monochrometer. Emission was monitored

at 590 nm and the excitation spectra scanned from 225 to 550 nm.
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Constancy of the free dye quantum yield over the profile range was

checked against Rhodamine B by calculating the ratio
(Ip/hg) - (Ac/ 1)

from 225 to 550 nm (LePecq & Paoletti, 1967). IR and IE are the fluo-
rescence intensities for the Rhodamine B and ethidium ion, respective-
1y, and AR and AE are the absorbances of the same.

The ratio of quantum yields for equal amounts of dye bound in the

complex and free in solution is

-3
ey

I
qQ=-2 =B (5)
I

=

-
o

(LePecq & Paoletti, 1967), where Ib and If are the fluorescence inten-
sities for bound and free ethidium ion and Ab and Af are the absorban-
ces of the same. The excitation profile (Ib) of the CpG/EI mixture was
corrected for the small amount of fluorescence due to the free dye
(~5% of total dye). Concentrations of free dimer, free dye, and com-
plex were calculated from the equilibrium constaht at 09C and the to-
tal dye and dimer concentrations. Errors in the final concentrations
were estimated at 25% and were due primarily té the equilibrium con-
stant's error.

The absorbance of the bound dye, Ab, was calculated by deducting
contributions of free CpG and free dye from the mixture absorbance.

This provided A from which an estimated contribution from the

complex?

bases in the complex equal to 2C e where €CpG is the extinc-

complex®Cp
tion coeffiecient of CpG, was subtracted to yield Ab‘ This assumed the

CpG absorbance characteristics were not changed in the complex, an as-
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sumption similar to that made with the DNA:EI complexes (LePecq & Pao-
Tetti, 1967). For wavelengths greater than 310 nm, the resulting ab-
sorbance profile showed 1ittle difference from that of the mixture alone
as expected, owing to the small amount of free dye and the absence of
dimer absorbance in-this region.
3. Results
A) Sequence Dependence of FDCD Spectra

The Kuhn anisotropy as a function of wavelength is presented for
different dimer:dye complexes in Figures 3.3a through 3.3d. Above 300
nm, all the complexes exhibit a positive anisotropy. This corresponds
to the induced CD band seen in this region for all the complexes ex-
cept ApU:ApU:ET. Thé fact we were able to measure a spectrum for this
Tast complex underscores the usefulness of FDCD for obtaining a CD
spectrum whera conventional CD fails. It should be noted again that
the FDCD signal is solely from ethidium jon bound in the dimer:dye com-
plex. |

A change from a ribonucleoside sequence to an analogous deoxyribo-
nucleoside sequence has no effect on the complexes' band positions. In
the CpG vs. dCpG complexes (Figure 3.3a) this is evident. For the UpA
vs. dTpA complexes (Figure 3.3b), agreement is seen below 240 nm and
above 290 nm (within error). The high optical density of the dTpA mix-
ture may be responsible for the discrepancy between the two spectra be-
tween 240 and 290 nm, where the absorbance was greatest.

Below 300 nm, where the dimers themselves possess CD spectra, dis-
tinct differences in the Kuhn anisotropy exist from complex to complex.
These spectral differences may reflect the individual optical proper-

ties of the surrounding bases in the complex, different relative ori-
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Figure 3.3a. Kuhn anisotropy spectra for CpG:CpG:EI complex
(top) and dCpG:dCpG:EI complex (bottom). Estimated ervors
are represented by Tines. Maximum absorbances for FDCD
measurements were 2.57 in a 3 mm cell at 254 nm for CpG com-

plex and 2.96 in a 3 mm cell at 253 nm for dCpG complex.
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Figure 3.3b. Kuhn anisotropy spectra for UpA:UpA:EI complex
(top) and dTpA:dTpA:EI complex (bottom). Estimated errors
are represented by lines. Maximum absorbances for FDCD
measurements were 8.07 in a 3 mm cell at 259 nm for UpA com-

plex and 31.1 in a 2 mm cell at 261 nm for dTpA complex.



KUHN ANISOTROPY X 1220

2,99

o e e O O O I S S It B
c:+ A
D .
1,00 — M |
K [
5 P
o s}
a u]
P.00 [u] CPU a
EBQF a
%
-1.80 —
UpA:UpA:Ethidium
_2.@@1|1i111!111!111tlaltsllllilLstl
e T T T T T T T T T T T T T T T T T T T T
x*}“xx%«xxx&x %xmmcq OO0 Q(XX
X X xwa’xzo‘
1.89 +— X % : -~
&’%
2.00
-1.00 — —
dTpA:dTpA:Ethidium
_2°@@1111|111:;1I|!1(111!11|lt:tllll
220.00 260.00 300.00 340.90 382.08
WAVELENGTH (NM) XBL 814-9071

c2

<o



81

Figure 3.3c. Kuhn anisotropy spectra for CpA:UpG:EI complex

(top) and ApG:CpU:EI complex (bottom). Estimated errors

are represented by lTines. Maximum absorbances for FDCD

measurements were 5.95 in a 3 mm cell at 259 nm for CpA/UpG

complex and 21.3 in a 2 mm cell at 262 nm for ApG/CpU complex.
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Figure 3.3d. Kuhn anisotropy spectra for ApA:UpU:EI complex

(top) and ApU:ApU:EI complex (bottom).
Maximum absorbances for FDCD

Estimated errors

are represented by lines.
measurements were 44 in a 2 mm cell at 259 nm for ApA/UpU

complex and 48 in a 2 mm cell at 260 nm for ApU complex.
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entations of the dye in each complex, energy transfer from nearby bases
to the dye, or combinations of these effects.
B) Assignment of Spectral Bands
The Kuhn anisotropy is related to the electronic and magnetic pro-

perties of the fluorophore through the equation

bep HRop A4Im ugp-Mag
D

°F 0A 20A"H0A
where the transition proceeded from the ground state 0 to the excited
state A, ROA is the rotational strength of the transition, and DOA is
its dipole strength (Tinoco & Turner, 1976). Im denotes the imaginary
part, and yy, and myq are the electric and magnetic dipole moments.
The anisotropy should approximately be flat for each transition, pro-
viding the transition is energetically removed from other transitions,
because Ry, and Dy, are constant (Tinoco & Turner, 1976). Overlapping
transitions in the dye or with other groups will make the spectrum
more complicated. The FDCD spectrum thus provides a measure of the
interaction of dye transitions with neighboring transitions.

In Figure 3.4, the Kuhn anisotropy of CpG:CpG:EI is centered be-
tween absorption profiles for the complex and for ethidium ion bound
in DNA (Suther]and & Sutherland, 1970), and profiles for free dimer and
dye. We have obtained a profile similar to Sutherland and Sutherland's
for bound dye in the CpG:CpG:EI complex (Figure 3.6). Several approxi-
mately flat regions of the anisotropy can be assigned.

The positive lobe of the Kuhn anisotropy above 300 nm can be as-
cribed solely to dye transitions as mentioned earlier: only the dye ab-

sorbs light in this region. The transition responsible for the nega-



Figure 3.4. Top: Extinction profiles for CpG:CpG:EI (O) and
ethidium ion bound 1in calf thymus DNA (X). Center: Kuhn
anisotropy for CpG:CpG:EI from FDCD. Bottom: Extinction
profiles for CpG (&) and ethidium fon ().
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tive lobe of the anisotropy centered on 290 nm is the dye's strongest
(Hudson & Jacobs,>1975), which is apparently reduced in intensity and
red-shifted when the dye is bound (see the fluorescence excitation proé
files, below).

The next anisotropy band between 240 and 280 nm is assigned to
interactions between dye and base transitions. In this region of the
complex absorption profile much of the energy is absorbed by the bases
in the complex. Assignments of the remaining bands in the anisotropy
(below 240 nm) are much more difficult to perform with the evidence at
hand.

Comparisons of Kuhn anisotropies with absorption profiles cannot be
done with other complexeé because the high dimer/low dye concentrations
and the small amounts of complex render attempts to deduce the complex-
es' absorption profiles statistically indefensible. However, insofar
as the anisotropies of the other complexes resemble that of CpG:CpG:EI,
we can make the same assignments for them. Above 300 nm the positive
bands correspond to the previously obtained induced CD's and originate
on the dye. Most of the spectra show at least a relative minimum near
290 nm in the anisotropy; this band also arises from a dye transition.
Bands’between 250 and 280 nm arise from dye-base interactions, presum-
ably. The UpA:UpA:EI anisotropy presents a problem: it does not pos-
sess the same general features below 300 nm as the others. The applic-
ability of the assignmeﬁts to this complex is open to question.

C) CD Spectrum of Complexes from FDCD
Up to this point, analyses of the FDCD, CD, and absorbance spectra

./e. have been "clean": no assump-

F'oF
tions of stoichiometries or amounts of species present have been needed.

by equations (1) and (2) to obtain ae
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Experimentally, either a FDCD spectrum could be measured or not.

One useful qUantity to obtain from the Kuhn anisotropy, AeF/eF, is
the CD of the fluorophore in the complex, AaF. To do this we need to
derive er for the complex in some way. Ideally, the best method for
arriving at ec is to measure a corrected excitation profile of the bound
dye, normalize this profile to the absorbance profile of the complex a-
bove 300 nm (where only the dye absorbs), and use the normalized pro-
file extending down to 225 nm for €p-

The corrected excitation profiles for egual amounts of ethidium
jon, alone and complexed with CpG, are shown in Figure 3.5. Two facts
are evident: the efficiency of fluorescence is enhanced considerably
upon dye binding to the dimer, and the profile for bound dye is merely
red-shifted from the free dye version. The ratio of quantum yields for
bound vs. free ethidium ion at different wavelengths from equation (5)
are presented in Table IV. The enhancement of fluorescence upon ethid-
ium ion intérca]ation‘into nucleic acids has been observed previously
(LePecq & Paoletti, 1967; Krugh & Reinhardt, 1975; Reinhardt & Krugh,
19785 Kastrup et al., 1978). Particularly noteworthy is its relative
independence of wavelength, even down in the ultraviolet where the bases
absorb. This last feature was unexpected; energy transfer from the
bases to the dye had been observed in DNA (LePecq & Paoletti, 1967;
Sutherland & Sutherland, 1970).

In Figure 3.6, the excitation profile for CpG:CpG:EI has been nor-
malized to the absorbance profile of the complex at 4380 nm and divided
by the complex concentration to obtain ep Comparison with the profile
derived from the corrected absorbance of the mixture shows each are sim-

ilar. The main absorbance band at 285 nm in the free dye has shifted



Figure 3.5. Corrected excitation profiles for ethidium ion

alone (X) and bound in a 2:1 complex with CpG ).
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TABLE IV
RELATIVE QUANTUM YIELDS
FOR BOUND VS. FREE ETHIDIUM ION

Wavelength (qb/qf) a

~(m) (0%)
546 21 P
500 17
450 15
400 16
350 17
300 15
280 17
260 16
240 28

¢ Estimated errors for values above 300 nm are z20%; below 300 nm

they are larger (+£35%) due to the assumptions made for Ab derivation.

b Krugh & Reinhardt (1975) reported a value of ~ 18 at 25°C.



Figure 3.6. Absorbance profiles for CpG:CpG:EI from corrected
fluorescence excitation profile normalized at 480 nm () and
from complex absorbance profile less the dimer's contribu-

tion (X).
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out to ~300 nm in the complex and lost ~50% of its intensity. The Tack
of features below 270 nm is indicative of little or no energy transfer
from the bases to the dye (compare with complex's absorbance profile in
Figure 3.4).

‘In Figure 3.7, the CD spectrum of CpG:CpG:EI from the product of
AeF/eF and ep is presented, along with the spectrum obtained by deduct-
ing the free CpG contribution from the CpG/ET mixture CD (these two
curves are shown in Figure 3.8). Coincident bands occur throughout the
two CD's of the complex, but they differ in magnitudes below 300 nm,
particularly below 280 nm. By assuming that the excitation profile for
the CpG complex is the same for the dCpG complex, a comparison of the CD
spectra from FDCD and the mixture CD (less the free dimer contribution)
can be made for dCpG:dCpG:EI. This is shown in Figure 3.9. Here again,
relatively good agreement on band positions is attained, but band mag-

nitudes differ. Above 300 nm, the magnitudes of Ac from both

bound
methods: ~22 L/mol-cm at 307 nm for the CpG complex and ~14 L/mol-cm at
305 nm for the dCpG complex, agree well with previous results (Chapter
I1).
4. Discussion

A) Sequence Dependence of Complexes' CD

We have measured the Kuhn anisotropy in six of the possible ten

different nearest neighbor sequences for ethidium ion binding in double-
stranded RNA and also, in DNA, assuming the spectral similarities seen
for the CpG and dCpG complexes are true for all analogous scquences. All
the spectra are significantly different from one another, particularly

below 300 nm. In the absence of complicating factors such as interac-

tions of the dye with bases beyond the nearest neighbors, or different



Figure 3.7. CD spectrum for CpG:CpG:EI from product of AeF/eF
and e (normalized fluorescence excitation profile) (O) and-
from mixture CD less free dimer contribution (X). Errors

in band magnitudes are 30%.
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Figure 3.8. CD spectra of CpG (0.41 mM) plus ethidium ion
(0.043 mM) mixture at 00C (O) and for free CpG (0.33 mM) in
mixture (X). Free CpG contribution was calculated from a
CD spectrum of CpG alone (0.41 mM) and concentrations de-
rived from the equilibrium constant. Path length is 3 mm,
The CD spectrum of the CpG:CpG:EI complex was obtained
from these by subtraction of the free CpG component from
the mixture CD and taking into account the complex concen-

tration (0.039 mM).
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Figure 3.9. CD spectrum for dCpG:dCpG:EI from product of
AsF/eF and ep (normalized fluorescence excitation profile)
(O) and from mixture CD Tess free dimer contribution (X).

Errors in band magnitudes are 30%.
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geometries, these spectra can be utilized in attempts to distinguisn
preferential binding of the ethidium ion in Tonger sequences.

Why each complex has a different spectrum is a difficult question
to answer in the absence of further experiments. In the X-ray struc-
tures of ethidium ion complexed with 5-iodoUpA and 5-iodoCpG (Tsai et
al., 1977; Jain et al., 1977), the intercalated dye molecules each
overlap by roughly equal amounts with the base pairs, and the substit-
uents on the phenanthridinium ring are in the minor groove of the mini-
helix. Thus, the differences in the anisotropies of the CpG and UpA
complexes are more likely due to the different electronic properties of
the bases, assuﬁing the structures in the crystals apply in solution.

The effect of switching the orientation of one base pair in a
sequence 15 observable in Figure 3.3c, where an A-U base pair is rotated
about its dyad axis. The primary effect is an intensifying of bands be-
“low 300 nm for CpU:ApG:EI relative to CpA:UpG:EI; no effect is seen on
the positions of the relative maxima and minima. If the dye molecules
are oriented identically in each complex, then this differenée is at-
tributable to the change in the neighboring electronic environment of
the dye. A second comparison can be made with UpA:UpA:EI (Figure 3.3b,
top) and ApA:UpU:EI (Figure 3.3d, top), where again an A-U base pair
has been rotated about its dyad axis. In this case, the changes are
drastic. For self-complementary dimers, the symmetry of the minihelix
leaves the environment of the dye unaltered after a rotation about its
pseudo~C2 axis through the phenanthridinium ring. On the other hand,
with non-self-complementary dimers, this rotation does change the dye's
environment. Thus, even if there is a similar extent of base-dye over-

lap in each complex, the orientation of the dye may be different and

102



103

contribute to differences in the CD spectra also. Calculations of the
CD spectra for the complexes may aid in judging the relative importance
of these different effects.

B) The "Exciton" Band -

One of the pieces of evidence cited in support of the dye-dye ex-
citon theory for the induced CD of ethidium jon:nucleic acid complexes
was the negative CD band near 295 nm seen at high jonic strengths (Ak-
tipis & Kindelis, 1973; Aktipis & Martz, 1974, Balcerski & Pysh, 1976).
The absence of the band at lower salt concentrations was attributed to
overlap of the large positive band in the nucleic acid's CD at 275 nm;
this band's intensity decreased at higher jonic strengths (Aktipis &
Kindelis, 1973; Balcerski & Pysh, 1976).

We observed a negative band at 290 nm in the Kuhn anisotropy of
ethidium ion in complexes with CpG, dCpG, and CpU/ApG and a relative
minimum in the complexes with CpA/UpG and ApA/UpU (Figures 3.3a-d).
There is only one dye’to two dimers in these complexes and stacks of
the 2:1 complexes do not form, so the possibility of dye-dye excitons
in these complexes does not exist: such interactions are not respon-
sible for this band in the dimer complexes. We believe this band a-
rises from transitions on the dye, most Tikely the transition at 285
nm in the free dye which is red-shifted in the complex. The appear-
ance of this CD band in 2:1 complexes suggests it might be a manifes-
tation of the asymmetry of the binding site, both in these complexes
and in polymers. If this is so, overlap of the nucleic acid's CD band
at Tower ionic strengths could still mask this band; it would re-
appear at high ionic strengths where the 275 nm band Toses intensity.

C) Is There Energy Transfer in the Complexes?
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In our analysis of the CD spectrum for the CpG:CpG:EI complex we
originally assumed energy transfer from the bases to the dye occurred.
We believed such transfer might take place because LePecq and Paoletti
(1967) observed it in DNA. They found that about half the enerqy ab-.
sorbed by the DNA bases was transferred to the dye at phosphate/dye
binding ratios near 14 and, furthermore, the transfer originated from
bases not more than five base pairs away. This last result was nearly
duplicated by Sutherland and Sutherland (1970), who found that tranﬁfer
originated from bases 3.5 base pairs away.

The corrected fluorescence excitation profile of bound ethidium jon
was enhanced above the bound dye difference spectrum in calf thymus DNA
(Sutherland & Sutherland, 1970). This was an indication that energy
transfer from the bases to the dye occurred. In our study of the CpG:
CpG:EI complex we saw no significant difference between the corrected
excitation profile and the absorbance profile for bound dye only (Figure
3.6) below 300 nm. Energy transfer in the ethidium fon complexes with
dimers 1is seemingly nonexistent. However, in the calculation of the
complex's CD spectrum by two theoretically equal methods (Figure 3.7),
differences in the results above any calculated errors are evident below
300 nm. In this case, the excitation profile is missing intensity below
300 nm, suggesting that energy transfer might occur after all. This
question is difficult to resolve one way or another at present.

LePecq and Paoletti (1967) measured the ratio of ethidium ion fluo-
rescence enhancement at 260 nm to the enhancement in the visible as a
function of phosphate/dye. They found the enhancement ratio was con-
stant above P/D = 20, but that it rapidly dropped by almost a full fac-

tor of 3 near P/D = 5. Under their method of analysis, the percentage
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of energy transfer from DNA to the dye would also drop an equal amount,
down to 10-15% transferred. Our 2:1 dimer:dye complex is effectively at
P/D = 4, so we estimate that the efficiency of energy transfer in our
complexes is only ~10%, a figure that is apparently too low for us to
measure in the fluorescence excitation profiles, if true.

Why the bases 3.5 to 5 base pairs away should be the most efficient
in transferring energy to the bound ethidium ion while those closer to
the dye are less efficient is an interesting question. The bases sev-
eral base pairs away might be oriented in the optimum relative position
to the dye for energy transfer, even though they are at greater dis-
tances than the nearer base pairs. The orientation factor may be more
important than distance to the dye for the transfer. Cailculations of
energy transfer in DNA:EI complexes have been done (Paoletti & LePecq,
1971; Genest et al., 1974; LeBret et al., 1977), but more work in this
area might prove illuminating, particularly on the question of energy

transfer from the nearest and next-nearest neighbors to the dye.
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Chapter 1V
ETHIDIUM ION BINDING WITH dCASG + dCTSG
1. Introduction

Since the ethidium ion (EI) exhibited sequence dependence in
binding to complementary dinucleoside phosphates, the next logical
step was to see if such specificity applied in Tonger sequences. Two
separate investigations of binding to deoxytetranucleoside triphos-
phates (Patel & Canuel, 1976) and deoxytetranucleotides (Kastrup et
al., 1978) have been reported. In each, the binding of dye in a
Py(3'-5')Pu site (if present) predominated over binding to other site
types. Ethidium ion binding in ribo- and deoxyribo- oligonucleosides
with the general sequences CAHG, CUmG, and CTmG where n and m are 5 or
6 is under study in this lab; a preliminary report of results can be
found in Tinoco et al. (1981).

We report some CD and FDCD measurements on dCA5G + dCTSG + EI. In
these experiments the ratio of dye to each single strand was ~1/3, so
most of the minihelices contained no ethidium ion; those that did,
bound only one dye. Three types of binding site exist in these mini-
helices: Py(3'-5"')Pu (dC-dA:dT-dG, 1 site), Pu(3'-5')Pu (dA-dA:dT-dT, 4
sites), and another Pu(3'-5')Pu (dA-dG:dC-dT, 1 site). Evidence from
the dimer studies indicates that dC-dA:dT-dG is the preferred binding
site. We test this hypothesis in a comparison of the FDCD spectrum of
the heptamer complex with the spectra obtained from dimer complexes |
(Chapter II).

2. Experimental
A) Materials

The deoxyribo-heptanucleoside hexaphosphates dCASG and dCT5G were
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prepared by the diester chemical method using triisopropylbenzenesul-
fonyl chloride as the condensing agent (Khorana, 1968); these compounds
were provided by Dr. Frank Martin. The molar extinction coefficients
were calculated from the dinucleoside phosphates' and mononucleotides'
values using the nearest neighbor approximation (Eandbook of Biochem-
istry, Selected Data for Molecular Biology, 3rd Edition, CRC PRress,
p. 586). Molar extinction coefficients per strand were €960 79,000
for dCASG and e,cq 58,000 for dCT4G.

Ethidium ion solutions were prepared as in Chapter II. The buf-
fer for these experiments was composed of 0.2 M NaCl, 10 mM phosphate,

pH 7.0. Two solutions of dye: alone (0.026 mM) and mixed with dCA.G

5
and dCT5G (0.070 mM in each strand), were prepared in buffer for all
experiments.

B) Methods

Optical melts at 260 and 280 nm were run on the Gilford 250 with 2
mm cells as described in Chapter II. Absorbance spectra in the ultra-
violet (2 mm cell) and the visible (1 cm cell) were also taken on this
instrument. CD and FDCD spectra were run in a 2 mm cell on the Cary
60 as in Chapter III; the cutoff filter for FDCD was a Schott KV 408.
Spectra were measured at 1, 5, 15, 25, 34, and 509C for the absorbance
and CD, and at 1, 25, and 349C for the FDCD.

Photoselection in the FDCD was tested with a Tinear polarizer
mounted in front of the cutoff filter (Tinoco et al., 1977) in one of
two positions: polarization sense vertical (¢ = 00) and polariza-
tion sense horizontal (¢ = 90°). 1In addition, the normal FDCD spec-
trum with no polarizer was taken. Each averaged spectrum was analyzed

via equations (1) and (2) of Chapter II with the CD and absorbance



spectra to obtain AeF/sF (= gF). The three Kuhn anisotropies were then
run in the equations of Table V to evaluate any photoselection in the
heptamer minihelix:EI complex. Photoselected behavior was assumed if
A€333F/€F did not randomly scatter around a value of zero across the
spectrum. The average Kuhn anisotropy from Table V, equation (1) was
plotted in each case.

3. Results and Discussion

A) Melting of dCA_.G:dCT.G:EI

5 5

The optical melt of the dCA5G/dCTSG/EI mixture is shown in Figure
4.1. The absorbance at 280 nm, which is near an isosbestic point for
minihelix absorbance, monitors the amount of dye bound at any tempera-
ture (Dr. Frank Martin, personal communication). On the other hand, at
260 nm, the dye absorbance is low and the melting of the helix can be
followed. The melting temperature, Tm, for the he11; alone is 25 +
19C, while in the presence of approximately 1 ethidium ion for every
3 helices it is 27 t’1éc. The apparent melting temperature for the dye
in the helix from the absorbance at 280 nm is 34 = 10C. The difference
in the helix melting temperatures in the mixture can be rationalized
with a model in which the dye molecules bind to extant double-stranded
regions rather than remain free in solution, i.e. there is migration
of an ethidium ion from a complex that is melting to other remaining
minihelices (Dr. Frank Martin, personal communication). This prefer-
ence for dye binding to double-stranded sites was also observed in de-
natured DNA (Aktipis et al., 1975). Under this model, at 27°C, 50%
(ca. 0.035 mM) of the helices have reverted to single strands while
~80% (0.020 mM) of the dye molecules remain bound; at 349C, ~20%
(0.014 mM) of the minihelices remain and 50% (ca. 0.013 mM) of the dye

108
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TABLE V

EQUATICONS FOR PHOTOSELECTED FDCD

Measured Quantitiesa
Phototube, polarizer Kuhn anisotropy

orientation (= gp)

B L T E o e e e e e om e e s e e e

GAEF/EF + 2A€33,F/€F

8 = 900, no polarizer
7= e33 fleg
die Je. - 2Ae /e
9 = 900, (;b - 00 F F 33,F F
3+ eg3 p/ep
AeJe. + 2Ac /e
6 = 909, ¢ = 900 FF 33,F'°F
2 - e33,¢/5F
where
AeF/eF = 4R/D = average Kuhn anisotropy

A833’F/€F = 4R33/3D a Kuhn anisotropy along emission
transition moment
633,F/8F = D33/3D o absorption along emission transi-

tion moment

®Tinoco et al. (1977).
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TABLE V
EQUATIONS FOR PHOTOSELECTED FDCD

Solution for Unknowns .

beplep = (29 9y - 9ydy - g9/ (0
begg,p/ep = 399y - 2939y - Gygy M (2)
ea3,p/ep = (39 - Agy+ Tg /M (3)
where M = 9y - 29” + 9

gy = 9p at e = 90%, no polarizer
g, = gp at o = 900, ¢ = 0O
9 = 9 at 0 = 909, ¢ = g00



Figure 4.1. Optical melt of dCA5G (0.079 mM), dCTSG (0.079 M),
and ethidium ion (0.026 mM) mixture. Measurements at 260 nm
track the nucleic acid components during the melt; those at
280 nm track the dye only. Melting temperatures are 25 + 10C
for the helix in absence of the dye, 27 + 19C for the helix
in the presence of the dye, and 34 + 19C for the dye in the

| presence of tne helix.
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molecules are free in solution. Thus, up to ~349C, there is an average
of one ethidium ion or less bound in the minihelices, a suitable situa-
tion to distinguish preferences for different intercalation sites.

Two binding curves are presented in Figure 4.2. In Figure 4.2a,
the absorbance difference at 466 nm between ethidium jon alone and in
the mixture is plotted vs. temperature; in Figure 4.2b, the absorbance
Mnax for dye alone and in the dCASG/dCTSG mixture is plotted vs. tem-
perature. Each mixture curve approaches an asymptotic limit at Tow
temperature, indicating almost all the dye is bound there. The max-
imum wavelength for fully bound dye, 518 nm, agrees with previous re-
sults of dye complexes with dimers (Krugh & Reinhardt, 1975; Krugh et
al., 1975; Reinhardt & Krugh, 1978), tetramers (Kastrup et al., 1978),
and DNA {Waring, 1965).

B} Circular Dichroism Studies

The CD spectrum of dCA5G:dCTBG asa function of temperature is dis-

played in Figure 4.3§ in Figure 4.4, ethidium ion has been added to the
solution. The appearance of the induced CD band above 300 nm at Tow
temperatures'is indicative of dye 1nterca1ation into the minihelix.
The negative CD Tobe between 290 and 300 nm increases by roughly a fac-
tor of two when the dye binds in the heptamer at 1°9C. The spectra be-
fore and after ethidium ion binding are relatively unchanged below 290
nm.

After subtraction of the minihelix baseline contribution to the:
CD, Ae per bound dye at 310 nm is 2.1 + 0.5 L/mol-cm at 19C, assuming
all dye is bound. This value is Tower than in complexes with the di-
mers (Table III). Even with the apparent decrease in Bepound when

ethidium ion binds in a deoxyribo- sequence (compared to its ribo- an-
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Figure 4.2. Binding curves for 0.026 mM ethidium ion in the
presence of dCASG + dCTSG (0.070 mM in each strand). (a)
Difference 1in absorbance at 466 nm vs. temperature for
ethidium alone and in the presence of the helix. (b) Wave-
length of maximum absorbance vs. temperature for ethidium

alone and in the mixture.
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Figure 4.3, Circular dichroism spectra of dCASG + dCTSG mix-

ture (0.070 mM in each strand) vs. temperature. Cell Jength

is 2 mm.
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Figure 4.4. Circular dichroism spectra for ethidium ion (0.026

mM) in the mixture of dCASG + dCT5G (0.070 mM in each strand).

Ce1l length is 2 mm. Spectra at 1 and 15°C have been multi-
plied by 50 above 300 nm.
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alogue), it is difficult to make a case for preferential binding of dye
in the dC«dA:dT~dG site with this result. Contributions to the dye's
induced CD from bases beyond the immediate base pairs may also be sig-
nificant in longer sequences so that the dimer complexes' CD's are not
adequate models for comparison.

C) FDCD Spectra of dCASG:dCTSG:EI

The averaged FDCD signals at two temberatures for dCASG:dCT5G:EI
with and without a Tinear polarizer are shown in Figure 4.5, The noise
level at 349C is higher than at 19C; this is because half the dye pre-
sent is free in solution at the higher temperature (see Figure 4.1).

In the FDCD measurements of dimer:ethidium complexes, the spectra
taken with a polarizer were virtually coincident with the spectrum ta-
ken without it, or at least they were equally offset from it. We see
similar behavior in the dCA;G:dCT G:EI complex at 349C. This is a
crude indication that photoselection is not occurring in the FDCD
(Turner et al., unpublished results). The true test for photoselection
comes in the analysis with the three anisotropies by equation (2) 1in
Table V. The dimer:ethidium ion complexes showed no measurable an-
isotropy along the emission transition moment axis <A833,F/€F): all
values were scattered randomly about an anisotropy of zerc. The same

result occurs for dCA-G:dCT.G:EI at 349C; we conclude that there is no

5 5
photoselection in these cases. For the heptamer:dye complex at 10C,
A€33’F/€F was skewed toward a nonzero anisotropy, indicating some
degree of photosclection. Equilibrium scdimentation studies of dCASG +
dCT5G at low temperatures uncovered evidence of aggregation by the

minihelices (Nelson et al., 1981). The longer rotational lifetimes of

the aggregates are probably responsible for the photoselection at 1°C.
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Figure 4.5. Averaged FDCD signals for the ethidium jon (0.026
mM)/dCASG (0.070 mM)/dCT5G (0.070 mM) mixture in 2 mm cell
at 19 (top) and 34°C (bottom). Vertical Tines represent

95% confidence Timits.
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The average Kuhn anisotropy of dCASG:dCT5G:EI calculated via equa-
tion (1) (Table V) is presented in Figure 4.6. The two spectra are
similarly shaped, only the magnitudes of the bands have changed. Ue
have not made the instrumental corrections‘necessary for reducing the
instrumental artifacts of the FDCD spectrometer which are exacerbated
in photoselecting systems (Lobenstine & Turner, 1979, 1980). Thus, the
results at 10C contaih some error of unknown magnitude, but we believe
the main effect is to shift the relative position of the zero line for
this spectrum.

Relying on similarities between the FDCD spectra for analogous
deoxyribo- and ribo- dimer complexes with ethidium ion, the FDCD spec-
trum for dCASG:dCTSG:EI at 1°C can be compared with the spectra for
each of the binding sites in Figure 4.7. Here the FDCD spectra for
CpA:UpG:EI, ApA:UpU:El, and ApG:CpU:EI represent ethidium ion binding
in the dC-dA:dT-dG, dA-dA:dT-dT, and dA-dG:dC-dT sites of the heptamer,
respectively. There is no close agreement between the spectrum of the
neptamer and one of the "site" spectra, even for the presumably pre-
ferred dC-dA:dT-dG site, although the general patterns for all are
similar. A search for the reasons behind this lack of agreement poses
more questions than it answers.

On an obvious Tevel, whether the spectra for the ribo- dimers re-
semble those of their deoxyribo- analogues is open to further study.
Only two cases to date have been studied, CpG vs. dCpG and UpA vs.
dTpA, and any similarities between the latter two were restricted to
some parts of the spectrum. One way to escape this problem altogether
is to take FDCD spectra with the ribo- minihelix rCASG:rCU5G, plus

ethidium jon.
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Figure 4.6. Kuhn anisotropy of a 1:1:1 complex of dCASG:dCTSG:
EI at 1°C (top) and 34° (bottom). Vertical Tines represent

estimated errors.
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5G:dCT5G:

El compared with those of dimer:dye complexes representing

Figure 4.7. Kuhn anisotropy of 1:1:1 complex of dCA

the binding sites in the heptamer minihelix. Vertical lines

represent estimated errors.
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Another questionable assumption is the maintenance of relative
preferences for ethidium ion binding to the different types of sites.
The relative preferences for binding from dimer studies are 50:1.6:1
for the dC-dA:dT-dG, dA-dG:dC-dT, and dA-dA:dT-dT sites, respectively
(ignoring the deoxyribo- vs. ribo- question). Tinoco and co-workers
(1981) found that the best fits to melting curves of ethidium ion in
dCASG:dCTsG or rCA5G:rCU5G were obtained by assuming the dye bound pre-
ferentially in the Py(3'-5')Pu site relative to any of the Pu(3'-5")Pu
sites. This site's binding constant was only 10 times larger
than thosé for the other sites, a preference less than that seen in the
dimers. In any case, there is some dye bound in sites other than the
dC-dA:dT-dG site. Thus, the FDCD signal is partly from each of the

three types of sites. For more than one fluorescent species, the Kuhn

anisotropy, e > is given by

9F = L0050e4/ L8504y (4)
i i
where Ae{ is the molar CD of species i, €5 is the molar extinction co-
efficient of species 1, Ci is the molar concentration of species i, and

¢; 1s the quantum yield of species i (Tinoco & Turner, 1976). Even
with the assumption of equivalent quantum yields for each site, this
expression is not simply a concentration-weighted average of individual
site anisotropies. Resolution ef contributions from individual sites
is an onerous task requiring more experimental evidence than is pre-
sently available.

It is apparent from this attempt to measure preferential dye bind-

ing in oligomers by FDCD that the sequence must be carefully chosen.
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There must be a strong preference for ethidium ion binding to one of
the sites and/or the number of different site types must be minimized.
A further factor which may complicate the picture in the current case,
or any other, is possible contributions to the CD spectrum from bases
further away from the dye than those in the binding site. Dye bind-
ing to sequences such as An + Un where n = 2 to ~10 would be useful

in examining the effects of bases beyond the nearest neighbors and/or

other bound dye molecules on the FDCD spectrum of the complex.



Chapter V
COUNTERION EFFECTS ON DNA:ETHIDIUM ION COMPLEXES

1. Introduction
The DNA molecule, a polyanion, is sensitive to cation concentra-

tioﬁ. In genera],.doub1e-stranded nucleic acids are stabilized by
higher counterion concentrations (seé Bloomfield et al., 1974, for
review), and large conformational changes in ONA with salt/solvent’
conditions have been observed, as in the B form to A form transition
(Ivanov et al., 1973; Ivanov et al., 1974) and the B form to C form
transition (Ivanov et al., 1974). Application of polyelectrolyte -
theory to DNA properties in different salt concentrations has‘been

done; one of the more successful theories is that of Manning (1978, re-

The ethidium iom, a cation, is sensitive to the salt concentra-
tion when binding to DNA (LePecq & Paoletti, 1967; Aktipis & Kindelis,
1973 Houssier et al., 1974). Furthermore, in addition to the normal
intercalation binding with DNA, there is a weaker, outside binding
associated with ethidium-DNA electrostatic interactions (Waring,
1965). Such binding becomes predominant at high dye-to-phosphate ra-
tios.

The induced circular dichroism (CD) of ethidium ion (EI) bound to
DNA as a function of added salt has been studied previously. Aktipis
and Kindelis (1973) observed no change with ionic strength in the
Aeggand vs. r curve (Figure 1.5). In this study they increased the

NaCl concentration from 0 to 5 M in a basal buffer of 0.04 M tris-

HCT, pH 7.9 for the DNA/dye solutions. Houssier and co-workers
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(1974), working in 0.1 M and 1 nM NaCl buffers, found coincident
Agggind vs. r curves for the induced CD of ethidium ion; however,
their binding curve was at slightly higher values of Aepound relative
to that of Aktipis and Kindelis (1973). More recently, Pardi (1980)
compared the magnitude of the induced CD at 307 nm for &. coli DNA/
ethidium ion complexes at the same binding ratio, but in different

salt solutions. He found that As

= bound WS larger for the same complex

in 0.6 mM Na+ than in 50 to 500 mM Na+, suggesting that there may ac-
tually be an ionic strength dependence for the bound dye's induced CD.
In a CNDO/S study of the optical properties of ethidium ion, LeBret
and Chalvet (1977) found that the shift of the dye's visible absorp-
tion band upon intercalation in DNA was almost entirely due to inter-
action of the dye with the phosphates of the DNA backbone. These Tast
two works suggest that electrostatic interacticns between charged
groups and the bound dye may be very important in determining its op-
tical properties. -

We have run a series of experiments designed to further investi-
gate the ionic strength dependence of the ethidium ion's induced CD
when bound in DNA. We use the approach of Pardi (1980), who first di-
alyzed DNA samples against doubly distilled water to remove excess
counterions from the DNA. This enables us to achieve Tower effective
Na+ concentrations when the DNA is finally diluted in the buffer. OQur
results qualitatively support his: at lower counterion concentrations,
Ae per hound dye increases relative to measurements made in higher
counterion concentrations, all other things being equal. Applying
Manning's theory (1978) to the DNA/EI complexes, we calculate the ef-

fective counterion concentrations in the "bound" and "free" states and
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discuss a possible correlation between these electrostatic properties
and the induced CD of the dye.
2. Experimental

A) Materials

Calf thymus DNA was purchased from Worthington Biochemical. A
stock solution was prepared with ~200 mg of the DNA in ~200 ml of buf-
fer (100 mM NaCl, 1 mM tris, 1T mM EDTA, pH 7.5). This solution was
kept in the cold. Ethidium bromide was prepared as in Chapter II. A1l
dye stock solutions were in doubly distilled water; their concentra-
tions were between 0.4 and 2.5 mM.

Buffer solutions of NaCl/tris (hydroxymethyl) aminomethane were
all mixed with doubly distilled water 1in prerinsed glassware. A high
salt solution of 100 mM NaCl, 1.0 mM tris was prepared in a volumetric
flask by dilution of an aliquot of 0.10 mM tris-HC1 buffer, pH 7.6
(Sigma) and a weighed amount of NaCl (Sigma). The pH of the solution
was 7.6 as measured with a glass electrode (Sigma) attached to a pH
meter (Radiometer). A second buffer (1.0 mM NaCl, 10 uM tris) was
prepared in the same fashion; the low salt solution of 0.1 mM NaCl,
1.0 uM tris was made by dilution of this stock with doubly distilled
water. The pH of this solution was ~6.5.

B) Methods
i) Dialyses

Calf thymus DNA was dialyzed to remove excess counterions follow-
ing the approach of Record (1975). Preliminary phenol extractions on
the DNA showed no contaminating protein was present; the A260/A28O ra-
tio for the DNA was 1.9. Aliquots (5-10 ml) of DNA stock solution

were sheared by repeated passage through a 30-gauge Teflon needle, af-



ter which they were tied in dialysis tubing (YWR Scientific) cleaned
by the method in Brewer et al. (1974).

Al1T1 dialysis solution volumes were ~40x the original volume of
DNA in each bag. Each sample was dialyzed in the cold for 24 hours
against the original buffer (100 wM NaCl, 1 mM tris, 1 mM EDTA, pH
7.5), followed by another run vs. the same buffer without the EDTA.
Next, four successive 24 hour dialyses vs. doubly distilled water vere
run to remove excess sodium ions. Samples were removed from the tubes
and stored in the cold in sealed flasks.

Possible DNA denaturation during the dialysis was tested with op-

tical melts on the Gilford 250. Samples were first degassed by bub-

bling with nhelium. In Figure 5.1 the melting curves for dialyzed and

undialyzed samples at 1:5 dilution in the high salt solution are dis-
played; the dialyzed sample possesses a higﬁer pre-melt baseline be-
cause of dilution of the DNA stock during dialysis. The melting tem-
perature for each sample is around 839C. The expected melting temper-
ature in 200 mM Na' is 860C (Marmur & Doty, 1962), based upon the 42%
G+C content of calf thymus DNA (Chan et al., 1979); since the salt
content in our experiments is only 80 mM Na+, the actual melting tem-
perature is slightly Tower than the prediction, as expected. The
breadth of the transition, defined as the inverse of the transition
slope (Record; 1975), was 119C for each.

To more accurately compare any differences between the two sam-
ples, the hypochromicity, h, defined as 100(1 - AgggC/Agggc),

calculated for each sample. For the undialyzed case, h260 = 20%,

Was

while for the dialyzed case, h260 = 16%. These values are both less

than the commonly reported values for double-stranded nucleic acids
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Figure 5.1. Melts of calf thymus DNA stocks before () and
after (X) dialysis to remove excess Na© ions. Aliguots of
stocks were diluted to 5x their volume with 100 mM NaCl,
1.0 mM tris. Actual NaCl concentration is ~80 mM for the
dialyzed sample, 100 mM for the undialyzed sample. Ab-
sorbances at 260 nm and 259C are 0.69 for the dialyzed
sample and 0.94 for the undialyzed sample; cell Tength is

2 mm.
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(Bloomfield et al., 1974), indicating some denaturation of the DNA
sample might have occurred before the dialysis. The decrease in the
hypochromicity after dialysis indicates further denaturation of the
stock occurred. Nonetheless, the fact that there is a large popula-
tion of double-stranded structures in the dialyzed stock, as wit-
nessed by the melting curve, and that the dialysis procedure is repro-
ducible allows us to prepare and use DNA sampies by our method with
confidence.

i) Spectral Studies

The concentration of calf thymus DNA after dialysis was measured
by diluting aliquots with 100 mM NaCl, 1 mM tris, pH 7.6 and taking
the absorbance spectrum. For the DNA at 260 hm, an extinction coef-
ficient per residue of 6600 L/mol-cm was used (Mahler et al., 1964).
Concentrations of DNA in subsequent mcasurements were calculated ffom
the dilution factor of tha stock. DNA and dye mixtures were prepared
with micropipets (Pipetman) and volumetric flasks. A1l volumes were
checked by weighing the flask after each addition.

Scatchard analyses for the determination of ethidium ion binding
constants with DNA were performed as in Waring (1965). Absorbance
spectra in the visible regfon were taken in 1 cm quartz cells, digit-
ized, and stored as in Chapter II. The temperature in the sample
compartment was 25.0 + 0.59C during the measurements. CD spectra of
the DNA/ET solutions at either constant dye or constant DNA concen-
trations were run on the Cary 60 in 1 cm or 2 cm cells. The femper-
ature was maintained at 25.0 0.29C by thermoelectric cooling. Spec-
tra were acquired, digitized, and stored as in Chapter II, also. The

small contribution from the DNA to each spectrum was subtracted be-
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fore the spectra were converted to the molar CD per bound dye basis.
i11) Theory

The theory of polyelectrolyte solutions and counterion condensa-
tion has been actively developed over the past fifteen years. We use
the work of Manning (review, 1978) in our analyses.

A Tinear polyelectrolyte is characterized by a regular arrange-
ment of charged groups along the Tength of the moTecule. In DNA
these groups are the phosphates and each possesses a formal -1 charge.
The strong electrostatic repulsion forces between the groups are eased
by condensation of a counterion on the macromolecule; incomplete bind-
ing of counterions in the equilibrium state strikes a balance between
the maximization of entropy by counterion dissociation and minimiza-
tion of charge-charge repulsion energy by binding. The condensed
countarions migrate freely along the macromdlecule and are in equi-
Tibrium with the uncondensed counterions; no site binding is invoked.

In Manning's treatment, the Tinear charge density of the poly-
electrolyte, b, 1s the parameter governing the extent of counterion

condensation through the dimensionless parémeter g:
£ = g?/ckTb (= 7.1/b in water at 25°C) (1)

where q is the electronic charge, e is the bulk dielectric constant
of solvent, k is Boltzmann's constant, T is the Kelvin temperature,
and b has the units of gngstroms/charge. Condensation of counterions
will occur if & > 1, thus decreasing the Tinear charge density, and
stop when ¢ = 1. The effective charge per group is then (Ng)'] where
N is the absolute value of the counterion valence. Once the polyions

are stabilized via the condensation, the interactions between them
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and the remaining ions are amenable to the Debye-~Huckel analysis.
Manning's theory thus separates the counterions in a polyelectro-
lyte solution into two classes: 1) those which are condensed or
"bound" to the polyion to ease the.charge-charge repulsion and 2)»
those which are "free" in the remainder of the solution and interact
with the partially charge-neutralized polyion according to the Debye-
Huckel approximation.

For native DNA in the B form, the rise along the helix axis per
base pair is 3.4 R and there are two phosphate groups with -1 chdrges
in this distance. Therefore, b_is 1.7 g and £ is 4.2 (Manning, 1972).
Condensation of Na' ions occurs in this case and the fractional char-

ge per phosphate is reduced to g"]

= (0.24 by the "binding" of 0.76
Na+ ions per phosphate.

One consequence of this theory is important for our purposes: if
the density of charge on the polyelectrolyte is changed, the extent of
counterion condensatfon will change. The ethidium ion carries a +i
charge and intercalates between base pairs of the DNA for r < 0.25 in
the neighbor exclusion model. Thus, intercalation of the dye reduces
the polyion charge density in two ways: by a formal neutralization of
one of the -1 phosphate charges and by lengthening the helix 3.4 R
for each bound dye. With this simple model of dye binding, an ex-
pression for the average axial distance per charge as a function of

the binding ratio r (up to the neighbor exclusion 1imit of r = 0.25)

is
b=1[1+3r/(1 ~r)] ' (2)

0
where b is in Angstroms. This relation is derived in Appendix D.
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Several other quantities of interest are also derived by Manning.
The number of counterions associated per fixed charge (in a 1:1 salt

Tike NaCl) is

1

G]:]-Em (3)

The volume surrounding the polyelectrolyte within which the counter-

ions are considered "bound" 1is
_ 3
VP =41.1(g - 1)b (4)

0
where VP is 1in cm3/mole phosphate if b is in Angstroms. The radius of
a cylinder with volume VP and length b aligned axially along the poly-

ion length is

a = (p/mbly )72 | (5)

0
where a is in Angstroms and LAVO is Avogadro's number. The local ef-

fective counterion concentration within VP is
loc _ :
C] = 1000 91/VP (6)

where C}OC is in moles/liter. These equations are all valid for na-
tive DNA and a total counterion concentration (1:1 salt) under 100 mM;
we will apply them to DNA bound with intercalated dye.
3. Results
A) Stability of DNA
The stability of the dialyzed DNA in thc Scatchard and CD ex-
periments' conditions was tested via melts of representative solutions

made with each of the two buffers, In Figure 5.2 the melts for 0.3l

mM calf thymus DNA prepared by dilution of the dialyzed stock with



Figure 5.2, Melts for dialyzed calf thymus DNA (0.31 mM)
prepared with solutions of 0.1 mM NaC1/1.0 uM tris (X) and
100 mM NaC1/1.0 mM tris (O). The Tm is 45 £ 19C in Tow
salt (~0.45 mM Na+) and 80 + 19C in high salt (80 mM NaCl).
Absorbances (2 mm cell) at 25°C and 250 nm are 0.41 and

0.39 for the Tow and high salt solutions, respectively.
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either 100 mM NaC1/1.0 mM tris and 0.1 mM NaCl/1.0 uM tris are pre-
sented. The Tmbfor the DNA in the high salt case is 80 + 10C, while
in the low salt case it is 45 = 10C. At the temperature of the Scat-
chard and CD experiments, 259C, the DNA remains double-stranded ac-
cording to these results.

A point requiring clarification in this chapter is the value of
the total sodium ion concentration in the DNA/dye solutions. Dialy-
sis of the DMA vs. doubly distilled water removed a Targe number of
sodium ions from the solution, but the Donnan effect requires some
to remain with the nucleic acid above the amount needed to maintain
charge neutrality. For example, Record (1975), in the dialysis of
T4 DNA vs. doubly distilled water, found that 2.5 Na+ ions per phos-
phate remained in the solution after 18 hours. In a preliminary ex-
periment, we analyzed for Na+ with atomic absorption spectroscopy.
Our results indicated that roughly 1.2 Na+ jons were present per DNA
phosphate. The‘important point is that the total Na+ concentration
in solution is not that of the buffer because of these counterions
associéted with the DNA énd also becuase of dilution of the buffer
(80% or more of the final solution volume is from the salt solution).
With the constant DNA concentration (0.31 mM) employed in the Tow
salt CD studies, the Na+ concentration is at least 0.45 mM, depending
upon the reliability of the Na+ analyses. In the high salt solutions
the Na* concentration is 80 mM or greater and the Na+ contribution
from DNA is minimal.

B) Binding of Ethidium Ion to DNA
Constant amounts of ethidium ion were titrated with DNA in the

two salt solutions at 259C. Absorbance spectra at each salt level are
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shown in Figures 5.3 and 5.4. The total dye concentration is near
0.03 mM and all is bound in ~0.5 mM DNA. The isosbestic points near
394 and 510 nm are indicative of two states for ethidium ion: free in
solution and bound to the nucleic acid. For fully bound dye, the
visible wavelength of maximum absorbance is 520 nm, a result which is
in agreement with previous studies (Waring, 1965).

For Tigands binding independently to equivalent sites on a mac-
romolecule, the equilibrium between bound and free Tigands is given

by the Scatchard (1949) equation:
r/ce = Kn - Kr (7)

where r is the ratio of bound ethidium ion per DNA phosphate, Ce is
the free dye concentration in moles/titer, n is the total number of
binding'sites per DHA phosphate, and K is the binding constant. The
concentration of free dye is calculated from the total concentration
- A

of dye and the quantity A > measured at 465 nm; this last

mix dye
quantity gives a measure of the amount of dye bound in a two-state
analysis. The DNA concentration is calculated from the dilution fac-
tor as mentioned earlier.

The Scatchard plot for calf thymus DNA/EI mixtures prepared with
the 100 mM NaCl1/1.0 mM tris buffer is shown in Figure 5.5. Again, be-
cause the salt solution is diluted in mixing with DNA/dye, the Na+
concentration is less than 100 mM; the median value for the counter-
ion concentration is 86 mM Na ™,

A Teast squares fit to the data yields an equilibrium constant of
5 M—]

9.7 (£ 0.7) x 10 and 0.20 + 0.02 binding sites/phosphate. This

result is in fair agreement with LePecq and Paoletti (1967), who ob-
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Figure 5.3. Titration of 0.032 mM ethidium ion (O) with
dialyzed calf thymus DNA. DNA concentration as phosphate:
) 0.015 mM
(X) 0.030 mM
(V) 0.045 mM
(+) 0.076 mM
(0) 0.50 mM
Solutions were prepared with 0.1 mM NaCl, 1.0 uM tris; the

+ . .
actual Na concentration depends upon DNA concentration.
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Figure 5.4. Titration of 0.033 mM ethidium ion (O) with
dialyzed calf thymus DNA. DNA concentration as phosphate:
(©) 0.054 mM
(X) 0.11 mM
() 0.14 mM
(+) 0.19 mM
(0) 0.53 mM
Solutions were prepared with 100 mM NaCl, 1.0 mM tris; the

actual Na+ concentration depends upon DNA concentration.
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Figure 5.5. Scatchard plot for ethidium ion binding in
dialyzed calf thymus DNA at 259C. Buffer used is 100
mM NaCl/1.0 mM tris; the median Na+ concentration is
~86 mM for points fitted by least squares routine.
Vertical lines represent estimated errors. Least
squares fit to all points except for those above r =
0.19 is represented by sloping line. For this fit,

5 M"]

K=9.7 (£0.7) x 10 and n = 0.20 = 0.02.
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tained a dye binding constant with calf thymus DNA of 6.6 x 105 M"]

at 239C in 90 mM Na™.

In the mixture prepared with the low salt solution (0.1 mM NaCl,
1.0 uM tris), all solutions with total dye/DNA phosphate < 0.25 dis-
play coincident absorbance spectra that are characteristic of fully
bound ethidium jon. The equilibrium constant in this case is too large
to be measured by this method. Previous workers (LePecq & Paoletti,
1967 Aktipis & Kindelis, 1973; Houssier et al., 1974) found that the
equilibrium constant for ethidium ion binding to DNA increased as the
counterion concentration decreased. For our purposes, it is suffi-
cient to say that all dye is bound to the nucleic acid at dye/phos-
phate ratios below 0.25 in our Tow salt solutions. For the CD so-
Tutions with a constant DNA concentration ahd variable dye concentra-
tions in the low salt mixtures, the measured absorbance spectra all
resemble that of fully bound ethidium jon.

C) Induced CD of DNA/Ethidium Ion Complexes

The induced CD spectra of ethidium jon bound to calf thymus DNA
in the two different salt solutions are shown in Figure 5.6. Two
features are apparent upon inspection and comparison of the spectra.
The.first is the relative constancy of Aepound at 375 nm, especially
in the high salt mixtures. Comparison of spectra at the same binding
ratio in the two salt solutions turns up the second feature: beyound
is greater in the Tower salt concentration at either 307 or 330 nm
relative to the high salt case.

The increase in A€3O7

bound with r, the binding ratio, is shown in

Figure 5.7. The curve assembled from the previous studies of Dal-

gleish et al. (1971) and Aktipis and co-workers (1973, 1974), which
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Figure 5.6. Induced CD spectra of DNA/EI complexes at dif-
ferent binding ratios and salt concentrations. Na+ con-
centrations are ~86 mM (median value, top) and ~0.45 mM

(bottom).
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Figure 5.7. Variation of the magnitude of the induced CD
per bound dye at 307 nm with the extent of ethidium ion
binding and counterion concentration. Spectra run in
solutions prepared with 0.1 mM NaC1/1.0 uM tris (X) have
actual Na+ concentration of ~0.45 mM. Spectra run in
solutions prepared with 100 mM NaCl /1.0 mM tris () have
median Na® concentration of ~86 mM. Vertical lines re-
nresent estimated ervors; solid 1ine represents a synthe-
sis of data from previous studies of Dalgleish et al.

(1971) and Aktipis and co-workers (1973, 1974).



154

6506-v18 18X

6y °@

GE°@ @8z°é

IODN Ww 'O

6e°Ss

5] Gh

€e°S1

gé @c

€g°S<C

6@ 6t

o>V

L0¢



were all at counterion concentrations of 40 mM or greater is also

shown. Our data in the high salt case agree with previous results,

although we generally obtain slightly higher values of aey 4 (*1 L/

mol-cm) throughout the range of our mixes; Houssier et al. (1974)
308

obtained slightly higher Aebound values also., Our Tow salt curve is

in direct conflict with these previous studies: we find a change in

307

the ionic strength of the mixture affects the magnitude of ey und®

In the Tow salt solution, the induced CD at 307 nm is larger than in
high salt, all things being equal. Furthermore, the difference be-

tween the two cases grows as the extent of binding increases.

307

bound from

We believe past failures to observe an effect on Ae
different salt concentrations is attributable to the conditions used
to vary r: constant dye and variable DNA concentrations. Variable
DNA concentrations necessarily alter the effective counterion con-
centration; at lower salt concentrations these alterations can be siz-
able, often increasing the effective counterion concentration many-

fold, as in this study. Vhen we measured the induced CD of ethidium

ion in the DNA/dye mixtures from the Scatchard analyses at low salt,

307

the Aeboun

4 Vs. r curve (data not shown) closely resembled that of
the high salt solution. This was especially true at lower r values
where the amount of added DNA (and hence, added Na+) was larger.
Only when we kept the DNA concentration constant could we be sure of
maintaining a fixed Na® concentration throughout the range of r val-
ues. The fact that the dye is completely bound tc the DNA under cur
experimental conditions allowed us to take this approach. At higher

salt concentrations, 10 mM or greater, the variable DNA concentra-

tion in solutions from Scatchard analyses is less of a problem: the
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Na+ contribution from the DNA aliquot is a smaller fraction of the
total counterion concentration.
D) Counterion Changes with Dye Binding

cq . 307
The ability to alter the magnitude of bepSund

in DNA/ethidium
idn complexes by éimp]y lowering the counterion concentration is an
intriguing observation. This phenomenon suggests that charged groups,
either the counterions or the phosphate groups, or both in concert,

may be responsible in part for these variations, and quite possibly,

307

the increase i
cr n Aebound

with increasing r. We employ polyelectrolyte
theory to examine this question. We begin our analysis from the view-
point that electrostatic interactions between the ionic groups and

the dye are solely responsible for variations in the CD spectrum with
binding ratio. We will discuss other effects later.

The average axial distance per charge calculated via equation
(2), and the effective charge/phosphate, 8-], from equation (1), as a
function of the extent of ethidium ion binding in DNA are presented
in Figure 5.8. The combined effects of helix lengthening and charge
neutralization result in a doubling of the effective phosphate charge
in fully loaded DNA (r = 0.25) compared with unaltered DNA (r = 0.00).
The values of b and g"], together with other quantities of interest,
are presented at discrete values of r in Table VI.

According to these calculations, the interaction of ethidium ion
causes a decrease in the condensed charge/phosphate ratio and an ex-
pansion of the volume within which the counterijons are considered
"bound". The net result of these two effects is a steep drop in the
C1oc

effective Tocal concentration of the counterion, 1 s as the extent

of binding increases. The counterions are divided into two classes
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Figure 5.8. Calculated distance per phosphate (b) -and
fractional charge per phosphate (g']) vs. binding ratio
for ethidium ion intercalation in DNA. Equations (1)

and (2) were used to create curves.
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TABLE VI

CONDENSED ION PARAMETERS FCR DNA/ETHIDIUM ION COMPLEXES

Bound dye/phosphate (f)

Axial distance/phosphate (b)
Charge/ﬁhosphate’(g'])
Counterions/phosphate (e])

Bound jon volume/mole phosphate (VP)
Bound ion radius {a)

Local counterion concentration (C}OC)

0.00

0.761
643 cm

0
14.1 A

1.18 M

0.05

0.277
0.723
820 cm

0
14.8 A

0.88 M

0.10

0

2.27 A
0.319
0.681
1026 cm
0
15.4 A

0.66 M

3

0.15

0
2.60 A
0.366
0.634
12571 cm
0
15.9 A

0.51T M

3

0.20

0

2.98 A
0.419

0.581

1508 cm
0

16.3 A

0.38 M

3

0.25

0
3.40 A
0.479
0.521
1757 cm
0
16.5 A

0.30 M

3

661
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in Manning's approach to polyelectrolyte properties: 1) those condensed
on the macromolecule and 2) those remaining free in solution. In the
current case, consideration of our results using these two classes is
very he]pfui. The Tocally condensed countericns (and the phosphate
groups) should exert a large influence upon the electronic properties
of the bound dye molecule: they are physically closer to the binding
sites and their concentration is much Targer than those free in so-
Tution (and even the total counterion concentrations for our exper-
iments). The atmosphere of uncondensed counterions, which extends
outward from the outer radius of the condensed ion volume (a), should
exert smaller effects upon dye electronic properties, because of both
its greater distance from the binding sites and also its lower effec-
tive concentration.

Cne of the main tenets of Manning's theory is the strict require-
ment for counterion condensation to relieve the charge-charge repul-
sions in the helix backbone of DNA; condensation will occur even to
the point of virtual depletion of the counterion in thé Debye-Huckel
atmosphere (Manning, 1977). For the Na© concentrations employed 1in
our study, ~0.45 mM and ~86 mM, this requirement applies and its con-
sequence is simple: in both solutions the local concentrétions of
condensed counterions are those calculated in Table VI. Thus there
is no difference between the two salt solutions at the level of the
strongest electrostatic effect from the counterions on the dye, de-
spite the vastly different total countericn concentrations.

A possible correlation between the Tocal counterion concentration

307

. exists: the Tecal counterion concentra-
bound at ¢ '

and the magnitude of Ac

tion decreases as both the extent of binding rises and, by extension
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to the experimental results, Aegand rises. The locally bound coun-

terions, together with the phosphates, constitute the source of a
perturbing field on the bound dye. This field may be responsible for

the variations in Ae with r between 300 and 350 nm since the

bound
local counterion concentration varies with r. To restate and general-
ize the correlation: higher counterion concentrations cause Tower
magnitudes in the induced CD between 300 and 350 nm of ethidium ion
bound in DNA.

To qualitatively examine the possible effects of the Debye-Huckel
atmosphere on the induced CD, we estimated the total Na+ concentra-
tion in the low (~0.45 mM) salt and high (~86 mM) salt solutions.
Using the binding data for DNA/EI complexes in Tahle VI, we calculate
the amount of Na+ ions removed from solution during condensation by
multtiplying the counterion/phosphate ratio, 815 by the total DNA con-
centration (0.31 mM). Subtraction of this quantity from the total
Na+ concentration provides an estimate of the concentration of ions in
the Debye-Huckel atmosphere that interact with the partially neutral-
ized polyions. These values are presented at each r,valué in Table
VII.

The immediately obvious effect is the absence of aﬁy significant
change at high salt in the Debye-Huckel atmosphere Na+ concentration
from the bulk Na® concentration in solution. This is due to the low
concentration of DNA relative to the salt concentration. Converse-
ly, the removal of Na+ jons by condensation in low salt causes signif-
icant (30% to 50%) reductions in the concentration of free Na . Me
said earlier that any field due to these free counterions will be a

weaker perturbant of the bound dyes' optical properties than the con-



TABLE VII

DISTRIBUTION OF COUNTERIONS IN DNA/ETHIDIUM ION MIXTURES

Bound/phosphate (r) 0.00
Counterions/phosphate (e]) 0.761
Condensed cotherionsa ‘ 0.24 mM
Free counterions, low sa]tb 0.21 mM
Free counterions, high salt® 86 mM

C]oc)

Local counterion concentration ( 1

1.18 M

ADNA concentration (0.31 mM) x 8
bTota] counterion concentration = ~0.45 mM Na+.

CTota] counterion concentration ~86 mM Na+.

fl

0.05

0.723

0.22 mM

0.23 m¥
86 mM

0.88 M

0.10

0.681

0.21 mM

0.24 mM

86 mM

0.66 M

0.15

0.634

0.20 mM

0.25 mM

86 mM

0.51 M

0.18 mM

0.27 mM

86 mM

0.38 M

0.25

0.521

0.16 mM

0.29 mM

86 mM

0.30 M

29l
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densed ions because of both their greater distance and lower concen-
tration. Comparison of the effective concentrations for the local
and free counterions shows a tremendous difference between the two
domains of up to four orders of magnitude.

The Debye-Huckel atmosphere and its potential field may be re-

307

sponsible for the difference between the Agboun

g Vs. r curves in the
different salt solutions (Figure 5.7). In this case, the Tow salt

curve, for which the free counterion concentration is lower than in

307 .

the high salt solution, has consistently higher values for A&y ound

at equal values for r. This free counterion field seemingly affects
the dye CD just Tike the Tocal counterion field: Tower counterion
concentrations cause larger magnitudes in the induced CD between 300
and 350 nm, all other things being equal. However, because these
effects are weaker for the counterions in this atmosphére, the Tocal

counterion field remains the predominant perturbant. Thus, the shape

307

of the Aebound

vVS. r curve remains generally the same in each case;
the effect of the weaker field is fo displace the curve in low salt
to higher Aepound values.
4. Discussion

From the viewpoint of electrostatic effects, we have only con-
sidered interactions between the dye transitions andAthe potential
fields of the counterions, both condensed and free. Possible signif-
icant correlations between the magnitude of the induced CD in the
near UV and the strength of these fields (as measured by the fon con-
centrations) are evident in our results. The fields attributed to

these counterions are but a part of the total electrostatic picture

and the ions are only well-characterized along a radial direction



from the helix axis; they are not bound in any specific fixed site
(Manning, 1978) relative to the intercalated dye.

We have ignored the geometrically "fixed" charge groups in the
nucleic acid/dye complex. These groups are the phosphates, each with
a -1 charge (the nucleic acid plus condensed ions constitute the spe-
cies of interest for the polyelectrolyte theory, but the formal
charges on each ionic group have not been removed), and other inter-
calated ethidium fons, each with a +1 charge. Each phosphate (two
in all) connecting the nucleosides comprising the two nearest neigh-
bor base pairs of the binding site and probably each phosphate (four
more) in the immediately adjacent sites excluded from binding are
geometrically invariant relative to the dye, no matter what the bind-
ing ratio, and so contribute to the CD as part of the asymmetry of
the site. Phosphates farther away than two base pairs, and other
dye molecules, constitute a possible binding ratio-dependent elec-
trostatic contribution to the total induced CD of the ethidium ion
because the relative position of these groups to a bound dye will
depend upon how far they are from the dye and the extent of binding.
This contribution to the total electrostatic potential field, to-
gether with that of the counterions, represents an attractive mechan-
ism for the binding ratio dependence of the near UY induced CD in
DNA/ET complexes. This theory was proposed by Lee and co-workers
(1973), who recognized the possible role of other dye molecules in- -
tercalating near previously bound dye. We have taken it a step
further and introduced the counterions' contributions to the per-
turbing field.

The geometry of DNA in aqueous solution (Bram & Beeman, 1971;
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Bram, 1971) is very similar to the B form geometry obtained in fiber
diffraction studies (Arnott & Hukins, 1972). The solution geometry
of the DNA was also independent of ionic strength between the values
of 50 to 150 mM NaCl in wide-angle X-ray scattering experiments (Bram,
1971) and between the values of 1.3 to 200 mM NaCl in viscosity mea-
surements (Rosenberg & Studier, 1969). These types of measurements
are not as sensitive to small changes in the double helix geometry as
the CD spectrum is. Recently, Johnson et al. (1981) reported a study
in which magnitude changes in the CD band at 275 nm for nucleic acids
were correlated with changes in the helix winding angle and the pro-
peller angle (twist) between the two bases in a base pair.

e measured the CD of our dialyzed DNA 1in the two salt solutions
used in the induced CD study (data not shown). There was a decrease
of ~10% in the magnitude of the long wavelength CD band when measured
Vat Tower salt concentrations. Pardi (1980) saw a comparable effect
in his study with E! coli DNA. These decreases are due to conforma-
tional changes in the DNA: most likely a slight decrease in the pro-
peller angle and/or a slight increase in the winding angle (Johnson
et al., 1981). These different geometries of the nucleic acid can
affect the induced CD of the dye in other ways besides the effects
due to different geometries for the charged groups relative to the
dye. Any significant interactions between the bound dyes and bases
farther from the base‘pairs of the binding sife would also be af-
fected. This is a second possiblity for the origin of the difference
between the Aeggznd vs. r curves we measured earlier (Figure 5.7).
The difficulty in trying to decide between the relative importance of

different geometries vs. charge effects as the source of induced CD

5



variations lies in the interconnection of the two: a change in one
necessitates a éhange in the other. (D calculations offer the best

chance for resolving the question. We discuss this further in the

next chapter.
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Chapter VI
CONCLUSIONS

1. The Problem Revisited

We began this dissertatibn with the intention of settling two
questions about the induced circular dichroism (CD) of ethidium ion in
nucleic acids. First, what is the contribution of the inherent asym-
metry of the intercalation site to the induced CD of the ethidium ion
between 300 and 350 nm? Second, what possible mechanism{s) account
for the increase in the molar CD per bound dye (Agbound) at 307 nm
as the extent of binding increases? The two hypotheses presented up
to the time of this writing address the second guestion more than
the first. One of them, the dye-dye exciton mechanism (Aktipis & Kin-
de]fsj 1973; Houssier et al., 1974), holds that the site asymmetry
CD contribution is small and the greater likelihood of dye-dye inter-
actions at higher binding ratios accounts for the increase in bepound”
The second mechahism links increases in the induced CD of the dye with
the changes intercalation produces in the potential field or environ-
ment of the bound dye(s) (Lee et al., 1973). In the course of this
study we have obtained new evidence bearing upon each of these hy-
potheses. We will review these discoveries and their implications,
after which we will propose a model which may be the answer to the
questions above. Finally, we propose some experiments which will test
our model or provide some useful information.
2. New Evidence Bearing on the Problem

One of the first clues that the dye-dye exciton mechanism might

not be responsible for the changes in the induced CD between 300 and
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350 nm of bound ethidium ion was the Targe magnitudes of the induced
CD for 2:1 dimer:dye complexes. These magnitudes per bound dye at 307

nm were of comparable size to the spectrum from fully loaded DNA (Par-

307
bound

) ' 307
’ N/ = o
in calf thymus DNA at r = 0.25, Abbound

di, 1980). For example, Ac for CpG:CpG:EI is 22 L/mol-cm, while
is ~19 L/mol-cm (see Figure
1.5). Since only one dye molecule is present in the complex with the
dimers, and it is intercalated between the base pairs of the mini-
helix, the Targe magnitude of its induced CD is not attributable to
dye-dye interactions.

We measured the induced CD of ethidium ion intercalated in several
more sequences of complementary dimers. The results all reflect one
fact: the induced CD per bound dye is quite large between 300 and 350
nm. These complexes represented the simplest unit of the bound drug
in complexes with the nucleic acids, and as such, their CD svectra are
attributable to only one thing: the asymmetry of the binding site.
This result directly contradicts one of the basic assumptions of the
dye-dye exciton mechanism, namely, that the induced CD due to the a-
symmetry of the site is low.

Another piece of evidence cited in favor of the dye-dye exciton
mechanism was the occurence of a negative lobe in the CD spectrum cen-
tered near 295 nm at high ionic strengths (Aktipis & Kindelis, 1973;
Balcerski & Pysh, 1976). This band, of roughly equal size with the

positive lobe centered near 307 nm, is masked at Tower ijonic strengths

N

by the Targer, positive Tobe of the nucleic acid's CD near 270 rm, ac-
cording to these authors. A conservative CD spectrum such as this is
characteristic of an exciton interaction between identical chromo-

phores (Tinoco, 1963).
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In our studies of the 2:1 dimer:dye complexes via fluorescence
detected circular dichroism, we obtained the CD spectrum of these com-
plexes well below 300 nm, where the large excesses of dimers present
in the mixtures usually mask the complexes' CD spectra. We found
either true negative lobes or relative minima in the CD spectra near
295 nm for most of the 2:1 complexes studied. In all cases, a .pos-
itive CD Tobe occurs above 300 nm. Since only one dye is present 1in
gach complex, dye-dye excitons are not responsible for this pattern
of bands. This suggests that such bands in the CD spectra of DNA/EI
complexes need not solely be attributed to dye-dye excitons either.
Another exciton mechanism involving transitions on both the DNA bases
and the dye was presented by Houssier et al. (1974). Such interactions
might be operating here, although the magnitude of the bands would not
change with the binding ratio. This type of spectral contribution
would be grouped with others from the asymmetry of the site.

In our experiments on the binding behavior and circular dichroism
of ethidium jon in calf thymus DNA mixtures of different salt concen-
trations, we found that the concentration of the counterions affected
the magnitude of AEgSan for solutions at the same binding ratio, r.
The fact that an environmental effect, such as the counterion concen-
tration, can produce changes in the CD spectrum is reminiscent of the
mechanism of Lee et al. (1973), Which connects changes in the bound
dye's optical properties with changes in the perturbing potential field
at the binding site as other sites fill. Using electrostatic theories
of DNA's polyelectrolyte behavior (Manning, 1978), we examined possible
sources of the change in the field: the atmosphere of counterions, both

condensed and free, which associate with the nucleic acid. Other con-
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ceivable sources of change in the field are the relative positions of
other charged groups with the dye: the phosphates of the helix backbone
and other intercalated dye molecules, and the relative orientations of
base pairs beyond the binding site with the dye.
3. The Model

We have discovered some facts which suggest that the variation
of Asggznd with the binding ratio, r, is not the result of an increased
chance of dye-dye exciton interactions at higher binding ratios. Be-
fore proposing a model based upon the alternate mechanism, we realize
we have by no means uncovered an overwhelming amount of evidence to
prove or disprove either mechanism. Instead, we believe the facts are
more consistent with an explanation based upon a mechanism incorporat-
ing the perturbing potential field as the source of the spectral be-
havior.

The main points of the model are as follows: 1) the spectral pro-
perties (CD) of the 2:1 dimer:dye complexes best represent those of
the nucleic acids at high binding ratios; 2) the potential field a-

rising from charged groups contributes a component to the induced CD

which reduces the magnitude of Asggand; 3) at the lowest binding lev-
els, this last component is dominant, so Aaggznd is reduced to its

307

increases as increases be se the
bound ases as r increa cau

Towest levels; and 4) ac
combined geometric and electrostatic changes associated with the
intercalation of dye diminish the contribution of the perturbing field,
and the CD contribution from the asymmetry of the site {(i.e.,, the
dimer:dye spectrum) gains ascendancy in the sum of all effects.

In selecting the CD spectrum of fully bound DNA/EI complex as the

analogue of the 2:1 dimer:dye complexes' spectra, we recognize that
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A max

AEbound

varies with the particular sequence of bases present in the
complex (Table IIT). The arrangement of bases and dye in the binding
site may be freer to assume energetically favorable conformations in
the dimer:dye complexes than in the Tonger sequences, where the ad-
jacent bases and the backbone may restrict the number of possible
conformations. Alternatively, the other perturbants of the dye's
electronic properties (electrostatic fields, etc.) may serve to make

307
the values for Asboun

d in each site more uniform in the polymer. We
feel compelled to use the dimer/dye complexes as models for the fully
loaded DNA because they display 1arg¢ magnitudes for Bepound? be-
cause the spectra for the DNA/dye complexes maintain shapes similar
to tha dimer/dye specira throughout the range of binding ratios, and
305 for ethidiun on bound in both dC-dG
205

sites of pdC-dG-dC-dG minihelices 1is virtually identical with Agbound

because the magnitude of Ae

for the dCpG:dCpG:EI complex (Chapter II).

Once we select the asymmetry of the binding site as the basis for

the large magnitudes in AEgSan at the high binding ratios, the ques-

tion of variations in the CD with the binding ratio can be approached

307
bound

low values and increases with r, we now want to know why it decreases

from a new point of view. Rather than ask why Ae starts off at
as more dye molecules return to solution (r is decreasing). If we
maké use of the perturbing field mechanism, we can answer this: the
strength of the perturbation varies with the binding ratio. Whether
the electrostatic field, tha relative ceomctry of more distant bases
and the bound dyes, or other sources constitute the sole source of the
field, or all contribute to it is difficult to say just at this time.

We have shown that significant changes with dye binding occur in the
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condensed counterion concentrations, an electrostatic effect, but
whether this plays any role in altering the bound dyes' induced CD
requires further study. Whatever the source of the perturbing field,
its contribution to the total CD of the dye at 307 nm is negatively
signed and so subtracts from the (assumed virtually constant) CD con-
tribution from the site asymmetry.

4, Further Experiments

We have arrived at a model for the behavior of the induced CD be-
tween 300 and 350 nm of ethidium ion bound in DNA. The evidence sup-
porting this model is certainly scanty at this point, but with the
following experiments, support and refinement (and possibly overthrow)
of the model may be forthcoming.

One of the weak links in the model 1is our reliance upon data from
dimer/dye studies and DNA/dye studies only: the two are linked in the
model even though there is very little evidence that anything true at
one extreme holds at the other. Further studies of ethidium ion bind-
ing with complementary oligomers will aid in determining the va}idity
of the correspondence. In particular, the question §f whether a dimer/
dye complex spectrum (CD) adequately represents longer sequences can be
answered with CD measurements at different dye:helix ratios with com-
plementary sequences like rAn + rUn, where all potential intercalation
sites have the same sequence, or r(C—A)n + r(U=G)n, where two types of
intercalation site exist, but one is presumably preferred over the
other because it is Py(3'-5')Py instead of Pu{3'-5'}Py. Both types of
sequences could be studied as polymers, also, and the deoxyribo- an-
alogues could be compared with the ribo- sequences.

The effect of environment and/or perturbing field on the induced
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CD of ethidium fon 1in DMA could be tested further by measuring the CD
spectrum of the dye in the presence of competing intercalating species,
such as proflavine and methylene blue (Lee et al., 1973), which are
also cations, or 4-nitroquinoline-1-oxide (4-NQO) (Winkle, 1979), which
is uncharged. In each case the charge density of the DNA would change
as both the ethidium ion and the competing species bound. If the bind-
ing ratio of ethidium ion to the DNA, reps and the binding ratio of

the competing species, Pcomp’ could be obtained in some manner, then,
by comparison of the magnitude of the ethidium ion's induced CD at

307 nm in this system with that of the ethidium ion alone with DNA at

the same ET value, one could determine the validity of the environ-

ment/perturbing field model. The model predicts that AeiSSnd in the
ethidium ion/competitor/DNA mixture would be larger than Agggznd in the

ethidium ion/DNA mixture because the total of occupied sites is great-
er in the former. The two cationicdyeswould work well because their
induced CD bands are at wavelengths greater than 400 nm; 4-NQO would
work well because it apparently does not acquire an induced CD spec-
trum when intercalated in nucleic acids (Winkle, 1979).

Finally, computer calculations of the CD spectrum for ethidium
jon bound in different dimer sequences or in a polymer would be useful,
at least for predicting changes in the spectrum as the nearby bases
changed. The coordinates for ethidium ion bound in 5-iodolUpA and 5~
jodoCpG from the X-ray studies (Tsai et al., 1977; Jain et al., 1977)

would be a good starting point for the dimer/dye calculations. Sobell

«2

and co-workers (1977) have also published coordinates for ethidium ion
bound in a DNA sequence by juxtaposing the dimer coordinates (repre-

senting the binding site) with the B form coordinates (representing



the remainder of the molecule). Beginning with the dimer complex and
adding succeeding base pairs to each end of the structure, one could
obtain a clearer picture of the role of the base pairs outside the
binding site on tne induced CD of the bound dye with calculations on
each new structure. Simitarly, cone could investigate the effect of
the electrostatic fields of the phosphates and the counterions on the
spectrum using the larger structure. The methods of calculation em-
ployed by Johnson et al. (1981) seem particularly useful for this

problem.
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Appendix A
COMPUTER PROGRAMS FOR ERROR ANALYSIS AND DATA FITTING
IN BENESI-HILDEBRAND PLOTS AND bebound

1. Benesi-Hildebrand P1ofs
A) Description

The programs'BHFITl, BHFITZ, and BHFIT3 fit dimer/dye titration
data to 1:1, 2:1, or 1:1:1 binding stoichiometries, calculate the
errors associated with the binding constant and €y " € and prepare
plots of the data using the general graphics package in 0S/8. The
programs are writen in FORTRAN, compiled with .R FORT under the /I
and /0 options, and saved as core image files with .SAVE SYS BHFITN,
where N =1, 2, or 3. A1l Tistings are available on paper tape.

The data consists of absorbance differences between the dye
alone and the mixture of dimer and dye at scme wavelength (DABS),
the initial dinucleoside phosphate concentrations ([NUC1] and [NUC2]),
and the estimated errors (standard deviations) in each, if desired.
These values correspond to A - ecgl, C&pNa, and Cﬁpr in equation (4)
of Chapter II, respectively. The first fitting does not weight the
data in any fashion; the second fits the data by weighting each point

according to its associated error.
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B) Listing

00

I

LRI QAR R

B
Yoo Oy O LR

AR IRve JES S v BEA R Ve

Ty G T 13
LRy e

-

SR ARG R S R

o

4

1) BHFITI

S RACDED
HILUEEthh FLOT.

COMMON FHRET, FNDATAR, N NSTZE, NTHETA, HSYM, NCOR,
1TIT~TITLC'NKT]T:%TITLE;NYTITA”TITLE;NENA
AHIN. HHAK KIHTH YT TN THER Y THOH,
‘wf <T [ mc”’ ST Y ING LTIC,
i i N:]TIT)JHRNTJHQRVT;
s Hr T, Y I6K NYMARY,
W SOWe . SGY. ALF Y,
; ,hPT’ TJLO?E;Iﬁ?E;K;RK;ERNRM»IER
"'73aﬁ ITLECVILNTITLELTD
15/-uN1 150, CHSYAS0, 36X (L5, SGY 15D
A { KR CH I SR >|NP S50 QDYECD)
DIN:N:IDN ERi"qJ tR¢ 150, YERCLG)
. $=2). OR 1:1:44=3) TOMPLEX? “ 14D

A
;
:EI
-—l
PEETY
.
L]

p.A

FDPVHTA/)

FORMATC HOW MANY DIFFERENT C[DYEI? 7140
FORMATTENTER ERRQRST (d=YES, 2=N0) 714D
FORMAT # POINTS= 7, 120

FORMATCDYE I= 7, E43. §)

FORMAT (A ERROR ERROR ERRORY
FORMATCS CHUCLI [HUCZ2I DABS CHUC1I DNUCZ] CRESTA)
FORMAT VELZR. S
FOEMARTS TELX 5D
FDnMHTV TE1X. 30 .
FUnMHT : “E1Z. 3D
"EL1ZX 50 -
TELZ 5D
J= JE4dL. 37 B POINTS= 712)
“E1d. 37 [DHUCZ2I= “E44. 27 DELTA= “E1d 3/
“E4d. X7 ERNUC2= “Ed1. 37 ERY=s “E44. 30

ZERD ERROR RRRAYS.

FHNRET="EHFITL”
FHOATA="EBHDATA”
00 2 I=4,49
ER1{I)=08
ER24{15=0
CHZ(1=8
YER(1)=0
CONTINUE

EXTABLISH NMODE

RK=1,

READCL. S280K
IF(K=-101a, 45, 14
IF(K=-221@, 13, 42
IF(K=201a, 15, 1R
RR=2.
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OO0

30

L1s

AT

o OHUG 13 ADCED RULLESTI CONCENTREATION, IHER 15 ERROR
ANDED WUCLEQTIDE CONCENRTRATION. A YER 13 ERRGR OIN & WALUE
FERIVED FROM THE ERROR IN DELTA RESOREBANCE

ER DATR. DRES TS RRZORGANCE RENCE NORMALIZES TO 4 CH
1
2

HRITE{1, 5400
RERD AL, 325 I0VE
LIMLO=9
LIMHI=a
READ L, SEBIIER
0o 28 I=1, IDYE
WRITE(L, 516>
REARCL: S429NPTSCTDD
REGDOL SSECOYELTD
LIMLo=LIMHI~1
LIMHTI=LIMHT+NRTS{ 1)
WRITECL, S8
MEITECL, G850
OO 29 M=LINLQ, LIMHI]
REARD L, 538CN1M)
IFCK-3521, 248, 24
READCL, 5100 CN2M)
RERDCL, 8Z2800ABS M)
IF{IER-1023, 24, 28
READCL. 83Z20ERLIMD
IF(R~-30 23, 26
READIL, S400ERZHD
FEAD (L 8S30YERIT)
CONTINLIE
NETST=LI1MHI
CANTINUE

T ENTERED LATA.

WRITECL, 516

DO Za i=4, 1DYE
WRITE(L, FO@O 1, COYECT ), HRFTS(ID

CONTINUE

HRITECL, S4@>

00 235 M=4.NPTST
WRITESL, P00 CHI (M. CNZMIL DARS(MI. ERL MY, ERZ(M), YER DD
RLF1LM =8

COHTINUE

THIS FOINT. THE FROGRAM CONTINUES ON THE FILE “BHFITZ. 5¥7.

ChRLL CHAINCEHFITZ? )
EHND
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i1) BHFIT2
B4

c THIS FROGRAM FITIZ DIFFERENCE IN ARSOREAMNCE YERZUWS ADDED
C RUCLEQTIDE CONCENTEATION CRTA IN A BEHNEZI-HILOEBRAND PLOT.

COMMON FHREET, FHRORTR, N NSTZE NTHETA. N2YM. NZUR,

2 HTIT, TITLE, HeTIT. STITLE, NYTIT. YTITLE, HEW,
e AMPTIML SRR, KINCHS YHIN 9MA< Y THCH,
B WETa AL-“ A0, YETLYTIC, YINC,LTIC,
S NS TLAE, il NORY L NS ITIT, NORXT HORYT,
S ”w,Gth«WH("FHCT;VSTGN,NVMHK;
7 o CHL ER L CHZ ER20 8, G560 Y 56Y, ALFL,
3 S B SEENFTE HETET, COYE, T0TE. K, RK, ERNRM. TER
[ERGLES AV RTITLEL T MTITLER?D
LInME RS, CHACAS Y CHZ AT, SEHAS), SEYE4S)
DIMENS f ; ;~’-va157,NrTw-<J;lDTE'5)
L IME TIDN ERICASH, ERE(ASZ), Y w150
5a0 FiorH 4A$$*L44¢+4+i$++»++4L?%#f+¥$$+*#+#+##**$é{**#*k**k‘/)
2418 COF1HT- TFIT WO ERROR A )
2% FU&HQT"J~ 127 wiJa= “E14. 27 Yi¢Jo= “E44. 37 ALFHACT )= “F7. 4)
S20 AT ALPHACT 127 LID NOT CONVERGE IN 14@ STEPS” )
548 EMATC TYPE ~CR~- TO FIT WY ERRORS: =-1-, «QDR- TO SKIP 711
550 FORMATAFIT WA ERRORSS /)
563 FOGrRMATLAD
C FIRST RUN DOES KROT WEIGH FOR ERRORS:
C SECOND RUN BEGINE WITH FIRST RUN YALUES., BUT HEIGHS FOR ERRORS
[ B IS Y INTERCERT, B 13 SLOFE, . B
c IFLAG 15 RUN NUMEBER FLAG: 89=13T, 1=2ND ’ - °
H=d,
B=4,
sCGAR=1.
T SGE=1,
IFLAG=9
WRITEL, 5860
WRITE(A, S4a
49 EGUKO=8



ogO0O000

N
1]

[E+IE S I R N OO0
Ry N

le]

b

~

RLCULATE ¥ AND ¢ GRAFH YALUES fHND THEIR ASSSCIATED ERRORS,
! ERROR = ENTERED Y ERROR FROPRGATED ¥ ERROR.

SO AND SGY ARE WRARIENCES: S06A AND SGE RRE STANDARDE HEYIATIONS.
ERNARN IS5 THE LOWEST Y ERROR FOR NORMALIZIMNG ALL ERRORS IN WEIGHING
VYALN 1S5 AMOUNT OF FREE DIMER.

1

ERNRM=8
LIMLG=a
LIlHI=0
0O €% I=4, IDYE
LIMLO=LIMHI+4
LIMHI=LIMHI+NRTSAI)
L0 Sa M=LIRLD. LIMKHI
CALL FREE (YALNEW. FREL. FREZ. M, 12
Kema=1, AYALNENW
W =CDYECT D ADABS M)
CHIER={(REAERLI(MI AFREL D42,
: C2UMIAFREZ) w2,
O My CNLER+CHZERD
EEY M =YERCMIAYERM)
¥ +RARFEGH M D #M) 6B+ SGB+36R+:306R
WRITE(L, 2801, KMy, Y4, ALFL (M)

ASSIGN FIRAT ERROR AS HORMALIZIMG YALUE TO START WITH:
THERERFTER, SUESTITUTE NEW ERROR YALUE IF IMARLLER
THIS SIMPLY KEERS NUMBERS FROM QYERFLOWING IN FLTSQ.

IF (=10 47, 432, 47
IFCERNRM-SGY (MDD D3, 30, 48
ERNRM=ZGY {1
CONTINUE
CONTINUE

FIT LINE.

CALL FLTEQ <IFLAG)
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CALCULATE FRACTION OF DYE BOUWND 1IN COMPLER TO WITHIN . 804 ALFHA

ECGK=f/B
KK=@
LIMLO=g
LIMHI=@
DO #8 M=1, IDVYE
LIMLO=LIMHTI+1
LIMHI=LIMHI+NFTS (M)
Do J=LIml0. LIMH
Lo 62 I=4,100
CALL FREE (YBLNEMW, FREL, FREZ, I,
ALFH=ECRYALNER
ALFH=ALPHAS (L, +RALFPH?
DIFF=RES(ALFH-ALF1{J3)
ALFLSJy=ALFH
IFCDIFF-. 0014ALF14J20 84, 52, 62
CONTIHUE
WRITE(L, $380J
KK=100@
CONTINUE
CONTINUE

IF CONYERGANCE OF ALFHA 01D NOT OCCUR, ABORT RUN.
IFCKK=-1308) &8, 82, 68
CALCULATE EQUILIERIUM CONSTANT TO WITHIN . 81 K

DIFF=RBS{EQK~EQUKDD
EQUKQ=EQK . e

-

1F CONVERGANCE OF # LID NOT OQCCUR, RECALCULATE WITH NEW YRLUES.

oy
2

IF{DIFF- @1+EQKD 7@, 42, 42
IFCIFLAGY &9, V2. 89

CHECK TO SEE IF CRALCULATION HWITH WEIGHING ERRORS 15 FOSSIBLE

IFCIER-1D €8, 74,80
HWRITEL, Sad)
READCL, G461

IFC1) B8, 78, 80
HRITECL, G330
IFLAG=1

GO TO 40

WRITECL, 5680

AT THIS POINT, THE FROGRAM CONTINUES OW THE FILE “BHFITI. 5v7,
CRLL CHRINLBHFITI D
FRETURN TO ZTART IF ALFPHA DID NOT CONYERGE

CALL CHATNCFRRETD
END
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a) Sub):outine FREE

THIS FRAGRAM FITS DIFFERENCE IH RESORBANCE YERIUS HODED
NUCLECTIDE CONCONTRATION DATA IN A EENESI-HILDEERAND PLOT.

SUBRROUTINE CYALNEW, FREL, FREZ, M, 10
COMMON FHRE NOATA N NZTZE. HTHETA. NSYH, NCOR,
NT TLE, NETITXTITLE, HYTIT. YTITLE, HEW,
i R K THOH M ITH Y IR Y THCH,
b INC, ST, YTIC.YINC, LTIC,
NE ‘#.-NDFH SHIITIT, NORETHGRY T,
“E o M MR'J”FHIT FE TGN, NYMAK,
DAL L ERL, DHZ, ERE, M. 506 Y. S6Y. ALFL, . '
f, 5 S RFTESCNFTET, COYE, TDYE. RK;ERNRM;]ER

o TITLE(n> m.]TLb'?ﬁ.TulTLCﬁTz

D CiH SOLE0, CHAAS ) CHELE), BG4S, 56YC18)
D1ieE OH ALFA{AT3, K150, Y150, NPT (S0, COYELS)
DIMENSIOHN ERICAS), ERZAATY, YERAIS)

DIMENDT

CRLCULARTE THE AMOUNT QOF DIMER FREE AT EGUILIERIUM

FREA=CNL M) -RIE=ALFL MO #COYVECTD )
FREZ=CNI(M) -REK+ALF 1M *COYECT) . oo
IF " }\"" )‘Lg; ..@.- (9
YALNEWN=FRE4
FREZ2=4
GaTa 4a
YALNEWN=FRE1+FREL
FREZ2=1,
GOTa 4@
YALNEN= FREi+FnE2
RETURN ‘
EHND . K
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51
52

b) Sub rout1 e FLTSQ

THIS PROGRAM FITE DIFFERENCE IN ABSOREANCE YERIUS ADLED
RUZLEQTIDE CONCENTRATION DATA IN A BENESI-HILDEERAND PLOT.

SUBROUTINE FLTSQ (IFLAGY
COMMON FNRET.FRNDATAL N HSTZE NTHETAH, NSY M, NCOR,
T

2 TLE: NETIT, WTITLE NYTIT, YTITLE, NEW,

3 i THOH YHIN SHMAR Y THCH,

4 :INC;H:‘T»“ IC.YINC, LTIC

S h,;f;;,NDR?T HORY T,

5 . . ; ”FH’ Ta WS TGN, YA -

v HERS L Nl) CHZ, ERZH, 26K, Y, qrt.,o' ALF4, . N
g

LG8 -NPT\»NF"T CDYE, TDYES K, RKs ERNRM, TER
(T WTITLECY D Y TITLELTD
CIMENSION u’f”lsb CNi 150, CHZLS), S6XL5), SGY (48D
DIMENSION ALFLAAS, X100, Y150, HRTS(SD, COYRE(S)
CIMENZTICON ERACAS), ERZIADI, YERIAS)

CIMENSTON

CRLOCULATE THE LERST ZGUARES FIT TO A LINE FOR A DATA SET.
MODIFIED FRIM THE FROGRAM "LINFITZ IN "LATA RECLCTION

ﬁNu ERROR BNGALYSIS FOR THE FHYSICAL SCIENCES . BY

P. R, BEYINGTON, MOGRAN-HILL., 438%, PP. 104-5

FORMATC Y INTERCEFT= ~£12. 5 SLOPE= “E12. 5
FORMAT. SIGHMA B= “E12. 57 5IGMA M= “E42. 5>
FORMATI R= “Fa. 37

FORMATC K= “ELA. 24

St =0

SLiMK=3

SUMY =0

SUMNE =R ) - ~ . N
X!’i,l ’"l—-

A

DO 50 L=1, NFTST

IF HQ ERRORS EHTERED, HEIGHT

4. {ONLY WILL RUN ONCED

AI HiL2

...ll [ )
NEIuH;—LRNRM/SGY(L)
IFCIFLAGY 49, 48,48

IF HOT WEIGHING FOR ERRORS, KEIGHT = 4.
WEIGHT=1.

SUM=SUM+WEIGHT
= UHW+UE]GHT*31

HH ey MJEIL;H'(*,,I:L‘:;«:]
UMY Z2+HEIGHTHY I4Y]
SUMEY A WEIGHT K I#Y ]

LIRS .
MKASUMAY) ADELTR
H‘*xUM ~SLSLUMY 3 ADELTA

-
A

wUM“”+R+H*SUH48*B*~HMs2 2. #{A#SUMY+B+SUMEY ~AxB+SUMX) 3 /C

D IO o

3]

)

I¥ HEIGHING FOR ERRORS, YARNCE=SHALLEST Y ERROR.

IFCIFLAGY 51, %2, 84

VRRNCE=ERNRHM

GRTIVARMNCE#SUIMKZ/DELTAD

BT Y RRNCE#SUM/DELTAD

! \hM+~UHW1—2UMA$SUMV)JS@QT(OELTH*(SUN*SUM?Z—SUM?*SUMV))
HRITEL, S6037, B

WRITE L, G183 06H, SG8B
WRITECY. S2EOR
EQK=R/B

KRITEND, SI0OEQK
RETURN
END



188
191) BHFIT3
#

C THIS FPROGRAM FITS DIFFEREHCE IN ABIZOREBANCE WERSUS ADDED
C NHUCLEQTIUVE CONCENTRATION DATH IN A BENESI-HILDEERAND FLOT.

COMMON FHRRET, FHDATA. N HSTZE, HTHETFR, HEZYHM. NCOR,

2 hTITJTITLE HTIT. KTITUES HYTIT, YTITLE, NEW,

3 { ’ SOHL YHMING YMAK Y TNCH,

4 TN ST Y TIN Y INC LTIC

S HORHEL, HORYL, RSITIT, HORKT., NORYT, .
3 . S RS YEACT, YR IGN. Y HMAX,

v HEL YERS CNL ERL, CHZL ERZL K, 25:, Y. 8GY. ALF A,

8 H;SGH;L/,UD.NPT~~hr1~T;AP 'E. IDYE, Ky RK, ERNRM, IER

DIMEN~]”N TITLESTD KTITLECT ). ¥TITLE(T?

! g DAESCATY ONACLS), CHEAE), SGX0A5), SGY (45D
RLFLACAE 0150, Y ftq)xNPkaq):LDﬁE(”
ERANLED, ERZCAT, YERCAS)

D]Mcho]UN HEndD), Y¥ a5

]

PRINT OUT FINAL WALUES FOR K, DELTA ERSILON, X, Y. [COMFLEX ),
AND ERRGRS IN EACTH (NOT [COMPLEX 1D ’
FROCEED TO FLATTING ROUT]NE; IF DESIRED

3OO0

NHORMALTIZED W{li= "F3 37
b

208 FORMAT " J= 7127 HKi{Ji= “El« S M{Jy= JE4d 27 ALFPHAGI)= “F7.4)

2232 FORMATOA"FINAL K= “E42. 47 FINAL DELTA EZFSILON= 7E12 4D

248 Qe TEIGHA K= TEL12047 SIGNA DELTA EPSILON= 7£12. 449

=131 O TJm 1 DEJda= CE1Z047 DWNdo= CELE 27 [COMPLEX s TEL2.4)
260 FORMAT D

2R FORMATL FPLOT DATA? (A=NO, 1=YES) 711D

Gan EORMATY HORMFELIZER TO MAKE X AXIS INTEGRAL = “EL2. 4>

&1 FORBATO NCGRMALIZER T MAKE Y AXIS INTEGRAL = 7E12. 45

Sl { ’ 3. 37 NORMARLIZED Wd{li= 7FE XD
=

g ARPH? (E=H0. I=YESD 7140

14 RAMETERS? 714D

ae FDr HTV’%; WET=KMINTD

I FORMAT Y wMAK= “E42. 42

35 FORMAT T WINCH= 7E42, 40

70 FORMAT W TIC=RINC= “E12. 4) )
753 FREMATO YMRK=A, YST=YMINT)

Fe0 FORMATC MMIN= “E12. 4)

FeS FORMATC Y INCH= “E12. 42

FVa FORMATO YTIC=YINC= “E12. 4)

raa FORmMaTO SYMEDL # 7140

789 FORMAT O SYMeE0L SI12E 7110
T3 FORMAT T CALCOMPCR) OR TEKTRONIKL{LS 7140
a8 FOorMAT O ALL OK? 7110
814 FORMATLZRED

- o
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2

Lo 2 J=1.HF
MRTTEC L,
CONTINUE
DELEP=1. /R
EGK=R/B
SGR*SOAATASAD
BE D
A TORTIAEZHBEZ) 2
DELEP=SORT(REZRY)
FOEQH, DELERP
1EIERK, ERD

—

a7
=]

Jo B a0 BLFLT )

24

LIMLO=6

LiMHI=0

00 4 I=4, IDVYE
LIMLO=LIMHI+1
LIMHI=LIMHIHMPTSCT)
Lo T J=LIHMLD LIHMHT

ERF=SORTIEGHEITID
ERY=S0RTCEGY (T
CHHUC=ALF1J)=CDYELT)
WRITECL, 24450, ERX, ERY. CNRNUC
CONTINUE

CONTINUE

WRITECL, 258>

READCL, 28801

IFCI108, 6,8

CHLL CHAINCFNRET)

SET YARIAREBLES THAT RARE UNCHANGED

HTHETR=2 A - °
NCOR= 180
NT1T=0
NxTIT=8
HYTIT=8
LTI1C=8
NZILAR=2
HETITIT=2
HORKL=8
HORYL=8
HORKT=8
NORYT=4



»
C ENTER "NORMALIZING" FOWERS OF TEN
1a HRITECL, 25@)

FEADCL, €20 KNRM

REFADCL, sdaYHRM

Lo 26 I=1, HFTST
A T u=rl 1 S KHEN
YT =N AYHRM
URTTE ML 2G0T, KK, Y9410

20 CONTIHUE ~ \
REFD (1, 2287 INP ‘ \
IFCINFPIE2, 19, 22

€ PREPARE FOR FLOTTING

22 WRITE(1, 258)

READLL, FUAOINEN

RERD (L, F1A0INP

IFCIMPORE, 24, 25
25 L"MIN"&B

RITE l; 4 :.G)

READ L, FIB)MAK

READLL, TR5IMINCH

BET=HMIN

RERDCL, V4@ILKTIC

KINC=KTIC

WHMAK=3

MRITECL, 756

READ(A, 823 MIN

REHD(l;T@S)vINCH

TENNTIC
I8 {ls VAGOIHSYH
Cd. 735 )“F :.,E
1, TE20INP
5, 44, .55
35
40 D 2935 INP
IF« 7HP)¢9 22, 99
34a CRLL COFENL DER7, FHDATARD
DO S5 1=1, HPTST
MRITECS, SABIKKCIN YYCT)
55 CONTINUE
H=HPTST
CRLL OCLGSE
C AT THIS FPOINT, THE PROGRAM TRANIFERS CONTROL TO THE GENERAL
[ FLOTTING SYSTENM. RETURHING AFTER PLOTTING TQ “EBHFITL.FT~.

CRLL CHAIN{ GENFLT
EHD



LROBHFITA

=10, Z:da=20, OR 4:1:14=30 COMPLER? 2

HOW O MANY DIFF
ENTER ERRKUR

¥ POINTE= B
[OYET= | 943E-02

ZRROR ERRQR ERROR
CHLC1 ) CHUCZI DhABS CNUC1Y DHC23 bRes

. BIE~-83
. 22E-B33
. BE-@3

| ]

- 349

SS5E-32
. A4E-
2. AE-az2
=~ Q43
RRE-B3
. . A4E-G2
2. 3E-ax
- BEZ
HRE-R3
SIE-04
2. 8E-g2
-, 833
QIE-u3
L 42E~24
v.3E-R32
R B

24E-04

TOYEd 3= g 430E--34 # POINTS= &

[HUCLI= @ [RUCE 1=

ERNUCLs @ ERNUce2=

PHUS1I= 9 [NURZ 1= ~-0, 4GEE-G1
ERMUCL . ERNWGZ= @, 140E-23
TR I= 0. DORE-D2 [HUCS I= -3, 40RE-01
ERNUCL= G, SONE-8d  ERNUC2= 8. 14RE-03
[HUCL I= @, Zoog [HUZZ I= -8, §IHE-B1
ERNICA= 2. 8d ERNUCEE 3. SIAE-B4
FHIICL 3= & 3 FHUCE 1= -3, 2peS-01
ERNUCT g, 5 EQNUC2= 6. dCBE-Q4
[HUCLI= @ [HUCE )= DELTA= - 11IE-288
ERNUCd= & ERHUCE=s ERY= B 24BE~04
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FIT HA0 ERRORS

ALFHACS )=
ALFHA(JT )=
ALFHACT) =
FLFHA S ) =
ALFHACT )=
ALFHALS )=

HLFHALT ) =
ALEHALT ) =
BLFPHANS )=
ALFHACS ) =
ALFPHAL )=
ALPHACT )=

= 4 xido= HHS S YOJ)= -

=2 xiJa= 05 Y(Ji= -0

J= - 2 «-J)~ as Yida=s -0,

= 4 : Be WlJam -
J= 3 (J 3G YAJa= -
J= & (J s 3 Wndi=  -d
Y OINTERCERT= -, B3 SLOFE= -0, 23243E-~03
SIGHA B= 8A5-waL~u4 SIGHA M= 2, 24341E-0
R= -Q, 27876

{= @, 174E+0S

J= o4 WiJo= . Wido= - GE~02
J= 2 Xi{Jo= i, YiJa= o -, TE-32
J= X K{Jo= a. VYoda= o i, VE-Qz2
J= 4 KiJo= &, WLy -l E-0R
J= 5 KiJo= i, YRJr= - e~
J= 6 Kido= i, YiodJo= -0, E~03%
Y OINTERCERT= -3, SLOPE= -a, SHSE
SIGHA B= @ SVIAs GHMA M= a4, FE-2
R= -3, 27327

(= @, 13@E-38

#
e BT R R RS AN R

J= R
¥OINTERD
S16HA 8=
R= -0, 97
K= 18

A= gz
Yody= B2
e 3z
Yyd = S
Yido= Ak
Yodos o - [Els

SLGPE= 2E
GHA M= ~g!

ALFHACT )=
ALPHACT )=
RLPHAT )=
ALFHR{J )=
HUFHAIT )=
HLPHH(J)=

O
(]

ST %

D 0% 0D e K
QRS0 o
RO

oo D

PO LW g A RS
LA RS AL i O

g )
[ |

WS in de e B

)
IR T €N




TYPE ~-CR= TO FIT W/ ERRORS; -i-, ~CR- T0 SKIP

FIT W/ ERRORS

Js o4 XNdiJo= . 4E9E+886 V Jy¥= -0 134E-22

= .2 XiJo= . 25! Y= -8 107E-82
J= 3 Rido= S SR8 ?ﬂJ)= -3 AavE-e2

J 4 Hida= 3G YUdd= -3 g3EE-BZ3

= § KuiJo= . g5 HdJi= =i G K

= & Kido= 8.1 +35 YWiJos -2 3

Y INTERCERT= -0, Z5482E-6G3 SLOPE= =g, -8
TIOGHA B= @, GI8GC SIGHMA M= 8.«
R= ~@. 923874
K= 8. 133E+08

J= 4 HiJo= G 4GTE+RE YdAJi= -8 134E-02
J= 2 XdiJo= @, ZERE+RS Y {Jo= -8 1a7E-82
J= 3 XKiJo= Q. 252E+68  YiJi= -8 1GVE-02
J= 4 KiJos= G, A2FE+06  YNJi= -3 £3ZE-02
J=  § HiJa= G, &e7TE+BS  Md{Ji= -8 SIGE-BZ
J= 8 Kidy= 6. 182E+35  Y{Ji= -3 IB1E-22

Y INTERCEPT= -8 335844E-8X SLOFE= -8, 23035E-8
S1G18 S~ IZE-04  SIGMA M= 8. 46E06RE~G9
R= =-a

J= SEE+Re YLJi= -0

J= ».“4;E+ao YiJi= -0

J= YiJa=s  ~a

J= YiJa=

J= Heda=

J= YiJ=

k) 13 SLOQFE=s -2, -8
QICﬂR &= IGMA M= 9. 483033E-33

= ~0. 98334
K= 0. 134E£+06

ALPHA(T )=
ALFHACS ) =
ALFHACS )=
ALFHACI )=
ALFPHAC(I ) =
ALFHA(S )=

HLFHACS ) =
RLFHR{JS =
RLRFHALT =
RLPHA(J )=
ALPHA(JI =
ALFPHAC(J =

RLFHACI Y=
ARLFHAI )=
ALPHACJ )=
ALFPHACI Y =
ALFHACT ) =
ALFHAGI ) =
3

a.
. 3427
. X427

OPOR®D

9@@@@@

5
. 6648
a.

2846
4093
44339
5936
728l

. 3147

2274

5208

£899

03



HiJ =

1 PN rHH\J)— ZES
J= 2 wiJoa= 21 FHAlT )= 16
J= 3T K= (.4 lL:Hh\]) 416
= 4 KiJo= L6 PHAGI) = @, 5213
= § Hido= . g, 5338 ,FHHAJ)~ g, &Rls
J= & K{Jji= 1o.n4r+uc TRJ = -3 23163 ﬂLPHﬂﬁJ)= g Saes

FINRL K= @ AZIRE-08 0 FINAL DELTHA EFSILO
S51GHA k= @, ZZaRE+GD ST0Ms DELTAR ERSILE

Ro N de Ty @ dat

= 4 DHIY= 3, 35 DYNJoa= 4. Z2E @. 37
= 2 DinJio= N RS DYdJda= g o2aE g, 14
= X Joa= @, s D dJo= @ 24k .14
= 4 OX{JI= A, i DY o= BOdE B2z
= 5 DYeJos= i, G DM 12, TEE - ]
J= 6 Dridos . A3 DY o= 0. BRE~a4 ECFHr'Eﬂxe B, X3

PLOT DATAT (a@=ND,1=YES) 4

HORMALIZER TO MAKE X AXIS INTEGRAL = 1. E+a5

NORMALIZER TO MAKE Y Ax13 INTEGRARL = 1. E-~-14

I= 4 NORMALIZED Xilu= LS8 NORMALIZED Yd{ld)= =13 427
1= 2 NHPHHLT?~D Kilo= . G¥5 N'NMHLI ED PiIy= ~1d TEG
I= 2  NORMAL )= SVS NI FRlo= -Lbg V58
I= 4 )= 2a7 Yulo= ~5, S2S
I= 5 HORMA 3= Yilo= VS
I= & HNORMALIZED x{li= h“anL ZED Yilo= -3, 245
ARLL OK? 1

HUEM GROFHT (3=NHQ, 4=YES) 4
HEZld PARANETERS? 1
KHIH=8, KST=<XMIN
HHNK= 5,
HIiNCH= B,
KTIC=HIHC= 4,
YHAK=G, Y5T=YMIN
YHIN= -18.
YIHCH= 8.
YTIC=YIHNC= 4.
SYMBQL # 4
IRnedl S1ZE 2
CHRLOOMP @) OR TEKTROWHIXK{L)
ALL OK? 1

FLOT I35 20UND FOR CALCOMP
SLOT EVERY NTH POINT, N = i
RE-PLOT DATA?

1:30=1), 2:1¢=23, OR 1:1:14=22 COMFLEX?

i
L]

mmmmmm
iy
©
T

(A VRS R TR
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2. Equilibrium Concentrations/Aebound
A) Descriptidn

The program EQ calculates the equilibrium concentration of di-
mer(s) and dye for 1:1, 2:1, or 1:1:1 stoichiometries and also cal-
culates Aggcund and its associated error. The program is written in
FORTRAN, compiled with .R FORT, and saved as a core image file with
.SAVE SYS EQ. ATl Tlistings are available on paper tape.

The data consists of the complex's equilibrium constant, the
initial concentrations of dimer(s) and dye, and their errors for the
calculation of the equilibrium concentrations. To calculate Aepound?

enter the measured induced CD (6% x 100) and its error. Equations (2)

and (6) of Chapter II are used in the calculations.
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B) Listing

R

i) EQ

COMMON NAVE.

196

THAGE, ERTH. NWAYE, CHL. CH2, 0O, PLEX,

oKy R ALPHAL ERFLK, ECL. EQZ, CEUM, SLINM

DIMENZION
FORMAT A" THIS

WARNVECED. THIEG S, ERTHLED
FROGEFAN

CALCULATES EGUILIBRIUM CONCENTRATIONS, 7

FORMBTICO DELTA EFSILONT, AND ERRCRES FOR ERCH, TG CALCULARTE”
Fo CTECRITLISRIUN VAL ALON ENTER & FOR ERCH ERROR AND7)D

FORMATY HUNBER OF
FORMAT A
FORMAT "4 cd =10,

FORMATOTERROR K
FORMATOTINITIA

e

FORMATC ERROR [DYE]
FORMART O

FORMATC ERROR CDIMER
FORMATC FATH LENGTH
FORMAT O HUNMEER
FORMAT 7 WAYELENGTH

2:44=2),
FORMATC EQUTLIGRIWU CONSTRNT
CEdd.
[ewel
nE1L 5D
FOEMFTO INITIAL CDIMER
INITIRL CODIMER
FORMATO ERROR [DIMER

SEHD
OF DIFFERENT WAYELENGTHS
S 1)

OR 4:1:44=3) ©

(E10. 4) =

MPLEX? 714

o o= TE41. %)
CEAG. 40 = TEl@ 40

“Edd. B

171 (E16. 40 = 7E18. 4

Z1 (Ela 4> = 7EL8 4D
tEdd. 8D

11

21 (E11.5) = 7811, 5)
= “F7, 4) -

TFS. 40

FORMATC THETA X 490 (E41. 4) = “Eld 4O ’
FORMATO ERROR TN THETA ¥ 1@3 (E1Z. 5) = “E12. 5)
DRMATCA NG CONVERGENCE OF ALPHA RFTER S STEPS /D

AT K

FORMRTCTIDYE 3
© ERROR

FORMATOLOIMER 147 I

ERFOR

FORMAT

L
Fa TTHETH
FORMATOA D IMER, DYE,
FORMAT{ NEW COYET OR

WRITELZ. VB3
WRITECL, 71D
WRITELL: 720)
HMRITELL, 7205
Chi=g

ECZ=

Ri=4.

READCL, 7500K
IFIK=-1310, 15, 11
IFIK-2018, 1%, 42
IFMK-25318,15, 1@
RK=2.

- o

et 4

INITIAL
TE11 3

TE11. 57

= ERROR TEL1. 5D
18. 4 FINAL

. = TE11. 5

FInAL
= UE

INITIAL “E1@. 47 FIHAL = “E11. %

= “E44. 52
ERRORS USED7 )
ERFORE

ZERQED?D
THETA ERRORS ZEROED?D
SYITEM? (8=Nd, NIZ=YES) 711>
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ENTER CONCENTRATION DATAH

READLL,
RERDCA,
FERDCL,
READCL,
REACCA
IFNR=E0
REHD(l;QHG)‘N¢

IS0 REONEDS \
IFCK~-2035, 26, 25

READCL, GYODECR

il O &3 O3 03 0)
[y
)

ENTER CD DATAR

ERDCL, 8755

FERDCL, 250)NNAYVE

DO 48 I=l, NNAYE
WRITECL, 7400
READLL, QE5MRRYELTD
READ L, @330 THIAAL )
REHD(i;SEf'ERTH\])

CONTINUE

CALCULRTE EQUILIBRIUM CONCEMTRATIONS

RLFPHA=A

CSUM=CERCRYACPY I 442, +(ERI/CE) w42,

DO S@ T=4, 50 : )
ChRLL FR”" (FREL, FREZ, YALNEWD e
FLF =0RY Y ALNT

~hLF{‘l +ALF D

=RBRSCALFA~-ALFHA?

FLEX=CAsALFHA
C=CA-FLEX
CHLL FREE <FREL, FREZ, WALNEW)D
IF(DIFF—- Qal+ALFHAIE3, 68, 58
CONTIHUE
WRITECL, 2085
G0 TQ g8

PRINT EQUILIERILM CONCENTRATIONS

ERPLU=SGRTCFLEXHPLEN*SUM)
WRITZ 1. 2480 CRY

WRITECL, 320y FLEX, ERPLX
WRITE(L, 3%@> 0Q. £, ERC
WRITECL, $330d, OHL, FREDL, ECL
IFCK-207R, 85, 7a
WRITE L, 34202, CH2, FREZ, EC2
IF(HURYE»3S, 33, 75
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£
C .
C CALCULRTE DELTA EPSILON, IF DESIRED
~
v
] WRITELL, 258

CRLL THETA
TO 26 I=1, NHAYE
ERTHII5=23

sa CONTIRUE
WRITECL. 2880
CRLL THOT
ERPLN=AEI(PLEKHERCAY/CAY) v
HRITECL, 37840 )
CRLL THETR
MRITELL, 74@)
READCL, 253901
WRITEC(L, 7485
IFdIy 20,17, 19
END

e
e
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1) Subrogtine THETA

SUBRMITINE THETA
COMMON NAYE, THAB0, ERTH., HWAYE, CH1, CNZ. C8 PLEX.

2 B oKy RS ALPHAL ERPLE EQL, ECZ. CSUM. S
DIMERZION var'm),rH*uvanE;RIH(E)
vi0 FORMATOAFS 47 HM o THETA X 194 “E41. 47 ERROR = “E42, 5
vZa FUORMATYFE, i'~ HM: DELTH nF-ILOH = “Ei1@. 37 ERROR = “Edd. 4)
>
Do 44 1 1. HIWRVE
DELEFR=THLIOGI I/ 02250, sPLEXK*E)D
2un~'thlwl7»'qESqu1UM'I>)>*+“.+‘ERFLx/PLE%)**2 .
EROEL=30RTOELERP+DELERFSUM) - '
WRITECL, 710y HAVECT)Y, TH1881), ERTHC(ID )
HRITECL, 7295 WAYEL I, DELEP, ERDEL
18 CONTINLE
RETURN
ENHD
ii1) Subroutine FREE
SUSROUTINE FREE (FREL. FREZ, YALNEN)
o 1f O RAYE, THARG, ERTH, NUAYE. CH1, ON2, Ca. PLEX,
z B kR ”*Phi LRl ECL. ECR, CSUM, SUIM
DIMENSION NA (G0, THLIGGCE), ERTHLE)D
c .
FREA=CHI~RK+RLFHACO >
FREZ= ~RK*HLPHH*CG
IF0K G4, 56
52 \/
= REAECAA/CHL 3402,
54 WHLHEH‘rPEiﬁani
SUNM=CSUM+ (RKECLACHL ) w2,
FREZ=4.
RETURN
36 VALNOH=FREI-FREZ
SUM=CZUN+  REK+ECL/CNL d w2, +<RY*EC(/CN2)**2
RETURN
END



C) Sample Run
’

THIS PROGRAM C“L'HLHTsﬁ EDHILIER]HM CONCENTRATIONS,
Ch DELTR ©F3 B HND ERRORE TH. TO CARLCULATE
EQUILIBRTIUN HLONE. LN(ER U FOR EACH ERKOR AND
HUMBER OF HRYELENGTHS

1:dd=20, 2:44=20, OR 4:1:1{=3) COMPLEKXK? 2
EQUILIBRIUM CONSTANT (Edlo 4) = 4, JE+A3
ERROR K (E1d. 8y = | JE+AS

INITIAL CLRYED 40 o= AJIE-03

ERRGR [DLYED fgad SO = | eRRE-32R

INITIARL [DINMER 41 <E1@ 43 = 2 3E-A3

ERRQR C[OIMER 13 {Eid S) =  @RE~-8X2

PRTH LENGTH wCM3 = 4.

NUMEER OF DIFFERENT WAVELENGTHS (I1) = 4

WAVELENGTH (F3. 1) = 388,
THETA K 100G J{Ed14. 40
IRROR IN THETA K 1leg (Eiz.

K o= @ 1320E+36

CCOMPLEXKD FINAL
Coyel: 11?T]RL = A, 4TAGE-aa FINAL
Croezaa ) INITIAL = & S380E-a7 FINSL

ALL YRRORS USED

258 NM: THE Ho1aGa = 8 ¢, Z4000E-@1
305 @ Nit: DELTA EPSILON = @ 2352E+04

I05.@ HM: THETA ¥ 18 = Q. 7i20E-0¢ ERROK = 8 930RaE-g9
3G5.@ NM: DELTR EFSILON = 0, 3VEE+G1 ERRGR = @ 2I08E+84
DIMER, DYE, THETR ERRCORS ZERQED

Q%@ NM: THETR X 1w = Q EREOR = & Go@QpE-ae
I8 & Nif: DELTAR EFSILON = ERROR = @ 22531E+ad

- e

HEW [DYE1 OR SYSTEM? (@=HO, NI=YES) 1

1:40=12, 2:1{=2), OR 4:1:1(=3) COHPLEX?
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Appendix B
SUPER SPECTRUM DATA SYSTEM

The Super Spectrum system of programs is a lineal descendant of
the system described by Tomlinson (1968) and is used to acquire and
process data from the Cary 60 and Cary 118 spectrometers with a
PDP 8/E computer (Digital) and a RK-8E disk drive. The updates and
corrections to the program have been extensive; the main differences
are modification of the pen averaging routine to use the exact "sta-
ble averaging" algorithm (Savitsky & Golay, 1964), the addition of
plotting routines, and the creation of an overlay to transmit data
to the Lawrence Berkeley Lab computer system.

Complete operating instructions and listings of the programs are
on the enclosed microfiche. A1l programs are stored on punched card
decks and on GSS tape 10515 at LBL. A handbook describing operation
of the system and assembly of the programs has been prepared from the

OPERATE program -~ this is available in the 1lab,



Appendix C
COMPUTER PROGRAMS AT LBL

1. Introduction

The programs PREPARE, SMOOTHS, and PROCESS translate, average,
smoéth, and perforﬁ other manipulations with spectra from Super Spec-
trum. The programs are designed to run in succession: the output from
one is the input to the next. These programs are descended from the
programs described in Borer (1972). More information on the ID re-
quirements and formats of the spectra for proper operation in this
system is listed in the OPERATE program of Super Spectrum (Appendix
B).

2. Program PREPARE
A) Cperation
i) Input

The hexadecimal spectra files on PSS created by the transmission
overlay from Super Spectrum.

i1) Output

The file QUTPUT contains a summary of the data translation. Mis-
read lines are listed here. This is usually placed in the HOLDOUT
queue for immediate viewing.

The file TAPETO contains intermediate listings and plots of the
data. This is usually deleted, but may be DISPOSEd to microfiche, if
necessary.

The file TAPE30 contains the translated spectra in a form accept-
able for SMOOTHS. This file 1is carried over to the next program when

the two programs are run in tandem (below).

202



203
iii1) Errors
Stray or missing bits in the PSS file will always prevent SMOOTHS
from starting after translation of all files is completed (if possi-
ble). The line in error will be Tisted as read with an error message
on the file QUTPUT. The original listing of hexadecimal lines will
contain the correct information for comparison. The entire data file
may not be read if there is an error in the parameter line (I1st Tine)
of a new spectrum; correction of this error is necessary before the
rest of the file will be read.
B) Listing |
i) Program PREPARE
i1) Subroutine UNLOAD
ii11) Function U NLOAD
iv) Subroutine REDO
v) Subroutine PRNPLT

vi) Subroutine PLSCAL



C2d2x
R wa
C3ada
C2248
Cran%

NaETEES

Cxa%%
T Creaxm
(€22
Cu¥ ¥k
CHedxk
C*:&*:E
Corad2
Chdan
Caxx
CCEadk
{299

70
7

(“‘ e
_~|;-'

71¢8
140
AR

742
1432
144
748
T4¢€
a4l
748
146
1584

TCoMNONTCT/CD{300]

T RELL CC,wWAVE

e E R, SN, m SCALER G 3Ny NP TSR, /564X, %X 0,001 %e/)

PROGRAM_PREPAPE ([NPUT QUTPUT,TAPEL3, TAPES INPUT, TAPELO, TAPESO)

HxanTH][S VERSINN OF =PREPARE= [S COMPATABLE WITH THE LAYEST
wxadUPDATE OF ~SUPER SPECTRUN= ORLY (19801, NGO PREVIOUS LIST= "~
#2x2CN THIS GSS TAPE [§ SC STRLCTURED, o
THIS PROGRPAM REACS LATA GUT CF PSS AND TRANSLATES IT FROM HEXA=
CECIMAL MIUE. T DAFA w&ESTREAD Ih THROUGH HILL OVERLAY [AUMBER 37 QF
SUPER SPECTRUM AND STORED AS HEXADECIMAL CHARACTERS, THREE CHARACL-
TERS/WEAD. 25 RORIS/LINE, PLUS CHECKSUM, T&PES FILE CORTAINS THE ™ 7
CATA& QUT OF PSS, TAPELND FILE wILL CONTAIN ORELIMINARY TRANSHMIS-
SICN OF THE CATA, BALC wILL BE FURTHER USE0D [N THE FRLCGRAM SMCOTH.
TAPE3D FILE IS THE TRANSLATEL DATA ANS wilL ALSC GC TG THE PROGRAH
SMOGTHS U TAPERD CANTALSO BETSTURED ON TAPES "ANY £RRCPSTINT TRANSS 7
MISSICN MALT WRITIAG OM TAPEIQ AND TAPE22 AMD OFLETE THEM, TAPEL3
CONTAINS THE FILE COCNTRGL AND I> REWRITIGEN IF TRAANSMISSION ERRORS ™
CLCUR TO HALT THE PRCGRAM SECUENCE. A TRAMSMISSICN SUMMARY 1§
PRINTED ON THE FILE QUTPUT, ALCNG WITH ANY ERRQR MESSAGES. —

COMMON/WAVE/WAVE(3£03)
CCMMCN/IDATAZ ICATAL200 ™
COMMON/I SUN/ISUM{4C)

LATEGER IDATA, [SUM

TOCINENSION PARAM{EY) T <

INTZSER 12 xP{3) [MAN{3 ), IHELDI 8, IPUNPR(Z)

FORMAT YT, s COMPUTE SHIFTS? #,43,5X,% PUNCH AY DATA? »,A3,5%,
$2 SMCCTH DATA? *,A3)
FCRMET (343} 7 7
FORMATI# 0% 34X 3% [ D75 X, *VSTAKT”vwxi YEND®, SX ¥ Vl\fﬁﬁrsxy* 3’ lCXl

e ¢ er s o e e e e m s aa v e o1 s m - % e R

FORMATF=% 4 13,% SPECTRA READ FROM FILEX)
FORMAT126R3)'~'"”“"'“ T o
FORMAT (=%, 14, 87,42, // 91X s#START= *,FT7,2,% NMy END= *,F7.2,
% NY, INCREMENTING BY #,F7.2,® NM*, /o LX,*CDFACT= =, F10. 2,
$#. EPSLONs #,F10,2,%, kCAL“!X 0.001)= #,F10.,69741%,; 13y

T2e  DATATPOINTS®:,/// 3 IH .?4(04,1X),04)b'~"~mm~ T e
FOFMAT(#1% 314 3A244202X92(F7.252X)02(FLl0342X),F10.642X,13,/7)
FORMAT(3(L3X,FE,C, 2X5F13.40) T
FORMBT (1 4y AZ.AZ,E(FT.Z),Z(FIO.Z!yFIO.E,I’)
FORMATII 4} o
FCRMLT (%1%

TFCRVAT (=02, 3UNBATKING CF DATA HALTED; TUNABLE TU SET NUMPTSsT "~

FQRI4AT (% *,I«,Ah,KZycX. (F7. Zch):ZlFXO.J;ZX)gFlO c,zxgxﬂ)

FCRMAT{ABy 223 T - TUmm o ommn e
FORMAT{®=% 2CNY CR MORE TRANSMISSICN ERRQORS HAVE CCCUFRED AND HUST
$ BT CURRELTED.BEFGRE CCMPLETE wORKUP OF DATA IS POSSIBLExY 777 o
REWIAD LG
FEWIND 30T -

FL0(B,701 ) 1PUNPR
FAINT 70Cy IPUNPR
EX Tc(ED;:J&& IPUW?R
ERINT 7102 o
ASPEZT=D




. 1TRER=0
40 TINTRNS 2D
CH#¥% TRANSLATE SPECTRUM CCNTROLS .
READI5,740 3 LI0ATA {145 0=15250, [SUMID)
TF{EGF{S1.NEoC) GO 1D 49
WRITELLC ;T746) '
CCALL UNLCAD {1,1,1NIRNS)
CO 510 I=154% ’
B IHEADU T =L IDATAL 1) cAND.178)
410  CONTINUE
IDL=X%EAD(1)*103V%I%EAC(Z!*10041HEA0(*!*10+IHE&D(4)
T Lo 411 1=5,8
o INT=IDCCOE( 1DATA (1))
TIHEADTI Ty=INT T
411 CONT INUE
’ 1D2P=IHEAD IS #1000 ¢ IHEADLGD
IDEP=IHEAD(7)#IOCB4IHEAD(81A~_
CECGCE(10,745,1D2P ) IGAR,1ID2
CECCDE(IC, 749,1D3P) I1GAR,ID3 R TTOTT N
TPARAMIID) =(FLGATCIOATALSY*10JC0R+IDATAT y/710,
FARAM{Z) =FLOAT(ICATALLL ) e
PARAM(3)=( FLOATIL+ ([ LNCTLIDATA{L21).ANDTTTTBI NI/, T
APTS=1 e (,NOTLIDATALL34).AND,T7T7B)
£C 43 1=21,3 I T o
I k-t £ 54 % N — e —_ -
rexp{y=1oavat =y — 7T T - T
IMAN (L= [CATAL I XICD0OR+IDATAL J#l)
[FLLIEXP (1) A AND, 4G00B).EQ.C) GO TO 42
) e TEXP (] ==Ll ¢{( HOT IEXPLI 1. AND, 77778}
42 PARAMU T3 FLOAT {LIMANT{ T3 b {2, = [EXPLTI}=2301F
42 CONTINLE
o IFINSPEC T, ED,. S0 END L TNTRNS L NE L0 60 10" 48
TFINSPEC T EQe Do AND o INTRNS L EQe0) NUMPTS=NPTS
IFINSOEL ToNE. CadRD o INTARNS A NEo Qo ANDLNUPPTISNELNPTSY GC TC 48 7777777
IF(NSPECT.NE.S.A&D.INTRNS.EQ.G.AND.NUHPYS.NE.NPT53 NUMPTS=NPTS
Coed% TRANSUATE SPECTRUM PCIMNTS ' ' - T
READI5,7603 ((INATA(J#I=1) 021,250, 15UM(J/25¢2),J=1NUMPTS,259
TTTLACNTA L ONURMPT S 243 /25141 PR R e S -
CALL UNLCAD (2.LNCATLINTRNS)
RSPECT=NSPECT #1 o T
IF{INTRNS,NECCI GO TO 430
FRINT 748,101,100, 103, {PARGMITI1=1,6},NPTS
430 ITRER= ITRER+INTRNS
T ULR{ITRERWNELD) GC T TCTEC
Ca##% TAPELC WILL GC TC MICRCFICHE wWITH TRANSMISSION DATA, RAw DATA
C#292% TARLSS, AND PLOTS’ T
WRITE{10,741) 1D1, 102,103 ,PARAMNPTS, (IDATALI] 151 ,AUNPTS)
CC 44 1=13NPES o o - T
WAVE (L )=PARAN(]) =FLOAT{I=1)1%FARAM(3)
T T T (U IDAT BT AND L GODCBIGEQLDY GO TO R
IDATALTY=IDATALL ) #777777771777277700008
IR COUL)=PARAM{GI*ICATA(LY T
44 CChTINUE
T WRITE(10,742) JD1,I0Z,1D3,PARAMNPTS
[1=NPTS/ 3+ '
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45

CC 43 I=1,1]
J=1ell
K= J+ 11

WEITE{10,743) WAVE(L}oCOUT e wAVELI(COL )y WAVELKI 2 COIKY -
CONT INUE » o e
WRITE{310:742) IDL,102,103,PARAY,NPTS ~ ~ ’ T

__IDEV=10
XMAY=PAR AN (1
XIMNC={PARANM{1)-PARAN(2)1/100.
IWICE=XINC /0,5 0 T oo - - T
F=TWiCE - e o e et

XINC=0, S%{He1)
1sy=1

CALLT PRNPLT  (havE( 1) L CC (I X FAXTXTRC, YMAX Y INC Oy ISYyNPTS y IDEVT
_ C*#sx TOPEI0 wilLiL GO TC SMCOTHING PRCGRAM AND TO STORAGE CN TAPE

WRITEL20,744) 101,102,103 ,PARAY,NPTS
WRITECZD,745) (ICATALLY,I=1,NPTS)

B Y o f oY o e
PRINT 747
TUTELL RESE
PRINT 7L 8,NSPECT - e e _
TWRITEL10,7CO) IPUNPR T - - ’ T
nRITEL10,718) NSPECT o L o o i
ENDFILE 20 77 TTTTT T B - . -
IFLITRERLEQ. DY CALL EXIT A
TPRINT 5¢ T T T T
CaLl REDQ e
END T T T m T e e e -
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. _ SUBRCUTIME UNLOAC [LCLIM, [ NCAT, INTRNS) e
C#Peas CONVERTS LINES OF REXACECIMAL DATA (26 “HORGS/UINE; T CHARACTERS
C=»»%x 10 BINARY FGRM
CH**#% LAST wORL (3 CHARACTERSH IN EACH LINE IS CHECKSUM
COMMON/ZICATA/NDATA (300
COMMEN/ZT SUMIRSUNL S0}
__INTEGER ADATA,NSUM
TINTEGER N X1, NHEADIB), LOATAL 29} -
751 FGRMAT {* % ,8X,#CCHTROL LINE CF SPECTRUM *,8R1,
$2, OCTAL ERRCR [N NICY= =%,04) * - -
752 FORMAT (% #,8X,%DATA LINE NUMBER *,[2,% CF SPECTRUM #,8R1,
$#%, [CTAL ERRGR IN NTCOT= %,043
7532 FORMATI®+% ,8X,*ERRCR [h DATA TFAASMISSION* /39X,
T TgweR Rcﬁ‘T&‘CArA TRANSHISSION®S
754 FORMATI® %,8%,25(R3,1X),1X,R2)
INDEX=0 ’
GG 57 = LOLIM,LNCNT
NTOT=0 Coomr T
_Dg 51 J=1,25
INCE X2 INDEX+1
_C#Aax SAVE LINE FOR POSSIBLE ERROR PRINTING
LOAT AL J3=ADATALINDEXY
o N{1)=(NDATA(INDEX]),AND.T7T7B) e o
N{2)={NOATA(INDEX) JAND, 77CCBI /710087 ' ’ -
NE2) = {NDATALINCEX) o ANCLTI0CC68) /7100008
C‘**ﬁ TI5PLAY MIDE WEXADECIMAL TO BIMARY CONVERSION
C#a%¥ O[SPLAY MODE REPRESENTS D=9=23-44B, A-F=01-068
0O 5C K=1,3 T ’ T
IFUINIK) o ANDLTCBILEQ.0) NIKI=N{KI#+44B
N K =R{K)}=-238 T '
53 CONTINUE
T T T U NTOT AN TOT AN LY e N2 AN T T T -
NDATA(INCEX)=N(L1+16*N(2)+256*N(3)
81 T CCNTINUE
C#2a% ChECK LINE TRANSMISSION
NLLE=SURSUMIT) o AND. TTRY T
NIZ) =0 RSUMIT),ANC, 776€08B) /1008
TURL2) S UASUMT DY ANCSTTGO0C8) /1CAC08 T
DG 52 J=1,3
[FOINL J1o AND,7O0B 1. EQ.03 N{JI=sNLJY#44B
‘ N{J)=N(J) =238
527 7 CGNTINUE )
NTCT=NTOT=N(11=164N{21~2562N(3)
'“‘m’"“-“—IF(LGLIV.LE 1) 60 70 85 7777 o -
Cx#%% SAVE [D FCR PCSSIBLE ERRQOR PRINTING
i DG 53 J=l,8 77 o Tno
NHEAC( J)=I10CODE(NDATACI) )
€3  CONTINUE _ ) ’ T
£4 TF(NTCT. EQ.C) GO 7C 57
TCHRRATNLTET FRRCRS T THAT "OCCURRED TINT TRANSMISSION ™7 =~
INTRANS=INTRAS#+L
T UIF{LOL MG NE L, L) GG TQ B8 T T T T T e e e e
PRINT 753
PRINT 751 NHEAD,ATQT ™ —~
PRINT 754, {LDATALL},L=1,250 9y NSUMIT)
) GG 10 57
5% PRINT 753
PEINT 752,1-1,NHEAD,NTOT
FRINT 784, LLOATALL ) s L=1,23 3 nSURLI]
57 CONTINUE - o o
RETURN - T
END
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Crdss CHARACTER IN 8-0]T ASCI

" RETURN

o
co

FUKCTICN IDCODE(ITTY)

CODE 10 6-BIT DISPLAY CODE CONVERSTON
ODIMENSION [SPEC(27)

CATE (ISPEC(J) .=l ,271/53B,55R,528,578,50B,518,44B,758,40R,548,
$568,5 248, 33B,350,728,4%40B,368,2%408,768,22403,73B8/

[TTY=[TTY, &ND,00778 e e e
TE(1TTY.GE.338) GO TO &0 _ .

10C00E=] 1TV
RETUFRN A e

FUITTYs LT 60BCRoe ITTYGT.TLBY 6O 70 6y~ 777 - T |
1CCCOE=1 TTY=258 o e — —
RETURN o o

CO 67 I=1,27

TECITIVL.EGLTSPECTTI I 6O TC €3
CONT INUE
RETURN

ICCCOE=] 4448

END

L __SUBRCUTINE_REDD _______ .
C¥a9d Riaf{TE THE CONTRAL FILE TO END RUN
BCC  FORWAT($CELETE,TAPELC, TAPE3D %) - S
8C7  FORMAT(#CI SPCSE,CUTPUT=PR,HO,T=[ TRANSMISS ION/ERRORS 1o #)
803 FORMATURENDW®)
REMIAD L3 ’
o WPITE(12,900) .
WRITE(1%,302)
3 WRITELL3,BC3Y
REWIND 13
. GOl BRI T o e e e e
END




s

SLAPCYTIEE PRNDLT (XY, XMAX, X INCR, YMAX, YINCR, [SX, [SYNPTS)
CH¥3» PRINTER "LOT RURITIAE  M.S.11ZKGalTZ  MAY 1967
CC¥xs® PLCTS THE OATA GIVEN By X(I) AND Y(I), WHERE I=1,NPTS,

Cx#*%% CN A 51 X 101 GRID

c*ﬁ¢ﬁ>xF ISX CP ISY A27 NCNZERQO, THE CORRESPONDING MAXIMUM

Cuwhs AN THCREYENTAL STEP ARE COMPUTED

Crxag xp X1HCR 7m1LVCﬁ _SRE IERC, THE PRIGRAM RETURNS WITH &N ERR0R NOTE
Cxars NG (%NPJT &4R2AYS A‘C DESTRCYED

_C*®Ex [P SCAL HG IS BONE, THE CCRRESPCONOING NEW VALUES OF THE MAXIMUM =~
Cwdma AND STEP SITZE AR RETURNED

. TIMENSION x(ueTS)tY(NDTS),IGRJD(,DSﬁ,XAxIS(II:

INTEGER RLANK, DOYT; PLUS,,STAR

CATA BLAANK/IH /

DATA DOT /T H,7

CATE PLUS/IHES

CATA QTAQ/IH*/

_90n  FCRMAT(LEX,1L(¥#t,6%X1) o
361 FORMAT (15X, 124(¢.w)x
0 EOFMATIL4X,105A1)
GC 2 FL:‘"'T(‘XoE.‘-(fa.’(p*"*yl')sﬁdly’?”*’
_ST4  FCR¥AT(7X, L1{F10,0101} - o
TR0 T UFGRMAT (= 8 X R HUNBER CF FOINTSE ¥,l4,% Y INCREMENT= #*yELll.%9
R Y MAX[MU¥= 2 Ell, 4% Y MINIMUM= % ,E11,4) .
SCs FCRY AT (* =, 077177, rSCALING ERRCR IN PRNPLT#)
[sCL=s
RIS
TISCLER] e
IF(IS
o sxSCLE:
1F (1% RE ’
TF¥In: . .
AAXH TN £ iR )
L YAXFINST L NCR
T s R v AX Y INCRYT
. JIEFC 172.5-XYAX/XINCR
T U IFLITEED, rT LA,CNLJIERC.LTL4) JIERC=2
pcv,v qﬂ(\
SRINT 36
e oC 7¢ j-! 5t '
TR{TNE,TZERTY oC TO 71
I [ T '5 {—Ic T M--.l’
IGRIC( J)=PLUS XEXI SV =X“AX=X]NCR= (FLOAT(L1-M11%10,0
7) COMTINUE B IF(ABSIXAXIS(#1i LT, XAX1INY XAXIStMI=0
GC YC 732 77 CONTINUE .
71 DL 72 J=Lei35 1 PRINT G4, XAXIS
15018( J1=80LAaRK PRINT 93 R,Nprs,vx TCR,YCMAX, YCMIN
12 CONTINUE ) fFETYRN
72 IGRICUJZERCI=PLUS |78 EXINT 906
TGRINC LN 4 =00T PETURN
TGRITIZYVEE0T END
DB 74 K=1,NPTS
TTES T={YHAX-Y(K)J/YINCR¥1.5
IFLITEST.NEL ) GO TQ 74
T J=133.5—(xv4x X(K))/XINCR
IFLJ.GT,.10% 108 o
[F(J.LT.2) J=y
ICF.0{J1=ST14R

74 CONTINUE
B TFCo 1 ISV UES, YT GC 16 78
PRINT G“L,gigxc
6o 1O 7€
75 YAX[S=YMAX= (=1} #YNCR
TF{A3S [YAXTISIoLT-YAXNIN) YAXIS=0 ) ‘
 PRIMNT_SN3,YAX1S; IGRIOD )
76 TCONTINUE —- ‘
PRINT $01 o B

PRIMT 630




SUNRCUTING PLSCAL (V,VN¥AX,VINCE, NP TS, NDIVIS , OMAX,DMIN, ISCLER)

C!ﬁ:ﬁ‘k-‘f’
Crzakx
Cax 92

.5

“TC BE AN

VMR

oC_ 8¢

SCALING QmUT'*E FC PENPLT Ma)ngZhOnITZ MAY 1967

FULL SCALE ©F PLCT IS ADJJSTED AND THE MAXIMUM POINT S ADJUSTED
INTCGRAL NYULTIPLE OF S5,2%YINCR

NSION RLIM{11) ,v{NPTS)

ZS)I.éC,Z 30,2 50,,,20)4 CC95 00’6 409

cirg
CAaTA (ﬁLI“KIS,I~;,,.i/1

801000 1257/

FORMAT{x n./////,*PLSCAL

=vil)

YMAX=VIL)

I=14 NPTS,

TRV 3a LT vMIN)

TPV ) 5T VMAX)

CALLED TC SCALE ARPAY WITH ZERO RANGE#}

VMIN=VIIY
VEAXEY (D)

CONTINUE
C"»‘H\GF v MA X~ ‘IUIV»_,_.
[FIQRANGE, LE. )

GG TC 61
= ALGGURRANSE) 1/ ALOG110.C)
GG TO 82

CRANLGE
IF{CRANGE, LE D)

IRANGE=URANGE

22

82

Cxx%n

GC TC 83
_IRANGE=~SRANGE
I[P ANGE == IF ANGE~1

(CFAKGE=0FANGE~FLCAT{ IR ANGE)
RANGE" 17 of %% QR ANGE

PLNGE TS r_r'sew 1,7 ARG

17,0

[¥s)

CO se 1=,
TE(RANGE G GELRLIMITINY
RANGE=RLIM(I}

ILivs]
3¢ 10 85
CONTINE

GO_T0_84

T e

R 5'1&)?" a.; ,O
fLIv-1o o
CTRANGESR ANGES {10, V%% [P ANGE)
VINCE= rn;m;g/FLCArxxolvls.
TF{V¥ax, LE GO TC 87
xv*~—v"‘x/(5.~iyl‘fC)
XWX, EV NCRFFLGAT (I VAXE LD
GG TC 8e ,
[¥AX== v AX /{5, A%YINCR]
XVAXSG, SV INCR¥ELOAT (= [¥AX+1)
TE(VMTIN, GT o [ XMAX~-TRANGEY ) GO TC 95
TFCILIY. 65,110 ILIV=1

TIFLIRANSS=10,0

[UT=TUr¥

PANGE=RLIM (ILIM)
VLT N
FANGE=RANGE/LU,0
[R4MGE = PANGE+1

GG _TC 95

GC TC 85

91

FUIXETINX
CHINSVYIN
yMAX=EXMAX
RETURN
TERINT QST
I1SCLER=]

FETURN
END
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3. Program SMOOTHS
A) Operation
i) Input

The trans]ated'spectra on the TAPE30 file from PREPARE.

i1) Output

The fiie TAPEIO contains intermediate Tistings-and plots of the
data. This is usually deleted, but may be DISPOSEd to microfiche if
necessary.

The file OUTPUT (= TAPE7) contains listings and plots of all
averaged spectra and difference spectra created with the ID codes
ST, SU, US, SM, and MS.

The file PUNCH contains the averaged and smoothed spectra in a
form acceptable for PROCESS. This file is punched and the deck serves
as input in the next program (see note, below).

i11) Errors

The order of spéctra in the file is important. Spectra with AV
codes will be averaged with the next in line whether they are in the
right order or not. Spectra with ID codes SU, US, SM, and MS require
a second spectrum previously prepared by either one of these commands
or the ST code. If this spectrum is not present, an error message is
left and the next series of spectra are run.

B) Listing
i) Program SMOOTHS
ii) Subroutine LETSEE
iii) Subroutine SHIFTS
iv) Subroutine WRAPUP

v) Subroutine PRNPLT and Subroutine PLSCAL (see PREPARE)



PRUGRAM SMCOTHS (INPLT,CUTPUT (PUNCH, TAPE3O= I NPUT,TAPET=DUTPUT,

TTAPELDT
LR

e 22ssTHIS IS THE LATEST VERSICN OF THE PRCGRAY —SHOCTHS="AMND
Prey xman]d FULLY COMPATABLE w i1k ANY VERSION OF =SUPER SPECTRUII-.

[ 2 -5t T T e

A2 THIS PROCRAM READS THE TRANSLATED SPECTRA FR({¥ THE PROGRAM PREPARE
T A T T NN T TR F T LT T VAT E3 Iy T SHIUTHES TIT WITH A 13=-PJ INT CUB I3
eesd AVERAGES 1T, AND CALCULATES CIFFERENCE SPCCTRA. A PUNCHED CECK ©F
xR THE RESULTS 15 PRECCUCED FCR FUFTHER WORKING WP OF THE DATA INT
gumte (THER PROGRANMS. THE TAPELO FILE IS CA4RPRIED CVER FRDM PREPARE AND
2% 3 WILL CONTAIN THE LISTS AND PLCTS UF AV TYPE DATA, TAPELIQ SHLULD™
sxxx BE DISPCSED TC MICRCFICHE, AND THE TAPE? FILE SnOULD BE DISPOSED

ERTET T THE PRINTERS
ERBk

ceen” JPUNPRINT MEANTING S
#3234 {1)=YES, COMPUTE DASELINE SHIFTSs; =NO , DISREGARD SH COMMAMDS

eeR (2 )=YFSYyT PUNCH CATA TO BE AVERAGED: =NO7y PUNCH RESULTSTONLY
#2%% (3}=YESy SMOOTH THE DATA; =AC o NC SMCOTHING

RN

wxss (ONTRLIA) MEANINGS==—

2RER L] ) ISTVMAXIMUN T WAVELENGTHTIR RN {237 IS MINI UM hAVELEVGTH TN NHj
paxk {3) 1S AY PER PCINTy (%) IS OD FACTCR, {5) IS E FACTOR, AND (&) IS

%&%9 CCALE"TX0: 0017
EE R X

s USTT O AV TS Ty Sy M Sy T SUY TARCTUS TCURMANDSEEE
ek JPUNPR{I) SETTINGS~-== 1=2YES, 2=NCs 3=YES.

exx” CCNSICER THE FOLLCWING SEQUENCE OF” SP'CTRA°—«
Faxa JIOLAVNL G 1Q02STANGLOO2AYNE , 1 C04SMY02,y WHERE NN IS ANY THO L“TT*RSe
THIS SECULNCE. 10CL wILL BE SMCUTHED: LISTED, AND PLOTTED.

2202 #TLL ALST BE SMOITHID, LISTEC, AND PLOTTEDS 1001 AND
TV EOTTWITTTBETAVER AGT O TUTCSE THERY LT STEDy™PLOTTEDS
k= DCFEC, ANC THE RESULY STCRED AS 10C2. 1002 AN 1004 wILL BCTH

BXE® [NOIAVIOUALLY DE SNMUCTHED, ETC.3 1003 AMD- 1004 THEN WwlLLBE
223 AYCPAGED TCGETHER, STC.s AND THE RESLLT STCRED AS 1004, FINALLY.

exxw THE CIFFERENCLO SPLCTRUM {1004-10021XE/0D wILL BE CALCULATEDS
sxxdt | [STED, PLCTTLD, PUNCHED, AKD STCRED AS 100SRSLT.

FErF T REPUACIN SV T oY TS W LT U CALCULATEy ST I 0 = (TTIZ=1 008 1 REVTD
t4es REPLACING SM OY SU wiILL CALCLLATE, €T7C., 1005=1304-1002

%% x PEPLACING SM OY US WILL CALCULATE,, ETC5 1005=1002=-100%
sEng

#2223 0C 11" AGAINTCCMMAND S===
watw ASSUYE LAST CPERATICN WAS 10C4SMO2.

‘?*?‘ﬁ‘?’PC*TS‘??-“TC““”*ﬂ"nTICﬂ‘“‘Y”?%ﬁ’OZ‘M1tt—fﬁttutﬁff‘“ﬁ?b.a
sd&s (5CT=13C4sC3={10C4~1C02)XE/COD.

f***'l?OSEBJQ CALC*LAYESy”ETCI. 10C7=11004-1002)XE/Q0 {$4)
#4322 1CC%0252 CALCULATLSy STCas 1CCT7=141002~1004}XE/DD (M5}

FAFF INGLE302 CALCULATESy ETC.,7 10072 1004~10C2 " {5U}
#2234 1034F 202 CALLULATES, ETCes 1C0T7=1002~-1004 (Js}

exes PASELINE SKFIFT CCRRECT IONS-=-

****“la"éXffC NILU-CORRECT SPECTRUM 1006~ FLR "A- POSSIBLE PARALLE! BASE~
vamk | INE SHIFT AT 250 AM AND SCLOW BEFJIRE SMOQTHING aNJ STORE RESLLT
gEw {000 T IRTTURTHER WORKUF - {SFOCTHINGy "AVER 2GINGy - ETC1-THIS 15
++% % TREATEC AS AM AV COMMAND,

212
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Ctewa JCOLAVSH WLl IHECK FOR TIHE FIPST CCCURRANCE OF THE LARCEST BASE~-
TS N SHTFY IR TR FIRST Y PCINT S DF TTHE TTOOT SPECTRUM RARTDATA
Caxxx LND CCRRECT FOR OIT THROUGHIUY THE SPECTRUM FRD% THA( POINT ONa A
C=%24 STSH COMBINATION 1S ALSQO LEGAL. ™ o
Cras% .
Caexx CONFIDEMCE LIMITS AMND CTHER STUFF
Crxx% [F 3 CR MORE .)PCCTRA ARE AVFPAG;D YOGETHER, THE 95 PERCENT

e L A DN Y T ITT IS RETURMNED TIN T TRETLISTINGS

Cxxtd UP TO 13 SPECTRA MA Y EE AVERAGLD TOGETHER ANC FIFTY MAY BE STCRED

(224 [NTERMALLY.. EACH SPECTRUM MAY HAVE UP TQ 300 DATA POINTS. — 77—
Cx43

T CCHMON/LD/CDI300Y

COUMUN/CUNSON/ CONTRLU(S 1 SVCTRLIG ) NPTSsNPTSSY
TTCHMON/PRTCONF/PRUCNFIZT0IY

CCMH4CN/E/R(300)

T LT AMTM/ W AVE/ RAVEL(3D0)
COMMON/ZIDATA/IDATA{300)
TTTTUTTTCOMMONS I/ 102, 1032, IT45 IDS. ICE, EDTY 108
““‘P\/lpJ“/IPU PR3}
EATCOT CONTRUTPRCONFy Ry SVCTRLTRAVE
I«‘JTEGER ‘DATA'[PUNPR
TTTTTTTTLIMENSICN TUOL3)Y . TLEIOY
CIMEARSLCN CIFFER (200, SIGMA(3001}
TTTTTTTTDIMENSICON ALSC,2C0) AVSPLT{10,300),TCAFID{5073307
INTEGER TC(101,SPCTISD ), TOTNLM
INTEGUR TV USSSHSHY STy SULUS
INTECER AVFLG
T CATA AV/2HAV/
CATA VMS/2HMS/
T CATA Sii/ 2HSH/ T ) <
CATA SM/24SM/
T ATATST S 2HSTT
CATA SU/2HSU/
TTT T OLCATA US/28HUS/
CATA (TU(Di+1=2,101/7127C654.303253, 1829? 77672 57lv2 447020 3657
T 8203064, 2.2627 T T T e e

791 FOAMAT (ZAZY
T T T F RN AT TGV A LY ATy TR T2 T R T U 3T FIULE7 137
03 FUEMLET (ALY
TCs 7 FCRMAT(IGY ™7

G5 FORMAT %1%, 14,% SMCOTH %)

306 FORMATIRO) 32X o2 IC* 36X ®VSTARTR ¢G4 X, X VEND*,5X s #VINCR %, 8X, ®¥00%, 10Xy — 77

$2E%, 10X, ASCALE®)
T R LR AT AN T R T T AT A AT Xy B ET L ZX T3 FIUL 3T 2XTI

128 FORMAT(® x,1%,42, AZ;* CChTAIY\S SHIFT LORR‘:LTXUN" *yElO "9’
739" FORMAY (L[4 SMOUTH®Y —mmmommmss s e T o
323 FORMATI®1%,14,% IS AVERAGE CF *;10(1%2)()).

o4 FURMAT (14,* [S AVIRAGE GF #, 11{ 141X} "~ T T T T
725 FORMATLT2)
IZETTTTFRURRATIADYTLT
731 FCRMAT (%1%, J4,® 15 EQUAL TO (”‘114,* = ¥y [hy* IX{E= %,FB.4&,
T SR ) /{00 waFB by T
732 FCRMAT {14, % 1S EQUAL TO (% ,14,% = *yl‘év*)X(E— £ 4F8a 4;*)/(00" Xy

T B ES Gy R )V YT T T T
133 FORMAT(® 1% 14,% [S EQUAL TO (%,14,% = %,]4,%)%)

213
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734 FORMAT (L 4,* IS EQUAL TO {#,14,% = %, 14, %}%)

AT TR CRMATUE LR ST 777 M SP ECTRUN TR A # IS NCTTINTLTSTHY

Cexxd INITIALIZE PARAMETERS

C##ard NMJISPIC=MUABER 0F SPECTRA TC BE AVERACED BY AV AND SIMILAR CONTROLS ™
Cedxs JOTAUV=NUMBER OF RESW TING SPECTRA FROM AVERAGING AND OTHER WORKUP

TATHRUM=1" " 777
CC 1C I=1,50

SPCTUTTST
0Y 10 J=1,300

T CONFID(1,4)5-100%
10 CCNTINGE

TTTTTTT UUREWIAD 30
REAG{20,701) 1PUNPR

T NCSPECET
O 12 1=1,300

ST R =00
DIFFERLINI=0

TTTTTTUSIGMALITIET

PRCCMF(T)=~13C .

4 CCNTTINUE
2 I%6=¢

e R
CRCN=0

T T UREATLZOLTCZUTIDLY TUZG D3, CONTRUGNPTS
IF{ECF{2C) «NE. Q) CALL WRAPUP

’ CoCToCIIy7eayiozyins

TF{IDS.EQ,1H3e R ID5,.,5Q.1HC.CR.I05.EC.1HD) GO T3

200

T UIF{ICS5.EQL.IFEL.OR.10%.T UL LHF) GO TO 4CU
CC 13 I=1,6

o e e

T T O SVOTRLAIY =CONTRLIT Y T
i3 COUTINUE

TP IISVENPTS

£O 14 I=1.NPTS

T UTTUUREED(ZC, T84 TICATALLY
RUDY=CONTRLISI*IDATALL)

14 0 CONTINUE 7
SCALE=CORTRL{S)I®10130 .0

TFCICSWEFOIHXITCALT SH IFT S {TURTNY
IFLIT2 885+ 0R1ID3.E0.5SHY 108=1

T IR {IPUNPRILY DG 3HNC S CRAID3 LEC.2ZHNB) I108=0
[FLIC8.EQ.1) CALL SHIFTS (CRCN)

T ——— NSMTH=1""" e
TFCIPLNPRIZ) . CQUL2HNO ) GG TC 18

mCATEETTL3UPCINTTSMCCTHING ROSTINE

Crerd RaUNSMCOTHED DATA, CC=SVCCTHED DATA, T=TEMPORARY

S N ENPT §e] R e e s :
£LC 15 [=2,13

STIRAGE

N L P B - -
T(1i=R(J}

135 To1inte

D 16 K=1,12

B s S
TUKY =T(KK)

21

4
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16 CONT INUE

TTTL2Y =RUITT

SUM=25 o xT(T)+24. XL TIE)+TLRII+ 21, *(T(S)+T(9))*lb s"('T(ér)%'Hl.OH

TS 49 (TU3)ATILLN) -1l m(T(LIAT(L3Y)T

L=]+6
T CO{L Y =SUM/Le3 T T - T T T T T T
17 CONTIMLE
TNSATH=NPTS=E
13 C3 19 I=1,06
T OCOtLI=RULY
is CCNT INUE
TTTTTTTTRL 28 I=ASMTHL300
Co{Il=R{1)
20 CTNTINUE

IF(ID2.CC.ST.TR.ID2.EQ. AV} CC 7O 21

"'“‘m“'IF(Iuh.gQ.“S-CR.A32.Lu-QM3 GC TU 2y~ -

IF(IC2.EQ.LS.CR.IC2.EQ.5U) CC TO 21

TCxARATCALLTOTHER ID2 COMBINATIONS ARE INVALID

GC TC 1
TR VETCAETATFUR AVERAGING
21 IS(NCSPECI=IDL

—STCT 22 1s1yRPYST —
AVSPCT (NGSPLC, 11=CDL )

TTTTTOOSICMAL D =SIGMA(TYeCOE L)
22 CCATINUE

AFCIIZ2ONE AV NOSPECENCIPECST
KRL3PLC=KCSPEC ]

o TIF(NCSPEC.TWLLY G TC 99
C**## PJT INCIVIDUAL fCWPCh_NTS CN H‘CROFICPﬁ FILE

e {pEVE]g L T
WRITOLISFV,708) 101

TR RIT O LT EY S TOC
FELIELICE/7C7) 101,102,102, {CONTRL{ 1), 1=1,5),SCALE

T T TIF{CREN GNT L0 WRITELIDEY,7C8Y 101,102,103 ,CRCN
IFCIPUNPRIZ) L EQ2HFYESY PUNCH 709, 1D1

CCAEEE AYFLG FLAGS AV TYPE DATA FORPROPER CISPCSAL(TO MICROFICHEY
AVFLG=

AL LT SEET DL AVEFLGY

IF{102.EC.AV) GO TO 2

Cxx*3 CCMPUTE AVERAGED SPECTRUM
S9 C2 1CU [=1,NPIS

T Lot I=SIGMAL LY /FLOATINOSPECY
163 COANT INU

TEINCSPECT U2 GO T 103
Cx*%* CCVFUTE G5 PERCENT COMFICENCE LIMITS

—emm DO 1CL JE1,NGSPEC T

00 101 I=1,0PYS

e DIFFERL L )= (CC([)-AVSPCT(J,I))W*ZfD'FFER(Xim
101 COoNT I 4UF

TET 2=y NeTS
DiFFﬁR(l)=S&RT(OIFFER(I)/(FLOAT(NCSPEC)‘1.03)

T PRECRFALL IS TLANCSPECY #OIFFER(T Y /SQRT(FLOAT(NGSPEC))
182 CCATINUE

—ICE o SPCHICTAURYI=I0L
CC 104 1=1,NPTS

™o

(]



ALTDTINUM, L) =CD (1)
CONFIDATOTNOM S TT=PRCGHFTT
iC4 CONTINUE
T TCTHLM=TOTN
hh;Tr( i i
T WRITELT 7

pp o e — . — R

UM
) 101, {101}, I=1,NOSPEC)
)
2

ID1,102+102,(CCNTRI{I1+1=1+5),SCALE
e TG LI HYES Y CAND G INCSPECTEQL. LT PUNCHT 72T IDT,
NOSFECS
;S ST TYPE™DATA FOR PROPER™CISPO3SAL {TU PUNCH DR NOTY

TR TP T
§LIC{1) 1=
TTUCRARRE AVFLG FLAY
AVFLG=0
T ]F(NCSPEC;EC;IE AVFLGS 2
CALL LETSEEL (IDLeAVELGY
T T IE (IO INESYSTYCUTTOTY
Cx o S4,S5L.US »4S HANMOLER
U300 7T CECOCELZ24725,5103) lpg T T T T
107=1{D2
TTTTTTTTTTTISECIDE{D0¥{ ID1/ 100 Y+ ID4
I01P50=101+50
IF{ISECT ,.”GE"TJI?SUT'TS‘:I?TD ISECTU=T100
CC 333 KuM=] sJ3ThNUM
TTTOIF{SPCTINUMILEQ. ISEuID} GO TO 304
303 CCNTINUE
T T WER lTr(‘f 7423 "1STECID

77
¢
¢
I
1

T T—GL SOANDLTONFICIANUMY ST TETUT 3057307
?
J

T30T 0 CON=1.07T - - -
' JID2.EQ.US) CCN=-1.0

~A(NUM 41 ) 1XCON

T I337 CONTINUET
IF{IC2.EG.5L.CRLID2.,EQ.US) GC TO 311 :
T T FACSCORTRLEA )/ CONTRL (5T - - B
IF(PRCCLF(5),6E.0.ANDCONFIDINUM,5) . CEL,O) FAC=1.D
T 2T EIGNPTS
CCUII=(CUII=CCATRLY{(5 }/CONTRL (%)

T pRECNF U ) =PRCCKFLIIRCONTRLU {5 /CONTRL {2 )%FAC
219 CONT INUE
211 I0CLO=ID1

121=1D1+1+1D6
TFIC2T T SULSCRVIT2TETUS T GO T 314
IF(INZ.EC.MSY GO TO 213
““““““ T IFLICZONELSMY GC TO 1 ’ T T
WRITCZU7,731) IDL,1DCLD, ISECIC,CCATRL {5}, CONTRL(4)
TOPUNCH 722, 1051, 1DCLD S ISECIDsCONTRL(S) oCONTRL LG} -~ mm s e mo s s e
GC TC 316
TIIETTTTRRITEUTT IO ISECIOGIOCLOTCONTRUAS Iy CONTRUTAT
FUNCH 732, 1015 ISECIDSIDCLD,CCNTRLAS) CONTRL{ 4}

IR S S ¢ HCD 8 - B
14 IF{IN2.EG.US) GO TO 215
T CUWRITE(T7.732) 101, 100L0, ISECIOTT T

PUNCH 724%,10L,IDCLD,ISECID




€0 TC 316

FTITTTWRITEL 7 722 IDIGTSECTI O IDULD
PUNCE 724, 101, ISECID,IDOLD

L€ T RWRTTEAT 706y 7 T T o T
102=2HRS

o 103=ZHLT ™ T -
WRITEL?7,7C7) ID) 102,103 :{CCATRL{I)I=145)ySCALE

TSOCT(TCTNUM 15 1DT
LC 217 1=l ,APTS

T ALTATNUMS 1¥=CDH T
CONFID(TOTNUN, [I=PRCONFLT)

217 CONTINUE ™ T
TCTNUM=TCTNUMSL

T A TAVE U TTUAGS PUSULTAN T CAT A~ FCRPROPERDISPOSAT {TI PRINTERY
AVFLG=0

TTTTUTTCALL LETSED (101 SAVFELGY
GQ 1C 1
CEA22A3 24422 AR S XL R AR b XA RAK A AR FRREPREKEXRN AR R L AF L XL S RAKKRTE RXE

ce¥xs CC 1T AGAIN CPTICHN

g1y CECTDENZVT7Z67I0ZTTUSYIDS
IF(CCNTRLAL Do EQoSVCTRLITY} GC TO 403

LU 4C2 I=Y1,67T
CONTRLUTI=SYCTRLII}

4027 T CONT INUE ™™
APTIS=NPTSSV

ROTITTTTTIN2 =107
IF{1C5.€6Q.,1FB) ID2=SH

T OIR(ID5.EC. IRCT IC2=MSTTT T
IF{IC5.EQ.1FE} 1D2=35U

TTU T IFLIDSLEG.IHFY ID2=USTTT o ) ’ B
L3 4C4 I=1,M4P7S

T TR EAC I B TOATTKILLPT
404 CONTINUE

et iCe=106-1
CC 405 NiM=l,TCTAUM

T U IR{SPOTINUNMYGECQSIDLY GOUYOT 408 o
4CS r”‘TXNbE

TETTYTH2T 10T
GC TU 1

4C6 " CC 437 1=1,NPTS— : — .
C {T1=A{NUM, 1)

T CONFLL)=CONFIOINUM, 1Y
407 CC&TI vLE

TIT TC390
END

217



T U LFLAVELGLECL. 0 IDEY=T

]

SUERCUTINE LETSER {101 ,AVFLGY

TR ERIRT/FUCT/ZTPUNTF T TAT A
COMMUN/CE/CD20C)
T COHENON/CCRSCH/CONTRLLE Yo SV TRL{G 1y NP TSNP TSS Y s e o e
COCMNMIN/PRCONF/PRCOGNF(200)
T COMMCN/WAVE/ WAVEL 300 T T "
- COMMONZICNZIE2 5163 5 104 o 105, 106, 107, 108
T T COMNCN F IPUR S IFUNPRUZT
REAL CLoCUNTRLPROCNF, SYCTRL  HAVE
T INTEGER AVELG TPUNPR T
133 FORMAT (0% 2{ 10X *LAMB DA%, 5X1"‘READIN\:* 2K} o/}
TCS 7 FORYMAT (3 {LSX e FL 13X :F1l1.5) )
71 FOEMATL®Cx 15X, 20 *LAMIDAZ ;SX o¥READI NG 5X 3% INTERVAL%,3X )6/}
T ECR AATUI SX AT E VL B F LTS U 3 XFF 806733 Y
112 FORMAT R 1%, [6,% SMCOTH®)
TL3 7 FCRMAT (16, A2:A202X04(F 8.3,2XsE13:092XE1346,1X51170
714 FORMATULNFB 4]
TLE U FORMAT{ICF R, 3) -
T16 FORAAT(®END CF %, 14,% SMO0QTHS DECK*)
TR AVELCLEQTTIIDE VT
IF{AVFLGL.EQ.1) IDCV=10

DC 78 [=1,NPTS
T WAVE (T3 CONTRL L)~ FUOAT{ I=- 1 )1*C CNTRLE(D) - -
70 CONTINUE
T ENP TSR Y
iF{PRCONFIS5).0E.Q0) GC TG 72
T RRITECIDEY 7O -
EC 71 I=1.1l
N ED £ 5 § S P
XK=J*+r11
e T L IO T TOS T WAVEC T COTTT I wAVEAU VT O NS by wAVELR 3 COURY
71 CONTINLE
Il 0 I R SR
72 PRITELICEVY,T1D})
T3 I=1,1H - B - -
=i+11
RV
WRITELIDEV,T711) hAV:(I)'CD(I)vPRCDT\F([),HA\}’:(J)vCu(J)oPRCONF(J)y
“’"’""3"AﬁVC(K7yCu(K71PRCCf\F(Kl """" -
72 CINTINLE
T& T CWRITE(IDEVTLZ2) 101
XMAX=CINTRLALLY
RINC=CONTRUTTTP=CONTRET2T T ATC050
T')\ICE=XiNC/(J-5
T w=TWICES T— e
IF(” "d.:.Tr”CE) XIWC 0.5“'“‘“’1)
e A R e e et e e e ettt e e
CALL F‘R.”iPLT (n \/E(L)qu(l)vxf'AX9X]NC9YM’\X YINCs Q9 ISY, NPTSs IDEV)
e F AP PN P RE2 I IO s 3 MR O AND s AV O T EQ T R ETURN
IF{IPUNPR(2) oEQ.3HND , ANDAVFLG.EC.2 1 RETURN
T 0O TS IS L NPYS .
TFLE0EI) LT =09, 0.0R.CO(1) oG 998,01 IFOQRMT=]
T&8 — CONTIRUE—— - B R
JIF{IFCRMTNESL) LIFGRMT=0Q
CONTRO=CONTRLI31»10Q,¢C
TTECELTECONTRUTE T IO00 L0
PUNCH 712,1014102,102 y(CQNTRL(X) va’ 92)eCCNTRG¢SCi\LEv(CONTRL(J)g
TR =4 8 TFQRMY T T o -v T
IFLIFCRMTLEC.LY GC TQ 76
TTTTTUURPUNCE 714, (CDIT YV, I=1NPTSY

GC vC 77 .
TETTT T PURCF 7S ICDTUTT 7 IE T NPTST
77 PUNCH 716,101
TTTTTTTT RETURN

END




s . . -

SUBRTUTINE SHIFTS {(CRCN)

TTFTEFTEASEL INETSHIFT CALCULATION S AND —CORRECT IONS
CCMMUCNZCD/COL300)

T COMMON/CUNSCN/CORTRL(E) s SVCTRLIGY sNP IS, NPTSSY
CCMMIN/R/RI{300)

T CCMMON/ICN/ICZ 103 ,10% 3 ID5, 1064 (D7, 128
REAL COsCONTRLSRZSVCTRL

IS ECEN AT (121
181 FORMATIAL,I1)

TTTTTTOIRLIS8.EL,.1) GO TO 208
Comxx X{nAYCLEANGTH) HAWNDLER
TTTTTTTT LECODELZ 780,102V 7ID4

CECCOE(2,751,1D2) 105: IDb

TR RAVE S TCCR I UEFID G
I=1+{CONTRL{1I-SWAVE)/ CONTRL (3}

T CIFRFER UL -RED VAR -1 IR U122}
CO 230 J=1,NPTS

—— R{JI=R LI V4D IFF
2CC CONTINLE

T2 e HAY
1C6=0

CRCN=DIFF
RETURN

CEaEe SH MHANDLER
205 CRCh=0

NOKTE3

0L 2Cs I=3,30

T T DLERER (-1 )-RUDI#RITI~1I-R[-2F
IF{ABS(OIFF) s LE.ABSICRCAYY GO TO 206

ST CRONED IFF T e s
NPAT=1

CETTTCONTINGD

IF(CRENEQ.O) RETURN

T DL 20T JENPRTLHPTS
R{JI=K{J)4CRCN

207 7 CONTIANUE -
[FLID2.EC,2HSHY ID2=2HAYV
FETURN
END

SUBRCUTINE WRAPUP

CERR* CLISTUF T SHTP

ENJFILE 10

T RENING 10T P - - -
ENDFILE 7

T OREWIND 7T T
CALL EXIT

END

219
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220
Program PROCESS
A) Operation'
i) Input
The punched deck from SMOOTHS (see note, below).
i1) Output

The file QUTPUT contains Tlistings and plots of all spectra result-

ing from the manipulations governed by the variable OPTION.

The file TAPE17 contains resultant files for which NEWID was blank

or zero. It may be recovered with DISPOSE, but is usually deleted.

The file TAPE7 contains vesultant files for which NEWID was non-

zero, It is usually saved, either by DISPOSE to the punch or by

storage on GSS or PSS.

iii) Errors

The order of spectra is not important, but a spectrum required

in a manipulation must either be read in as input or created prior to

the request for all necessary spectra. If the spectrum is not pres-

ent, an error message is left and the next control card is read.

NOTE: NON-FATAL ERROR

In all options but LOOK, MULT, DIFF, PSCD, and EMCD, the quantity

CONTRL(5)/CONTRL(6) (i.e. OD/E from Super Spectrum) is first mult-

iplied with the data points in each spectrum before the remainder of

the algebra is performed. It is vital that all required spectra are

put on the right basis (e.g. equal path lengths for the FDCD, CD, and

absorbance spectra in the FDCD option) prior to starting a maneuver.
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Example: 0D or E or
Spectrum Type Path Tength CONTRL(5) CONTRL(6)
FDCD 2 mm T 1 500 -+ 100
CD ' 3 mm 31 1000 - 100
absorbance : 1 cm 1 -1 100 -~ 100

where the number to the left of the arrow represents the value of the
constant up through the punching of the data deck by SMOOTHS and the
number to the right of the arrow represents the value of the constant

as changed to normalize the spectra to one path length before running

in PROCESS.
B) Listing

i) Program PROCESS

i1) Subroutine WRAPUP
111) Subroutine SEARCH
iv) Subroutine DOMATH
v) Subroutine fITLES
vi) Subroutine SEEIT

vii) Subroutine PRNPLT and Subroutine PLSCAL (see PREPARE)



FAQNCRAM PROCESS {INPUT ,GUTPUT , TAPET, TAPFELT)

C

C THIS PROGRAY PERFJORMS AN ALGEBRAIC ADDITICN OF UP TC FIVE SPECTRA.

C INPUT CF DATA AND COMMANDS 1S THROUSH PUNCHED CARDS. OUTPUT OF

€ FESULTS IS EITHEE THROUGH PUNCKED CAR80S OR YO PSS OR TAPE, BOVYH
[ CF wHICH ARE PERFORMED VIA A DISPOSE COF TAPET.

¢ :

c THE PUNCHED DECX FROM SYACTH PRCGRAM IS READ IN FIRST, FOLLOUED

£ BY & CARD WITH STOP IN FOJR LEFT CULUMHS

C ;
c ALGEBRAIC MANIPULATICN CONTRCL DECK

C

c GENERAL accw CROER IS LBREL CARD, CONTROL CARD, LABEL CﬁRDa

G COnLTRL CARG, "‘TCo:.y HOREVER, 1F A D"LYA EP LC\ C:‘.LCULATU‘N

€ 1S PEREIRMEC WITH FDCD, PSCD, OR EMCD, A CARD WITH THE PATH o
[« LEACTH {8) 240 THE CCNCENTRATICN (CONC! MUST FOLLGW THE CONTROL

C_ CCARD (FORMAT IS F8ub, Elb.%14, o -
d LaBrL caao R4S LUABEL (SPACE} IN FIRST 5 COLUMNS, FOLLOWED BY ANY

c PLETICUL AR ALPHANUMERIC STRIANG TO BE PRINTED AT TrE TOP OF EACH

C LiSTING -“o PLCT e

c CCANTRIL CARD FORMAT 1S 0(FB.4314),A4, 10,

C CL1) 1S IN FIRST F8,4. C(2) 1S IN SECOND FBe%e

¢ _ SPECTINI IS INNTH [4 LUP 10 61

C A4 S CPTICHN AND 14 IS NEWID (I[F DESIRED).

C CPTION

G [N ‘5 SPELTINITH SPETCTRUM,

c LOSK = wWRITZS AND PLCTS SPECTRUM ONLYs

C { MULTIPLICS SPECT{LY B8y C{1) CR DIVIDES SPECT{1)} BY €12}

< 1PLICS SPECT(L BY (C(12/C{221hy, DEPENDING UPON wWHICH

T 3) A4FE€ NOMNZERc, T ommmm o mmmemmmmmomT o

C CALLOLLAITS SPECT (1Y v (CULIZCI2V)8SPECTL2),

c 53[33:5#;5”1&”4ijYdTvce DROF{UE CORPECTED. FOR PRE=SLIT

c ARSUERTICY FROM SXCITATION PROFILELLI, A48S(2), PATHLENGTH TO

T USLITTIN RIS, ang PATHLENGTH OF a8S SPECTRUN IN CM{C(2¥3.

' QUM - CALCULATES A JUANTITY PROPCRTYICNAL TO THE QUANTUM YIELD
T ERcH THE SUANTITIES USED IN FLEX, PLUS THE SLIT WIDTH 1IN

¢ CM{C121)y, SEZ FRIDTRICT AND HOUSSIER, BIUPCLYMERS 11, 2281~

C 33N (1570 FOR ELUATIONS,

€ _HORM = NCRYMALIZES SPECT(L) TO SPECT{2) AT A WAVELENGYH C(1) IN
C N{"o °

' RATO = CCHPUTES SPECTIIN/SPECTI2) RATIO.

c T EDCO - CAL JL\T”S FLUIRCPHORE ANISQOTROPY FROM T{LIFDCH, (2100,

C a%0 (21885, "'1 RCPHAORE DELTA EASILON IS CALCULATED WITH {4)ABS

€ LR i TR T S 01N Te CTHERS, T A CoMPoiENT TANACYSIS 15

c PRCVICET Fiok A*I:T'QLPY CALCULAT ICNS O'LYy,e AND PROCUCES A LIST

CT7777 pF THAT pLRTISN CF THE ANISCTRGPY JZRIVED FRCH THE FDCD SIGNAL —
C AND THAT PCIRTICN CUS T0 THE CD SIiGNALe.
¢ PSCO - CALCULATCS AVERALE FLUCROPHIKE ANISQTRQOPY FROM FDCO 777
o ANTSOTRIPIES U1 w! THIUT POLARIZER, (23w lTH PCLARIZATION PLAME

T RO SR e et ru;wﬂfzar‘ DT B UANE THORTZONT AT TTAVERKAGE

C FLUORDPHCRE DILTA EPSILON 1S CALCULATED WITH (4)48S FLUGROPHORE

€ 77T IN ADDITICN TO TRE otbsps;“ T

c EMCD ~ CALCULATES FLUDSCPHORE SNISATROPY IN 33 DIRECTION FROHM

T UTUUENCD LNISOTROPIZS IN THE SAME CCUDER AS IN PSCD. FLUOSOPHORE

< OILTA EPSILON iN 23 DJIRGCTION IS CALCULATED FRCM ABSGRPTION AND
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I

C FRCO MEASUREMONTS IN THE SAME ONDER AS 1IN #SLU, ALU,
C NACH ~ CACCUUSTTS TOTAL aniSETFOPY FROM (3 TANG (28BS,
C___ SCCO - CALLULATES SCATTERER CELTA EPSILON FROM (1)FDCD 4N
C {31A8S, o o )
c _ NEWID e e e —
€ IF NELID 1S RUANK CR0n0B ER LESS THAN <1003, THE RESULTING
c SPRCTAUM 1S MNT STORED INTERNALLY, IF NcnxD 1S BETWEEN =1 &N
C =555, THE 10 1S 2#TSWEGRARYEZ &0 1S NOT UCGGED IN THE Lan
c C RICNRD SO 1T MAY BE USED AGAIM (AUT NOT IN THE SAME RUN THADUGH
I T PPCCESSE.  IN ALL CASES NOT COVERED UNDER THE FIRST SEMTENCE, -
C  THE SPECTRUM IS STOSED INTERNALLY, UP TO 120 SPECTRA MAY BE
C 'STCRED IN ONE RUN [30) POINTS EACHI.
C
T & L2BSL CaRy THAT IS BLANK OR CNE THAYT H&S §10P  IN THE FIRST
¢ SIX COLUMNS will HALT THE PRCGRAM,
[

COAMON/A/A(100,300)

TCOMNCN/CT a("cn S FPRT (365 71,CPRT(300)

OMYMEIN/CCHTRL/ZCONTPLIINY, 8)
COMMINZCSP INU/CTET ,SPECT(S1 s INDEX(5),LBLIL3}

COMMON/IDZIDLLI0D)

“—“’“””ccmyomxoAasv/nPfs,nuv NEWID,CPTICON, TOTRUM, WVEMAX, WYENTH

6119

_Re AsCBoCONTRL WL on VENAX,AVENIN

x“rrrs« 10, INCEX,LBLy SFECT, TCTNUH
INTECER [MEADI(12)

F~'~'YT?W~‘f?U*”?*LLCﬁ:ms SPECTRA WERE READ INIG NEMCRY®,/73

¥

LXy W iTwy 6Xy =VSTART %, 4X g wVEND %, 5X, 2V INCRE,

L7X,*SCALE*g8X,*C“*,IWX.*E*,/) T

£01 FORMAT(® = ,0%,A2,82,2%,3(F7,2,2%X)¢3{F10,3+2%X0)
B FCAMAT (m0s, J&,m SPECTRA READ IATQ MEMQRY®) TS ®
£ 4 FORAIVALT (N 1%, 1246)

e KEAV-rz.:;ﬁa

70 FORMAT (14, A2, 82, 2X04(F 843, 2X),E13,6,2XsE130691K,153

TI02 T UFCRRATLLIOFBLS)

ki FORMAT(ICFR.3

AT FORMATILAFBRY)

1mE CATELIHX ,23X%)

T2€ AT EIN G, a1 g2k, Ade 10k

C

C TREAD SPECTRATINTG MEMORY

C TOTHU% 1S THE TGTAL KUM3ER OF SPECTRA READ IN

[«

REWIND 7 N i

N

o



N
)
I

FRNT 635
L0 S M=l,100

READ T7C3,I1HEAD B
IFLIHTEAD (1) FQ.6HSTOP ) GC T0 6

T TTTTTT OREAD 70T G IDUIMIID20 102, (CONTRULIM ML), ML= 6) 3 IFORHT
NPTS=(CONTRL{®, 2 1-CONTRL (M2 1)/ (CONTRL{M,31/10.1

TP O T =T IDiM=11+=48

 PRIMT AT1,10(M1,102, 103, (CCNTRLIM, ML), ML=1,6)
IE=]FaRYT=] T T
IFCTFY 1,2, 3
T READ T2, (AT TR GNP TS
. GO TO 4
2 RCAD 702, LA{M, 13,121,NPTS)
CC 70 4
2 READ T4, [AIMsI) 151 ,NPTS)
T Rgap 7AsT T
s CONT INUE
T T ToTHUM =T T T o
PRINT 602, TOTNUM
7 €C 8 [CLR=1,300

CotICLRrRY =D

T FPRTILICLRY=G
_____ CPFTIICLR]=0

8 COCNTINUE
WVEMIN =D 0

WVEMHANE]L C S d. )
READ 707,L8L

T IR LEL {1 V. E2.5HSTOR T L CRLUBLUL Y NELBHLABEL ) CALL WRAPUP
PEINT 6Ya4, [LBLINNY JNN=2,12) :

T OREAD 7O U {CIKI s SPECTIKIN Y, KIF L, 51, CPTION, NEWTD
ACTIN=Q K

- CAUT S a8 aqTRaTITy
[FLNCTIN NG GO TO 7

TTCaALL DCMATH
CaLL SEZIT

T T T
END




.

e SLPRCUTINE wWRAPUP
C CLOSE FlLe AND CXIT
ENDFILE 7

REWIND 7
NOFILE 17

REWIND 17
CaLL £x17

gD

SURRCJTINE SEARCH {NCTIN?

COMMUR/C O TRL/CONTRL(L22,60
COMMGN/C SPINL/C(5) sSPECT{5) , INDEX(5),LBL(13)

CUP?f‘/IF/ID(l“s”
’LFVC‘/PA AMINPTS) NUMy NEWID, CPTION TOTNUM s WVEMAX g WVEMIN

REAL CONTRL.C o WVE“AX pWVYEMIN
INTFGER ID, INDEX,LBL,SPECT, TCTAUM

£33 FCRYAT (2 =, /7 777,% thCfHUH 3,ib,% [S NOT IN MEMORY¥)
LC 12y 1s=1,5

T OINDEXT T E]Y
1C2  CONTINUE

ILG=1
[HI=2

TETEET Iy
[FICPTIC

vo e GHLTOK) [HI=1

fallia)

_ O IF{CPTISON, £3, n9RCOY 1LO=2
IF(CPTION. EQa 4HYULT) [HI=]
[F{OPTION, B2, 4HNRC DL CRGCPTINNG ECa4HSCCD) IHI=3

o164 1100, 1H!

TR LCPTIONGEQ. 4HFOC 0. CR W CPTIUNLEQ.4HPSCD.OR, CPTIONEGL,4HEMCT) 1HI=S

: LS AN RN DR U GRS A kY o S e T I VI K0T
, xFr:.Lc...ﬂnd.s/-crfxx._-. 20Ny GO TO 105
T T T T F(SPECT UL L B A0 CRGSPECT LIV S LTe=995) GO T 162
D012l N=l,TOTAUM .
IE(SOECTIINLEQLIDENYY 6D TC 103 T

10 coxrxwuﬁ

103 SEINT €73,SPECT(I1]
”_ﬂwherrmrx

RETURN

1012 THOE X 1) =N
Titg T UCONT INUET

11 AN~ INOEXTILD)

NPT =(CONTRUTRUY, [ T-CORTRUIKNUV, ZT1 7 (CORTRLTNGY, 3771057
IFIRVEMAX,GT,CONTRLINUY 1) wVEMAX=CONTRL INUM, 12

IF(nJ”’IRJLT.CONT&L(NJ"}2)} wVEMINzCONTRL (NUM 2]
RETURN .

T OENDTTTTT ..
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2

8] TIN—_\A‘V«TH

TR OIETERNY
COMMCH/CT/CDI20M ), FPRT (323 1,CPRT{3097)
COMPON/CC %TnL/Cun‘PL(XO),é)
COMMON/CSPINL/CIS) B SPECTIS 1, INDEX{S),LBL(13)
COMNCHZID/TD(L00)
comnen/pe ‘x_?_f_‘:‘_, NBTS ;P\Uf_g\cwfa CETICN, TOTMUM WVYEMAX,wVEMIN
REAL 4,00, CONTFLIC snVEYAX , wWVEMIN

. INTEGTR ID, INCEX,LBLySPECT, TCTAUHM

Q7 FCPMAT(FR, 45E14,61 . '

o A5STGN INGTCES ARG SELECT PRCPER OPTION
c

J=INOEXI Y
Ko INDEXL 2}
-Ir“” x{ 3}
NV INDEX{ &) o
IF(CPTIG . EC,4HLOUKY GC 7O 13
IF(rpTxcr.Eg_awvu T} 6GC 1C 20
TF{CPTICR-EQ.&HIII F) GC TC 28
IE(CPTION, [Q.4HFLEX) GC TG 20
T OIF{CPTION, EQ, 4HQUARNY GC TC 30
IF{OPTION, EQ. &HNCR MY GL TG 33
IF{CPTION, 2. %HRATC) GC TC 358
_IF{COTINN, ER,4HFDCD) GC TC 40
I“((Dri\ﬂiff: oY 6L 10 40
7lr(r°*x”n.€:.4HEV"9) GC 1C 40
IF(CPTION, 52, 4HNRIDY GC YO 55
CIF{CPTIONS 8Q, 4HSCL DY GC TO 80 .
" RETURN oo T ’ -

CUT AND PLOT SPECTRUM

m
<

Y OOy
P

15 LT IETL NPTS
COULy= AUy 1
T OCONTINUE

i
C
C VULTIPLY /DIVICE SPCCTRUY B8Y CONSTANTIS)
c
2

ATTTUIFCLTL B0 TN ED
IF{CL21. 80600 C{2)-1.5

CO 22 1=1,NPTS

o CDUII=IC LRI /CUIIINAL I, T
Ze  CORTIME
. _GC_TC ¢4 i
. GE L
C ADD/SUETFACT TWG SPECTRA
G- DOISIETEACT MG SPELTRA . —— e S
25 TF(CII).ED.D) C(irs! a

TF(TTa1. €007 Cle1-1
CO 26 [=1,RPTS
COI=aJ, T (CTTI7CTIN YAtk
26 CONT INUE
T Go e




227

C COMPUTC FLUCRESCENCE EXCITATION PROFILES OR QUANTUM YIELDS

¢ IFICI21. Q.00 Cl21- 1.0

T o731 1=, APT ST
JUIsCONTEL{S LI~ VEPARE]

CKRKCCONTE LK, Li=n VEMA X ]

AR =ALK R )R CENTELIK, SY/CONTRL{K 6}

ERYTRE AU

FOORP- 10, 0% ¥ [ABSCM*C {100 - '

EXP==ARSCMECI3Y

SLIT=( 110, MaxEXPY

IF{CPTIONJES 4T LEXTY SLIT-1.0

COLI =l 2y JUI*{CCNTRLLS S /ZCONTRLIIZHII*T FCORR/SLITY

R CONTINUE

CC TO &4

NCFMALIZE SPECTIL) TO SPECTI(2) AT wAVELENGTH C(1}

|

w OOy

3 NpAVE=LLCONTAL LS, 3=CUL))Z{CCNTRL{J,3)1/710,3)41

TFUAT T, NREVEY L, EQ. 01 RETURN

ONCRM- (A (K NWAVEI*CONTRLIKy S1/CONTRLIK, 61 17{ALJoNSAVEI®CONTRLL S0 58
T £ /CONTIRULTT, 800

00 34 [=1,MPTS '

T T i CON TR UL, L= VEMAXFT

LU =ONORMEA( S, JUVR(CONTRUL J, 51 /7CONTRL{J,6))
O INUE

GC TC 64

L LONMPUTE RATID OF TWG SPECTRA

C

35 0 36 1=1,5NP7S

JI=E TR T T VERMA X Y]
KE=CONTPLIR: 1) = VERARE]

A =AY G RCCNTRULUYSI/CONTRI( T 61
AK= AR, KKI=CONTAILIK, S1/CONTRLIKy 8)
TF1aK, E2.0YV AKED 200 ]
COtry=n3/aK

EY CCHTINGE

GO _TO 64

[e
C GETY CATA FOR FDCD, PSCCe. AND EFCD
<
%

50 CC 5 - 1,NPTS
JI=CONTFR LU, L =aVEMAXS]
KA=CONTR LI 1 )=avEMARS]

TLLFCCN TR UL, L1 =n VEMAX T
S1=A1J,JJd)

TS 2 A K g KKIYS,

SI=ALL 4LL)
TF(C_fTTT"\h:.QH’S\,UV\;O TD ‘08
IF{TPT ION: Coo4HOMCD)Y GO TO 49

TF{CPY ICN NE4HIDCDY RETURN

C
T TTCCRPUTE FUUORPHORE ANT SCTROPY
C




I

TELATL LUl T.5.0820%2) GO 10 46

AK =8 (K yKKYFCONTR L(“;S)/C NTRLIK, 6)
Al= u(‘-LLl*CO TOLOLy E1/CONTRL{L, 6}

DEL A H-KK/(,.J‘"Z.C%?AL)
rXP\=1T C=x(-AL)

DELAEA- 2,30 3% AKAEXPA/(2,0%32,08% (1, 0-EXPAT

GO 1D 47
4& CELACA=0,0
o DELAEA=U.OMA”“> o
47 SA L), JIFCONTRLT I, 5) 7CCNTRLI: 60

CDC=DELaun—(AJIZR,QS}*DELAE&

FD{I)’”ﬁ“O.?ﬂfDL
FPRT (] ¥=- N.CHAL/78.65

CPRTLT )= ZOCJQU*(OELACA-DELAEA)

YO

_LCPPUTE EVERAGE FLUCRLFHORE ANISOTROPY

!
|

o

4

8 COUII=2,OHS2*51 -53%0]1-52%5321/(52=-2,0%53+51)

GG TC 52

!

CCMPUTE FLUORCPHORE ANISOTROFY IN 33 DIRECTION

[aXala]

E§ 2RSS 2, 0¥ S1IE S-S X §21 7 (S22, 0%53+510

3D

oL CEMAUTE DTLTA EPSILON FOR FOCD, PSCD, AND EMCD

OO oln e

IFLSPECT{41,52,0C0C) GC TO 64
READ T717,0,CONC

- T e
’.7\" -

j,‘}.:CC.‘, ~(;",:T‘. Tiem VEMAXE]

Med (MM CNTRLIY 53 /CONTRL(M,6)

o C“(I)-C“(I)«A“ (1009, 2%3%CCNE)
53 CONTINUE

CC TC 6%

C
C COHMAPUTE TCTAL ANISCIRIPY
C
£

BT J=INDEXI DY
LC 58 [=1,NPTS

KK=CGONTRLIK 1Y ~d VEMA X#]
LL-CONToLL,y 2= dVEMA L]

[F{a{L,00.5E,2.93C0351) GG 10 57
cati=¢

GO0 TO 588
57 O AKEAIKGKKITCONTRLIK, 51/CONTRLIK, 6)

TALEA(L,LLIECONTRLLL SY/CONTRL{L, Y™
cne- A\/<::.~Q*AL)

COTTI=INCN,3CT
58 CONTINUE

TGC TG 64

O CeMpUTE DELTATEPSTLON CF SCATTERER

60 CO 63 I=1,NPTS

l::fﬁHTQ)(I$1]-JVCM\{§I

AR R -

LL=COHYRL{L 1) =" VEMAX+]

IFatl ol L)L GELC, 020011 GO 10 62
cotry-o

GG TC &3

AUFATL L) =CONTALIL, 51 7CONTRLUTL, 6)
TXPAB= 10, OnxmAL

&2 AJ=AL) I )RCONTRLL S, SY/CONTRLI .6

U AL EXPAB- T, N1 wA J7{ 14, 3258 ({EAPAB=1a00=2a203%AL1)
Coil1=¢0g

€3 CoNTINUE
X CaLL TITLES {JeK,L M)

RETURN
END




SURRCUTIAE TITLES (JoX,LyM)
CC“"’“J/ /L\\Lv: ‘C:
COMMON/ZCD/CDL200), FRRTLI0N) ,CPRTIZ0D)
COMYONZCCHTRLUZCONTRLLYI 0D, &3
COMMON/CSPINL/CU5) oSPECT(S) s INCEX{5),LBLLL13}

SgovNC/InZIoLI oM )
COMMON O RS AM /P TS, UM, NEW D, CPTION, TOTNUM,, dYEMAY, wvENTY
FEAL Z4CLs CONTRL,C pmvE ?EX.thwim

o IMTEGER 1D,IMDEX, LBL;SP CT, TC??\UM o - v
62¢% FORM2T(® 2, [&H,% |5 2,]4,% X (’Vy ‘3 Gq */*yElO 1?9:’)3; .
€3 FORMATUE #,15,% [5 *,14,% ¢ { #,E10,4,% / *,E10.4,% ) X #,14

659 FORMAT{* %, (4, % [S FLUCROPHIRE ANISOTRGPY(XIOHOJ FRCM FOCD= 351»»
*, (D= X»'~, AND ARS= %, 14}

£51 FCRV&Tt# 14,5 15 AVERAGE FLUGACPHORE ANISCIRCEYIXICCOY FROM ANIS

__SCTRCPY= %, 14y %, PUl-0 ANISOTROPY: %,14y%, AND PH]=G0 ANISOTAGPY= %
§914)

652 FORMAT({Y *,14,% 1§ FLUCRGPHORE Anzsorﬂcpv ALONG 22 DIRECTION(X100O

$) FRCM ARISOTROPY= %,14,%, PFl=0 ANISOTROPY= #,16,%, AND PH(=90 AN
SISCTROPY = =,]4) '

£% 3 FCRYUAT(® =14y » I5 FLUDRCPHORE CELTA EPSILON FRCH FOCD= #,14,
$%, (0= *,14,%, ADS= *,14,%, ANG ABSF= #,14) .

€54 FORUAT (¥ % ,1%4.% 1S AVERAGE FLUCPC°HDRE DELTA SPSILCN FRCOM ANTSOTRO
$PY %, 16>, PHI-C ANISCTROPY= »,14,%, PHI=50 ANISOTROPY= %®,14,

=141

$4, AND ABSF=

L58 FOameT(s &, 14, % [S FLUCROPHORE DELTA EPSILOM IN 33 DIFECTICN FROM
T %41t =, PHIz> ANISGTROPY= ®,14s%, PHI=9) ANISCIRGFY= ®

o Belbameme /o AND ADSF= 2,141 R
6t 4 FCF"AT(* w, [55% 1S TOVAL ANISOTRCPY [X1000] FROM CD= =,16,
L }3 '4‘\0 AdSt *' 14, e R R . ”_' e
657  FCRMEIU® = 1o, % [S SCATTERER DELTA SPSILON FROM FCCO= #3ih,

g% AND MRS %, 14
66 ) FCRATI® *,1%,% [5 CCRRECTED FLUTTCSCENCE CXCITATICN PRGFILE CF #,

§15 % USING #,14,%, PRESSLIT PATH %,F8,4,% {M¥k)
RELTTTECRMATx T, 14y [STPRIPCRTINNAL TO JUANTUM YIELD OF ®, 14, % USING ®

L 04,%; PRE=SLIT PATH *,E8,64,% C¥, SLIT WIDTH =,F8,4,% (M%)
HET T RCRMATUE R Th % IS %, 14,4 NORMALIZED 10 % 144% Af'*;FS:ZT%"ﬁﬂ%: -
€2 FORMAT(2 .16 = |S 9,04,% / 3,14)
Eeh FCR¥ET{® = ,l%,% LISTING*}
589 FORMAT (4 4%, XTHISH) S
681 FOR“AT(Y F, 14,8 [STA TENPCRARY, PEUSABLE FILE RUMBERT)
are FORMAT (I &% 1S %, 14,5 X (%,E10,4,%/% ,E10,4,%)%}
BZN T FLEMAT(IG, s IS 3,14y % & ( 3, E10.4,% / #,E1Ce4y® ) X 3,14}
gen FC?VAT(IA,~ IS FL ANISC [X1JCO) FRCHM FDCD= *,144%, (0= *, 14,

§% . AND EBGE v ,141
as FCQ"'T”Q;” IS avs CL ANISO (X1007) FROM FA=z *,14,%, PHI[O= #=,14,
Thr, AND PHISIE %, 14 e e e
382 FCR™AT({l&y* [S FL
$%, AND PHISC= .%,1%
8¢ 2 FCRvMeT ([ 4, S FL 2FEL EPS FROM FDCD= %414 4.%, CO= %,14,
gy A8S: F, (4,3, LGC LOSF= % [4)
854 FCRMATH I 4, [S AYS FL DEL EPS FRCY FAs %, l‘;v_;_‘{y PHIC= #%,14,

NISC 22 (X10C%) FROM FA- %,14,%, PHIO= 3,14,

Vv
A
]

T ey prIou =, T, m, CANDT ABSEE A, 14)
€55 FORMATI[ 4,% [S FL DEL EPS 33 FROM Fa= %,I14,%, PHIO= %,14,

T, PRIGUET Tag a4, w, TANDTARSEE Wy Iy T

as5¢ FCRMET (14, 1S TCTAL ANISCTRCPY (X107} FPOM CD= *,[4,% AND ABS= %,
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887 FCONAT(Th,# |
$*% LMD A3 5= %,

TREC T FORMAT(IS4,* IS ccxp FLUTEX PRCFILE OF %5 [47% USING #,14,%, PRE=SLIT
& PATH %, FR,4,% CMx)

TPl FUFMAT{l4,% IS Qu:ArUM YIELD CF %, 14,% USING *,14;%, P=§ CH #,

S SC TTEREQ DELTA EPSILON FROM FOCD= #*,14,
!

$EL.b,%, SLIT CM*,F8,4)
8¢ 7 FORNAT(I 455 15 =,za,$ NCRMALTTED TO *306,% AT ,F8,4,% NMX)
9¢ 3 FOAMAT{I Go® [S #,10,% [/ %,16)
Bed FCRMAT{I 4, * LISTING*) .
C
€ STCFE RESULTS IF DESIRED
C
TCEV=7
IFINEWID,GT.O000) GC TC 200
T T IR NER 1D L L T o= 959, 0R, NF WD, EQLOCEDY G0 YU 299 -
PRINT éB;pHFHID
ro 107204
264 WiD- 0

IF(CPT[ON.EC.éHLCDK) GC TO 303
PPINT 680
GC TC 303
300 TCTHNUM=TCTAUM#L
TTTTICIGTNUY)Y =N WD
CONTRUITCTNJ, 11 =W VEMAX
CONTPUITETNIY 2V sa VERTN
_CC 21 1=3,6 o
©OCONTRUITETN UMy DV =CONTRLINUMG T
301 CONTINUE
T NPTSSCONTRLL
OO 202 1r-1,H
AL TSN
302 CONTINUE

T{J&IEIICCAWRLXTCfNQM;ESi/(CONTRL(YCTAUMJBEYTbTT”

TN TOTNUM
——C e . - e
CT 7 PRINT, PUNCH TITLES
C TAEPEL? IS THI *fCCAD LETTER FILE®? FOR UNIDEMTIFIED SPECTRA
C
ir2 IF{NEWIDLES. 0y 100V=1T7

TIFICPYICH. EQ.4HUL T GCTC 400
IF(OPTION, T2, 4HDIFFY GC TC 401
[FICPTIUN, EQ. aHNRIDY GCTTC 4612
IF{CPTINN, EQ.4FSEC0) GE TC 404
(s TNy B Sl A SFECT {41 L, NE,D0L 3T G0 10 445
[FLOoT I, £0, 4HPSS 0, ANSSPECT L4 NELCUDD) G0 TO 406

TIFICOTION 2, 4HEYUD ANE L SPECT (4 ) NELQJ0GY GO TO 7407
IF{CPTIONEQ.AHESTD GC TC 498

CIFLOPTICN. DSe aHINID) GC TG 497
[F(CPTINANGEZ, $HICOL) GC TO 410
TFI’”}laK.El.ahrL XY GCTC el
IFInPTION: EQ. 4HDUA n» GC 7O 412
TIF(OOTIONG CQe eHNCAMITHL TE 412
IF(;PTI”“ZS.»HTuTu) GC TC 416

T T IR CRTIGMN, SR AHLTOKT G TOTRLE

RETURN

[




n’-ZITF(If“:v,‘Bf“) NTRID, CDE"THL{"(‘D,C!ED

<

[alk}

RINT 625, NEAlCs 57 ECT(L b CLL3,CL2)
__RETURN

TTWMRITE(IDEV.837) NCWID, SPECT(LI ,C{11,C{21, SFECTI20
CPRINT 620G, HEAIDy SPECT(11,Cl1),C(20,SPECT(2)

RE TURN

WRITELICEY ;8561 NTWID, I0(KY, ID{LY
FRINT 656: NEn IDy 10{R )y JO{L 3
RETUARN

Wk ITELIDEV 8571 NOWID, IN{J1,10(Ls
PRINT 657, NEW IO IDLJI)e I0(L)

T RE TURN
WEITE(IDFY 8521 KEWID, IN( 4, IDIKI,ID(L L, IDIMS

PRIRT 652y NEWIDIDIJI, ICIKII0{L ), ID(M)
RETURN

RRITELIDEV, 8541 NI wlID 130V, 10(KI,10(L3,10(M)
_PRINT 654,NE6W10, 1000, IDIKI, IDLL ), IDINY

T RETURN
WRTITE(IDEY , 8551 KNEWID, IN(J1, ID0(x, IDLLY, IDIMY

%L E

40 G

T RETURN

PRINT 555, NEW Qe IO (S IDIK), IDILY LD}
RETURN

WRITECINEV,8511 howlD, ID(J1, ID{KI, 101D
PRINT 651, NERID, 10141, I0(KY, [D(L)

BETURN

WS ITEL T

E\/vﬁ’)-’) REwWID, I 10K, IDILY
c‘.y :nIlJyl;(J)y(u(K)viC(L’

hprTE(10E&T§§§T”at&xdTiéT?T?kdzx»,rofL»
PﬁIhT 652, NEWID, 13 (), IOIKD, IDILY

HE W10, (X}, C{1}

INtJy,y ID

RETURN

TR ITEUIDEVBEIY RIwIDy ID{ T, IDIKT,CU1T,C0 3}
PRINT 667y NEWIDs [D1133, 12(K)-C(11,C(3)

ARITELIDEV,852) NCAID, IDL ), IDIKY, CLY)

514

PRIKT 6524 hem 0y 10 (43, [DIRI,CLL)
:F1u:u

T, DI IBTK)
P?!NT es°,n=~10,13111,13¢x)

RETUP T
re'xasv 2641 1004

»p?hr 5866, 101 4}
nE TU»\N

TENDT T

]
(0% ]



e SUDECUTIRE SEELT

COMMON/ZLD/CDLZOD) W FPRTLI0D) ,CPRTIZ0D)
COMMEN/CON TRLUZCONTRLILISD, ¢}

CCHAMOM/C SPINL/CIS) ,SPECT(S), INCEX(5),L8L(13])
COMMON/P AR AN/ NP TS, UM NEWID, CPTION, TCTNUM y wVEMAX , HVEH I N

REAL CCy CONTRLyCynw VEMA X, WVEMIN
l’*?GEF ID,INCEX,LBL,SPECT,TCTNUM

REAL WAVELIOD)
&72  FOE var(v =, xANISCTROPY COMPONENT AMALYSIS OF =2,14)
673 FZﬂVAT(*P*VISX,B(*LAV%CA*,BX,*FDCD PART %, 4X o 2CD PART#,6X)p 7}

E74  FORMAT(IEX o2(F6at s 2XyF 8,5 ,2X,FG,5,5%1)

£7¢ FORMAT (2%, 215X, =L AVALAR, 5X;3FEA31\b$,2ai,ib
67¢ FORMAT(I Xy 315Xy 76 192XsF12,511)

(

6§77  FORVAT{® *,%5PECTRUM *,14)
£783. FORMAT (= %, L2 ALY

ars FCOMAT (I 4y 6X 4 (FB, 372X) ¢E13,6+2X9E13.691%s11
€76 FORMAT(LCF 8e41

‘877 FCRMET{LOFB,2)
£78  FORMAT(LPER,2]

75 FORMAT(*END OF *314,% FROCESS DECK*)

c
C PUNCH, PRINT, ANC PLCT RESULTS
C .

ICEY=T
[F{NEn1D,F2,N) JCTvy=1T7

CO 80 [=1,5PTS
TFACLUT) ol Te=GG22GNR,COLI1.GT:9999,9) IFORMT=2

80 CONTINUE
CLC 81 I=i,NPTS

‘lr(c“(I),Lr. -86,9,0R,LD{11.G7+599,91 [FORMT=1

31 conTrvuT
[ TR r T e o i D (FOPIT. REL 27 TFORATS0
 WFITEL(IDEV,379) nhnxa,(co TRLANUM, [),151,6), (FORHT
IF=1FORYT=1
IF({IF) 82,083,864
87 ARITELIDEV,876) (COTE),1=1,MNPTS)
GC_10 8S
g3 Wi ITELIDEYV 877 Cll s I=1NPTS)
Gt tp oBS o - L
8% PRITELINEVS 878 (CD(T17 5 =1 NPTE])
s WRITE(IDEV,8751 NEWID

FRINT 675

o

(&)

™o



&

CC 06 N=1,NPTS -

WA Y CONTRUT T, T =F LOATIR =1 T * [CCHNTFLTNUN, 377104
CONTINYES

1I=sNPTS/ 2+ 1
Lo 87 I- 1, 11

Jeleyy T T -

K=J+11

TPRINT 672:NEWID

SRTHT £7éthVc(Z)ny(I)ywAVF(J)yCD(J>:hAVE(K’ico(K’
CONTINUE

CIFCPTION, NE R DD CR L SPECT LAY, NELOND0Y GO TG 89

PRINT 678 (LBLINNIZNN 2,13)

PRINT €72
Ti=hNpYS/3+1

CO g2 I=1,11
J=1+1l

K=JelT
PRINT AT4,WAVELT ) FPRT{T),CPRTUL) WAVELJIFPRTIJILCPRT LI,
WAVE(K 13 TPRT(K1, CPRT{K)

COMT IMUE

PFINT €768, (LOLINA) sAN=Z 4131
DRIHT 67 7¢ NEWID

MEX=CCUTRLIAUY, ]
.C—(CO%YRL(\UﬁJ_)—COhTRL(NUM 211/7100.0

iﬁxce XINC/D. 5
N=TWICE

TTENDT

TF(F 5, TwiCe) XINC=0,5%(%+1)
ISy=1

CALL PRNPLT (WAVE(L),CCL Y XMAXGXINC, YMAX s Y INCT O, 1SY NPTS)
RETURN
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5. Control Deck for Running PREPARE and SMOOTHS in Tandem

RUNCD,7,200,100000.448402
*MOSTAGE
FETCHPS,CDLIB,LGO,PREPARE
LIBCOPY,CDLI3, TAPES/BR,DATA.

- LINK,X,PP=[TAPE5,0UTPUT,CONTROL].
DELETE, TAPES,LGO.
COPY,OUTPUT/RB,0RXR, TAPEG/BR.
DISPOSE, TAPEG=PR,HO,DT=1.
STOTAPE, TAPE30=/NELSONJW/KSD/DATA/PREPARE/DATASET,10515.
FETCHPS,CDLIB,LGO, SMOOTHS.
LINK,X,PP=[TAPE30,0UTPUT,PUNCH] .
DELETE,TAPETO,TAPE30,LGO.
DISPOSE,OUTPUT=PR,DT=1.

END.

6. Conversion of a Spectrum
A) The spectrum as printed by the -G- option of Super Spectrum.
RUN ID 0O000STKD
0D = 0.700000E+01
E = 0.100000E+01

LAMBDA (A) RAW DATA

4000 .0000
3900 .1999
3800 .3999
3700 .5999
3600 . 7999
3500 .9999

3400 1.1999
3300 1.3999
3200 1.5999
3100 .3999
3000 .0999
2900 1.5999
2800 1.3999
2700 1.1999

2600 .9999
2500 . 7999
2400 .5999
2300 .3999
2200 .1999

2100 .0000



B) The spectrum as reonresented internally in the PDP/8E by Super
Spectrum during transmission.
A11 numbers are octal.
Locations gfve data field in first digit, address in remaining

digits, e.g. 12002 is location 2002 of data field 1.

Location Contents.... Data Points
14000 0000 0310 0620 1130 1440 1750 2260 2570
14010 3100 0144 0144 3100 2570 2260 1750 1440
14020 1130 0620 0310 0000 0000 0000 0000 0000
Location Contents.... Spectrum Parameters
15740 0000 0000 0260 0260 0260 0260 0323 0324
15750 0313 0304 0000 7640 0310 7634 7754 0001
15760 2000 0000 0001 2000 0000 7767 2030 4467
15770 0000 Q000 0600 0000 0000 0000 0000 Q000
The spectrum ID (ASCII 8-bit characters) is at 15742+
0
The starting wavelength (in A, double precision) is at 15752+
The ending wavelength (in nm, single precision) is at 15754

0
The increment between points (in A, single precision) is at 15755

The number of points (negated, single precision) is at 15756

The constant 0D (floating point) is at 15757+
The constant E (floating point) is at 15762+
The scale (x 0.001) (floating point) is at 15765+

The data points (each x 1000, single precision) are at 14000+

N



C) The spectrum as typed at the keyboard during transmission and
stored in PSS.
This is the input to PREPARE.
The parameter line is first, followed by data Tine(s).

0BO0OBOCBOOBOOD30DA0OCBOC4000FAQOCEFICFECO0T400000001400000
FF741893700000000013D

0000C81902583203E84805786400640646405784B03E83202581900C8
0000000000000000001 04

There are 25 12-bit numbers represented per Tine with a checksum at
the end. A 1ine is filled in with zeroes if there are fewer than 25
numbers to send.

Hexadecimal to Binary Conversion

0 = 0000 4 = 0100 8 = 1000 € =1100
1 = 0001 5 = 0101 9 = 1001 D= 1101
2 = 0010 6 = 0110 A= 1010 E=1110
3 = 0011 7 = 0111 B = 1011 F=111

Sample Conversion for ID Chéracters Kand D
K= 0 3 1 3 in 8-bit ASCII
000 011 001 011  in binary
0000 1100 1011 in binary
0 C B in hexadecimal
b= 0 3 0 4 in 8-bit ASCII
000 011 000 100  1in binary
0000 1100 0100 in binary
0 C 4 in héxadecimal
th

Tnese are found in the first line above, starting with the 19

character.
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D) The spectrum as written on TAPE30 by PREPARE after conversion.
This is the input to SMOOTHS.
0000STKD 400.00 200.00 10.00 1.000 1.000 0.001000 20
0 200 400 600 8001000120014001600 100 1001600140012001000 8GO 600
400 200 O ‘
E) The spectrum as punched by SMOOTHS.
Punch raw data option is on, smoothing is off.

0000STKD  400.000  200.000 1700.000 1.000 0.100000E+01
0.700000E+01 O

.0000  .2000 .4000 .6000 .8000 71.0000 71.2000 1.4000
1.6000  .1000

1000 1.6000 71.4000 1.2000 1.0000 .8000 .6000 .4000
.2000  .0000

END OF 0000 SMOOTHS DECK
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Appendix D
DNA/ETHIDIUM ION COMPLEX CHARGE DENSITY

Ethidium ion is 3.4 K thick and carries a +1 charge.

B form DMA 1in the absence of dye binding is 3.4 K long per
base pair. Each base pair contains two phosphate groups,

each with a -1 charge.

Assume nearest neighbor exclusion model. Then, for a DNA

helix 2n base pairs long there are 4n phosphate groups but
only n binding sites. Each binding site is composed of 2

nucleotide units per strand.

Binding site states are:

0
6.8 A long

Empty 2 base pairs

4 phosphates = -4 net charge

i

0
Occupied 2 base pairs + dye = 10.2 A Tong
4 phosphates + dye = -3 net charge

Use r, the extent of binding, to follow titration.

r = ethidium ion bound/DNA (as phosphate)
= k/4n, where k = number of bound dyes (1)
L 0.25 1in neighbor exclusion limit

b = distance/charge =
[6.8(n - k) + 10.2(k)]/[4(n - k) + 3(k)] (2)
Combine (1) and (2) to eliminate k,
then b=1.7[1 + 3r/(1 - r)]
The 1/(1 - r) dependence was previously found for DNA

titration by acids by Record et al. (1976).





