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Abstract

We have developed models of patterns for nucleotide chain growth. These patterns are measurable by high-performance
capillary electrophoresis and ion-exchange high-performance liquid chromatography in crude products of solid-phase
synthesized 30mer and 65mer oligodeoxyribonucleotide target sequences N. We introduce mathematical methods for finding
characteristic values d,, and p,, for constant chemical modes of growth as well as d and p for non-constant chemical modes of
growth (d=probability of propagation, p=probability of termination). These methods are employed by presenting the
accompanying computer software developed by us in C code, Mathematica® languages, and Fortran.

Characteristic values of the parameters d, p, and the target nucleotide length N describe the complete composition of the
crude product. From this we have developed the relation 2 — [N/(N — DI/D, . .corame™-d) as a universal quantitative
measure for multicyclic synthesis conditions (D, fractal dimension and similarity exponent, respectively). We use this
mathematical treatment to compare the efficiency of oligodeoxyribonucleotide syntheses of different target length N on
polymer support materials. Further, we analyze selected syntheses of short and long oligodeoxyribonucleotides as well as
single-stranded DNA sequences by well-known empirical autocorrelation, fast Fourier transformation, and embedding-
dimension techniques.

Kevwords: Oligonucleotide synthesis, chemical; Nucleotide sequence variability; Gene assembly; Fractal dimension; Data
analysis; Polymerization processes; Enzymatic nucleotide growth; Oligodeoxyribonucleotides; Oligonucleotides;
Oligoribonucleotides; DNA

1. Introduction most advanced pharmaceutical research. They are
used for diagnostic and therapeutic purposes, e.g. in

DNA genetic drugs are becoming the focus of the the control of viral and neoplastic disorders [1] or in
the study of biochemical functions of various gene

*Corresponding author. Present address: Department of Medical products in vitro and in vivo [2-4]. In the field of
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cient analytical techniques are required for checking
purity and stability of these synthesized compounds
[5]. High-performance liquid chromatography
(HPLC) methods are widely used to separate and
purify synthetic oligonucleotide crude products up to
30mers [6]. Recent developments of quantitative
interpretation of electropherograms promote sepa-
ration by high-performance capillary electrophoresis
(HPCE) as an analytical tool to assess the purity
{7-13]. HPCE and ion-exchange HPLC can detect
and quantify failed and truncated oligo-DNA se-
quences [5,14-18]. However, little information is so
far available to interpret elution profiles in terms of
characteristic synthesis parameters for small- and
large-scale chemical production. We succeeded in
giving a complete description of the accumulation
and propagation of failure sequences during the
chemical synthesis of oligonucleotides on polymer
supports on the basis of fractal mathematics. This
quantitation is not only of theoretical value, but has
also a distinct practical importance in view of the
large-scale production of oligonucleotides for diag-
nostic as well as therapeutic purposes [19-24]. Gram
quantities up to the kilogram range [25] may be
required for pharmacokinetic studies, when it comes
to preclinical and clinical testing. It must be empha-
sized that large-scale synthesis relies on separation
techniques to assess the purity of the target product.
Industrial production of gene fragments and gene
transcripts, which are optimally free of missense
products, is without precedent in oligonucleotide
chemistry [26].

The multicyclic process of oligonucleotide syn-
thesis on solid-phase using the phosphoramidite
method includes, in each cycle, detritylation, cou-
pling and oxidation (=propagation), and capping
(=termination) [27]. In this paper, we develop
methods for evaluating characteristic values of d,,
and p, for constant, and of 4 and p for non-constant
chemical modes of growth not related to pre-existing
templates (d =probability of propagation, p=
probability of termination). Furthermore, we evaluate
the geometric patterns of solution profiles (speaking
in terms of governing equations) and the geometric
patterns of experimentally determined elution pro-
files by well-known empirical autocorrelation, fast
Fourier transformation, as well as embedding-dimen-
sion techniques. The methods are employed by

presenting the accompanying computer software in C
code, Mathematica® languages, and Fortran. Based
on experiments we describe the dynamics of mul-
ticyclic growth syntheses far from -equilibrium.
These approaches center on fractal geometry [28]. A
fractal dimension D enables comparison of mul-
ticyclic syntheses at different target length N. The
mathematical relationship of universal measures for
multicyclic synthesis conditions becomes construc-
tive. The fractals can describe the defined chemical
growth, and in more complexity, an equivalent of
enzymatic growth as numerical, non-linear processes
[29].

Experiments are provided to separate crude prod-
ucts by ion-exchange high-performance liquid chro-
matography (HPIEC) and HPCE involving data
handling, for which theoretical results are included.
This is practically important. From a theoretical
general viewpoint we are restricted neither to target
and error compounds of chemically synthesized
oligodeoxyribonucleotides nor to a given time scale.
Elution profiles of oligoribonucleotides synthesized
in a similar multicyclic fashion and of crude products
obtained during the assembly of synthetic genes are
treated numerically in the same formalistic way [30].

2. Theory

In this paper we describe theoretically the com-
puterized calculations of oligonucieotide growth in
symbolic dynamics [31]. Multicyclic syntheses in an
arbitrary time course are prepared on solid support
and measured from elution profiles in chromato-
graphic or electrophoretic separations. They are
termed in synthesis parameters: The linear target
nucleotide length is N, the probability of propagation
is d generally used in the chemical literature as
‘coupling efficiency’, and the probability of termina-
tion is p generally used in the chemical literature as
‘capping efficiency’. Several factors such as coupling
efficiency during synthesis, quality of CPG-bound
nucleoside, quality of reagents and nucleoside phos-
phoramidites, cycles and programs used in synthesis,
work-up and purification protocols, etc., are influenc-
ing the content not only of the N — 1 error sequences
[34] in the crude mixture (product) of oligonucleo-
tide preparation. d and p as well as the constant
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parameters d, and p, are sensitive to internal and
external synthesis conditions. Therefore, optimal or
standard conditions of synthesis and preparation of
oligonucleotides have to be used for data evaluation.
All chemical reaction steps of solid-phase oligo-
nucleotide synthesis (e.g. detritylation, coupling,
capping, oxidation) are numerically captured by
proper scaling (fitting) of d and p with respect to the
experimentally measured elution profile of the crude
product.

The reaction front of growing chains is uniformly
propagated in the chemical reaction modes of oligo-
nucleotide growth and also in solid-phase gene
assembly. The desired result of syntheses is the
uniform target sequence. Thus, the model functions
are applicable to other multicyclic syntheses of linear
macromolecules on fixed starting sites such as
oligoribonucleotide synthesis, oligopeptide synthesis,
and assembly of synthetic genes. Linear means here
that first of all the primary structure (sequence) has
been analyzed. This generalized type of growth
mechanism not related to pre-existing templates
differs from growth mechanisms of polymerase chain
reaction and in vitro replication. We model the
dynamics without knowing details about the per-
formance, d and p obtained from plots of absorbance
versus length ! of elution profiles (whereby the
nucleotide length is related e.g. to retention times).

We offer here several ways to determine quantita-
tively target and failure sequences in oligo- and
polynucleotide synthesis. Calculations of d and p
values as constants d,, and p, or as variables d, and
p;, and symbolic dynamics are prerequisites for a
generalization to develop universal measures of
fractal dimensions D with non-constant multicyclic
synthesis conditions. The approach is also useful for
models of other linear macromolecular syntheses.
Furthermore, empirical autocorrelation, fast Fourier
transformation, and the Lyapunov exponents in
embedding dimensions are applicable to this study.

2.1. Prerequisites: computerized calculations of d
and p values

To describe the symbolic dynamics which assume
different states at time { in a system (here, i
represents the number of reaction cycles of solid-
phase multicyclic synthesis), let us use the following

formulations [32,33] based on [30]. N and R denote
the sets of positive integers and real numbers,
respectively. In brief, these states are characterized
by values of the stochastic variable #(i). Let I =
{{iER:1=i<N}, then the non-empty set [ is
obviously bounded above and below. After each
cycle i, # is the realization of the nucleotide length
I. The sequence ! of real numbers is a map /: N— R
where the non-empty set of its members L(N)=
{{.: jEN}. For the set L we suppose that N=
sup,., / =max L and 1=inf,., / =minL. For the
analysis [32] it will be useful to define A, ,,, as the
measured absorbance, e.g. at 260 nm. Then,
ACPY(INY= A"V(l) is the experimentally deter-
mined or theoretically calculated relative area of the
peak ! (integrated absorbance: absorbance-mm’) in
the chromatogram/electropherogram with largest
retention of peak / = N. We can assume that

A Ny=eN ] 4, (1

i€{1.N)

where € is an empirical factor and, on the right of the
product sign, d, is the propagation probability at i to
get the target sequence N. We use the Eq. 1 in the
following form

A(expl)(N)
L= @

i€1LN)
Eq. 2 is approximated (reduced) by

AN D (MAN) D)
1—[ d,»: [E[II\‘IN] (3)

M(I,N) is the probability density for all error se-
quences of length / and the target sequence of length
N of this homeodynamic system [30].

We obtain the synthesis parameters N, d, p
directly from experimentally measured elution pro-
files. Let us consider in general f(/) as the theoret-
ically calculated relative area A“**"(1) of the peak [
in the chromatogram/electropherogram. And g(/) is
the experimentally determined relative area A“*""(1)
of the peak / in the chromatogram/electropherogram.
We can associate with f(/) and g(/) the calculated
error (sequence variability) ratio « =f())/f(I — 1)
and the experimentally determined error (sequence
variability) ratio Fj=g‘,(l)/gj(l— 1), where [=
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(NN—-1,... N~ +1} and ;={1,2,...N—
l.int- Here I . indicates the smallest peak which is
still resolved in the experimentally measured chro-
matogram/electropherogram. Thus the absolute max-
imum miscalculation Az__ is

max

N71m|n K
- K
J J
Moy = 2 |7 4)
=1 J
The relative maximum miscalculation 6z . is
max
Az
_ max
azmax - z (5)

Nglmm
where 7= 2, K
J=1

We now discuss a way of finding the best fit of
theoretically calculated elution profiles to the ex-
perimentally measured elution profile under constant
and non-constant growth conditions that behaves
well under certain constraints, in the following
sense: lim 8z =0, V;E[IN—1I

K,—K

Discrepancies of many different kinds between the
parameter estimation of the model and the data can
be detected by studying &z,,,,. These residuals are
the quantities remaining after removal of the sys-
tematic (optimal and experimentally standardized)
contributions associated with the model. When as-
sumptions concerning the adequacy of the model are
true, we expect to find that 6z,,, varies randomly.

max min]‘

2.1.1. Constant values d, and p,

The model function Eq. 6a~c describes the rela-
tionships between the generated discrete sequences /
for constant driven growth to produce a uniform
target sequence N on solid-phase (fixed starting sites)
{30]

1\ -t-D 1 -1
M(Z’N):(E(:) {((1 _do)Pn>
1 _ N N—(+ 1)
+<P0) 2 (
1 —(N=(= 1 +k)) 1 —(N=(+k))
(%) )

~ -1
N—1 ____L___ —(N—1)
+(1—1 ((1~d0)(1—po)) }

(6a)

1 —(N=-2) 1 -1
M( = LN)Z(%) {((1 "do)Po>

N—-1\(___ 1 \'
+(N~2 <(1—d0)(1—p0)> }

(6b)

1 \--D
M(N,N) =<d*0> (6¢)

where N is the number of nucleotides of a target
sequence, d, the constant (average) propagation
probability, and p, the constant (average) termination
probability.

We verified that this relation provides accurate
means to get values of d, and p, from measured
elution profiles in the chromatographic separation of
crude products of short target oligodeoxyribonu-
cleotides (e.g. 30mers); N and N — 1 peaks of the
chromatogram/electropherogram are most important
for the calculation of d,, and p,. The data evaluation
was performed by repeated visual inspection of
theoretical curves in comparison with the experimen-
tal elution profile [32].

Let us now introduce a more efficient method of
finding the characteristic values of d, and p, from
experimental elution profiles of crude products of
short oligonucleotides. Eq. 3 is rewritten for constant
growth (d, = d, = const)

N
A‘“"”(N)}_: MAN) )
oY (7

N—1 _
do -

Using Egs. 6b and 6c we write for the ratio of
A(expl)(N) to A(expl)(N__ 1)

A(expl)(N)
A(expl)(N _ ]) -
Nd, "
V=101~ d)py + (N = D(1 = po)) )
From Eq. 8 we get
e N N-1 .
o= @-NWN- K, N-2 &
a, !

where
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A(expl)(N)

K = Atexpl}(N_ 1) (10)

Eq. 10 is the criterion which is experimentally
accessible for the data fitting procedure. For short
target oligonucleotides N Eq. 10 provides adequate
response to account for elution profiles obtained by
HPCE and HPIEC. In modeling, the fitting procedure
is an iteration between Eqs. 7 and 9 starting with an
initial d, value. The iteration is done until the
parameters d, and p, do not change any more within
a chosen numerical tolerance 6.

2.1.2. Non-constant values d and p

When the target nucleotide length N is increased
we supposed an exponential decrease of d; and/or p,
[30.33]: d, = a exp{ = B(i = D}, p, = v exp{ — &(i —
1)}. This kind of function is consistent with ex-
perimental data we have so far. We show here that
the target nucleotide length N can significantly affect
the behavior of the experimentally measured elution
profiles.

The results of this part use the recursive, non-
linear model function of [32]

MIN)=MIN-D+[M (- 1N-1)
-M (IN- D), . (1D

M’ is the probability density of non-terminated
(error) sequences

M (UN)Y=M (N—Dl—dy_, —py_,
+dy 1Pyl +M' (- 1N~ d,_,
(12)

with the initial conditions M(1,1) =1, M.(l,l) =1,
and for / >N, M(.N)=0, M (IN) = 0. Here d, and
p; are not restricted to any kind of functions within
the interval 0 =d,p <1. This is of great advantage
and makes the model flexible. Now we want to point
out some aspects which are characteristic for this
behavior and useful for data evaluation.

Here we suggest the construction of characteristic
values of d, and p, which in turn is based on Eq. 3

N
AN D (MAN) 1)

N—1
oV [exp{— B — )} = o
i=1
(13)
We write for the ratios of A“**"(7) to A“**’(I — 1)
A(expl)(l)
AP — 1y

AmuN-—n+[mMa-1N - -MaN-1]a, )

g-vfmu—1n-n+[Mu-28-1)-Ma-1N-D]d,_,}
(14)
The data evaluation is performed as follows: In the
first step constant parameters d, = a and p, = y are
fitted to the chromatogram/electropherogram, i.e. to
the ratio of A“*™"(WV) to A““"(V — 1) (see Section
2.1.1). The second step is to find proper exponents 3
and & consecutively fitted to the ratios of peaks with
[={NN-—1,....,N—1_, } for these initial values of
a and 7. For this purpose iteration is done between
Egs. 13 and 14 controlled by visual inspection of
theoretical elution profiles. In the following steps, the
second step is repeated with increasing and/or
decreasing values of a. Then, the best fit resulting is
checked again by increasing and/or decreasing val-
ues of v, followed in each case by the operations of
the second step. However, this procedure is time
consuming as it does not provide explicit formula-
tions for the measured ratios A“**() to A“*""(l —

1).

2.2. The universal fractal measures D under non-
constant multicyclic synthesis conditions

Beyond the description of chemical solid-phase
oligonucleotide preparations we are interested in the
more general application of fractal concepts
[28,35,36] to multicyclic syntheses. This part of the
paper is intended to build up the theoretical frame-
work necessary to quantitatively analyze the complex
behavior of multicyclic syntheses, as they occur in
biology, in terms of a generalized dimension D. By
the theoretical results presented here and based on
the work in [30] and [32] we gain access to
experiments.

In the biochemical experiment of a multicyclic
synthesis (e.g. oligonucleotide synthesis) the ex-
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perimental result of interest can be the relative yield
of product. This would typically be calculated from
the relative area of peaks A‘““*’(IN) in the chro-
matogram/electropherogram (integrated absorbance:
absorbance-mmz). We consider here the question: Is
there evidence for any real difference among the
relative target yield values (peak N in the chromato-
gram/electropherogram) associated with different
target length N of a multicyclic synthesis? Essential-
ly the fractal analysis of multicyclic synthesis de-
termines whether the discrepancies between relative
target yields (relative areas of target peak N) are
greater (or smaller) than could reasonably be ex-
pected from the variation that occurs within the
influence of target length N on the probability
distribution.

The values of fractal dimension D, . .. (Nd)
for a multicyclic synthesis can be computed [30]
from

N( a(In{l — M(N,N)}))

b oN

(Nd) =

4, measurable
(15)

This relationship is a general synthesis expression of
D,(N); the multicyclic synthesis can be carried out
on fixed starting sites or in solution [32]. The
formula (Eq. 15) shows that we handle the data in
the following manner: Each individual result M(N,N)
is regarded as being made up of a point in a log—log
plot: 1 — M(N,N) versus N. Now, if we imagine the
target length N taken very large, the discrete steps
associated with the curve become very small. In the
limit, as the step becomes infinitesimally short, we
can verify the set of points to be represented by a
continuous curve. The fractal dimension we discuss
measures numerical properties of such sets of points
[30,32]. Multicyclic syntheses are naturally ex-
pressed by the exponent D, ... (N.d), they are
comparable in terms of their dynamics
Da, measurable(N’d) [32’33]

Supposing a constant growth by the propagation
probability d;, = d, = const we get from Eq. 15 the
practical relationship of the dynamics for each target
length N [32]

N—1
0

1
D N—"=—In—
1—dy™' " dg

WNdy)=2- (16)

a, measurable

To understand what is being proposed in the experi-

ments shown in Section 4, it is helpful to have in
mind the following consequences of Eq. 16. Let the
yields of target sequences N generated by a constant
multicyclic growth be expressed as 50% of the
maximum that is theoretically attainable. Hence, we
get from Eq. 16

N’2-In2)-NIn2-2
N =1

D (N.d,) =

4. measurable
(17)

Obviously, the values of D_(N) are associated with a
non-linear relation to the target length N (Eq. 17).
Although the yields of target sequences are equal,
the dynamics of the multicyclic syntheses expressed
in terms of D, (V) are different. This phenomenon
reflects the fact that yields or values of d as defined
here in a multicyclic synthesis, do not allow quan-
titative characterization of the dynamics.

Here we extend D, ... ..a0i.(N.d) to a non-con-
stant growth. We found by experiments (see Section
4) that chemical oligodeoxyribonucleotide synthesis
can be effected by an exponential propagation prob-
ability function d, = a exp{ — B(i — 1)}. In just the
same way in which Eq. 16 is obtained from Eq. 15,
Eq. 18 is obtained from Eq. 15 with d,=
a exp{ — B(i — 1)}

D'A. measurable(N’d) =

i

2-N N (18)
1= L exp{— gi - D}
where d=d,
Then,

Da, measurable(Nd) =

Not B(I‘N)(Z N)
a (~3B+2BN-2Ina)expy ———————
N ( v { ﬁu~~x%~>}>
2{1-a" exp

Eq. 19 is a model for data from non-constant
multicyclic synthesis conditions. If we choose 8 —0
in Eq. 19, we get the fractal dimension for constant
growth given by Eq. 16.

Since none of the models (Egs. 16, 17, 19)
appears independent of N, special care must be taken

(19)
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to eliminate the influence of N when the influence of
d on multicyclic syntheses is described at different
target length N. Here, in comparison of constant with
non-constant growth, the method of analysis is as
follows {32]. From Eq. 19 we compute an idealized
multicyclic synthesis without error production, i.e.
with synthesis of the target only, for 8 —0 and
a—1. The dynamics of such a synthesis only
depends on N

N
D(N)ZZ-'m (20)

Hence, the quantity

N
2_—
D)= 55— @n

a. measurable

is characteristic for the influence of d on the dy-
namics of a multicyclic synthesis.

2.3. Further methods in modeling the dynamics of
multicyclic synthesis on solid-phase (or in solution)

We use here well-known methods of empirical
autocorrelation, fast Fourier transformation, and em-
bedding-dimension techniques. Geometric patterns of
solution profiles calculated according to our equa-
tions (see Section 2.1) and geometric patterns of
experimentally determined elution profiles (see Fig.
3) are evaluated. For this purpose we take A“*""(/,N)
as an observable in the elution profile. The vector
A (CXp”(l,N ) stands for experimentally or theoretically
verified values of relative peak areas in a given
chromatogram/electropherogram with largest reten-
tion of peak /=N. Let us take the following
description of the elution profile of a multicyclic
synthesis

A‘(expl)::A-'(expl)(l’N) _A-'(cxpl;([ + I,N)
t()
tl
= t'j (22)
tN'—Z

~(expl)

We recognize the difference between A (I,N) and

Zlexpl)

A (I + 1,N) by considering it as a signal f{t) with
evolution in time ¢

>(exph)T

flt):=A (23)

where superscript T denotes the transpose of the
vector. The function f{r) is represented by the vector
Y that has the components Vi, =¥o:=f0)y, =y;:=
fAn,. ...y, =yy.;:=fN —2)At). The compo-
nents are obtained by sampling N — | scalar mea-
surements. The sampling intervals are Az =1,

2.3.1. Empirical autocorrelation of multicyclic
synthesis

In optimized (standardized) multicyclic syntheses
(preparations) of oligonucleotides considered here,
we can assume that error sequences are not in-
dependently distributed. Therefore we use a model-
ing procedure that reflects this situation. The auto-
correlation takes into account that groups of time-
dependent observations are similarly related in prob-
ability if they are similarly spaced in time. The
empirical autocorrelation coefficient o,,, [37] is
defined here by

N—=(2+n

1 _ _
N—(i+7r) > (y; =YXy, Y)

j=0

0. (24)

] sz
T2 0,
N_lk,':() Vi

N-2

where y=(N—-1)"'2y, and r=0,1.2,. An
J=0
autocorrelation cannot be larger than + 1 or smaller

than — 1. Obviously g, is always equal to + 1. This
makes sense because the series is perfectly correlated
with its (unlagged) self. When the empirical auto-
correlation coefficients for the time series data at lags
0,1,2,... are plotted against r, the value of the lag,
we get the empirical (sample) autocorrelation func-
tion. Serial correlation is mostly expected at low
lags. Thus we plot @,,, only for r < (¥ —1)/2. The
shape of the lag-r empirical autocorrelation function
will help us to specify elution profiles in assessing
the quality of changes. For example, the quality of
solutions (speaking in terms of governing equations)
can be distinguished by their geometric shape (pat-
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tern): The solution profile is stationary, regular
(periodic), or irregular [38].

2.3.2. Fast Fourier transformation of multicyclic
synthesis

We analyze the time behavior [38] of the signal
f(t) (Eq. 23) at sampling intervals At =1 by

A :fpj: =

N-1)/2
el

S+ 2 (@, cos(vor) + b, sin(var))  (25)
r=I1 ’

where w = 27r/T with period T = 2. In the period T
there are N — 1 functional values y,, thus T=(N —
1)Ar. The Fourier coefficients a,, b, tell us approxi-
mately how much the various frequency components
v contribute to f(r). The amplitude |c,| is associated

with [c,| =Va’ + b,

2.3.3. Embedding-dimension technique for
multicyclic synthesis

For a multidimensional dynamic system we need
simultaneous recording of the values of all variables
of the system. For the homeodynamic system of
multicyclic synthesis we do not know the actually
required number of variables. We assume that the
dynamics of this system is well described by a single
variable even in a multidimensional case. Here we
propose reconstructing a multidimensional descrip-
tion of the dynamics from the variable y, and uvsing
the embedding-dimension technique 1391,

Now, Y, = f(tj) is a variable of the homeodynamic
system of multicyclic synthesis that can be easily
measured, or theoretically verified, by elution pro-
files (see Section 2.1). The time series data of y,
generate a multidimensional embedding space. For
this purpose, for some embedding dimension m the
values of ¥, are grouped in a consecutive fashion to
form  vectors  gy,., ER", where y, ., =
(y,‘_,y,jﬂ,...,),”m__‘)T gives the coordinates of a
single point in the reconstructed m-dimensional
space. Thus, the dynamics is embedded in an m-
dimensional space. The time evolution of the system
is analyzed by running the procedure for successive
vectors y,, ., where j=0,1,2,.... It is mathemati-

cally proven that in the embedding space the dimen-
sion m = 2s + 1 should be used to completely repre-
sent the dynamics of the real system with s dimen-
sions [40]. In practice, the effective dimensionality
may be smaller than that of the original dynamic
systermn [38].

The sequence of values y, ,, €R"™ generated is
called the reconstructed reference trajectory. The
behavior of trajectories in the embedding space has
the same geometric and dynamic properties as the
trajectories in the state space of the real system.
According to [38] we use the largest Lyapunov
exponent A, to measure an exponential stretching of
the scalar distance |F{#)| to the initial scalar distance
|F,| of the perturbed trajectory away from the refer-
ence trajectory. At each point nearby the reference
trajectory the Lyapunov exponent is calculated in the
m-dimensional embedding space

AN 0]
A =lim| lim { —In—= (26)
(=% ] Fol-0 z ‘ro‘

The Lyapunov exponents A, are real numbers.

3. Experimental
3.1. Materials and syntheses

3.1.1. Reagents

5'-0O-Dimethoxytrityldeoxynucleoside-3'-O-(2-cy-
anoethyl)-N,N-diisopropyl phosphoramidites were
acquired from Applied Biosystems, MWG Biotech,
Millipore, and Roth. Standard solutions of
oligodeoxyribonucleotide synthesis (activation, cap-
ping, oxidation, detritylation) were also purchased
from these companies. Phosphoramidites were dis-
solved in acetonitrile, the water content of which was
= 10 ppm (HPLC-grade acetonitrile from Merck) in
final concentration of 0.1 M. Acetonitrile (impurities
=30 ppm) was purchased from Roth (Germany).
Other reagents were analytical-reagent grade.

Water used for sample preparation and mobile
phases was purified by a Milli-Q Plus water purifica-
tion system (Millipore, Bedford, MA, USA). Sample
solutions were filtered through a Millipore filter
(pore size 0.45 pum; Millipore).
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3.1.2. Chemical solid-phase synthesis of
oligodeoxyribonucleotides

Solid-phase oligodeoxyribonucleotide syntheses
were carried out on automated synthesizers (Applied
Biosystems Model 380B and 394 DNA synthesizers)
according to 0.2-umol cycles. In the case of poly-
styrene-grafted polytetrafluoroethylene support P,,
[41], coupling and washing steps for the initial five
elongations were performed during double the time
(60 s) as compared with the standard synthesis
cycles: small scale cyanoethyl cycle 103a of version
2.0 or 2.01 for ABI 380B synthesizer (30mer synth-
eses) or 0.2-umol cyanoethyl cycle for ABI 394
synthesizer of Model 392/394T system software
ROM version 2.0 (65mer syntheses). An amount of
28% aqueous ammonia solution was added to the
protected oligodeoxyribonucleotides bound to the
solid-phase material. The cleavage from the solid
support and the deprotection was completed after
incubation for 5-12 h at 55°C.

Estimation of repetitive trityl yields was done by
relating the 495-nm absorbance of the solution of the
individual detritylation steps to that of the detrityla-
tion of the support-bound nucleoside as described in
[32]. Oligonucleotide concentrations were deter-
mined in crude products after cleavage from solid-
phase [32].

The 5' d CAA CTG ACT GGT CAA CGT CTG
CGT GAA GGT 30mer heterooligonucleotide se-
quence synthesized is the initial part of the codogen-
ous strand of the human +-lipotropin gene [33].
Further, the oligomer dC,, was synthesized.

3.1.3. Solid-phase materials for chemical synthesis
of oligodeoxyribonucleotides

Syntheses were done on the polystyrene-grafted
polytetrafluoroethylene support P,, with nucleoside
loading of 11-18 wmol nucleoside/g support. Sup-
port functionalization and application of this support
for routine small-scale preparations of average-size
oligonucleotides as well as of long sequences are
reported in [42].

3.2. Instrumentation, chromatographic and
electrophoretic conditions

Relative quantification by referring to the inte-
grated absorbance of the peaks was carried out

throughout this study. The comparison of the abso-
lute absorbance values of corresponding peaks
beyond the chromatogram/electropherogram is al-
most meaningless. Every effort has been made to
minimize the overlap of peaks by running optimized
conditions. Further, the computerized capillary elec-
trophoresis system provides an automated method for
the Gaussian deconvolution of overlapping peaks.
The proper estimation of the baseline was visually
controlled for all chromatograms and electropherog-
rams. A few electropherograms had to be reinteg-
rated.

3.2.1. Ion-exchange high-performance liquid
chromatography

The experiments were performed with a Bio-Rad
Model 2700 (Bio-Rad, CA, USA) with Software
Series 800 HRLC-System, Version 2.30.la. The
apparatus is equipped with column oven and with the
Automatic Sampling System Model AS-100T
HRLC. The Bio-Rad UV-Vis detector UV-1806 was
used. The anion-exchange column Mono Q HR 5/5
was purchased from Pharmacia LKB Biotechnology
(Uppsala, Sweden). The following experimental con-
ditions were found to be optimal for separation of N
and N — 1 peaks: flow-rate, 1 ml/min; temperature,
60°C; eluent, buffer A: 10 mM NaOH-0.1 M NaCl
(pH 1), buffer B: 10 mM NaOH-1 M NaCl (pH
11). Linear gradients of 0% to 100% buffer B were
applied over 30 and 40 min, respectively. The
separation was detected by measuring the absorbance
at 260 nm. Regeneration of the column was per-
formed by regularly washing to 0% buffer B during
20 min.

3.2.2. High-performance capillary electrophoresis
Analyses were carried out on a Beckman capillary
electrophoresis system, Model P/ACE 5510 (Beck-
man Instruments, Palo Alto, CA, USA) at 30°C
equipped with a diode-array detector and software
Beckman System Gold Version 8.1. The following
experimental conditions were used: detection, 254
nm; injection, electrokinetic, 5 s, at a voltage of 10
kV; (—) polarity; separation at 230-320 V/cm;
running buffer, 250 mM Tris-borate with 7 M urea,
pH 8.4. The capillaries (type ssDNA 100, 100 um
[.LD.) with linear 12% polyacrylamide gel were
purchased from Beckman. The total length of the



440 Z. Foldes-Papp et al. | J. Chromatogr. A 739 (1996) 431-447

capillary was 47 cm. The window was commercially
cut off with a blade at 40 cm. The capillary was
conditioned and rinsed in a set procedure at the
beginning and end of each measurement in order to
establish reproducible and robust results. For the
conditioning the capillary was filled with new buffer
before each run; the buffer was changed after each
run. The electrophoretic conditions are similar to
those of [43], where the base numbering of FITC-
p(dT) o s00 Was counted for each peak on the
separation pattern resolved up to 500 bases of
oligodeoxythymidic acids (FITC, fluorescein isothio-
cyanate).

3.3. Software

Throughout this study a software program based
on the program in [33] was written to generate
automatically elution profiles of a multicyclic syn-
thesis on fixed starting sites from individual inte-
grated absorbance of peaks measured. This program
is based on the results of Eqs. 7-10 and computes
characteristic values d;, and p,. The program was
written in C code compiled with TurboC+ + from
Borland, USA. The program is combined in a single,
highly integrated software package MicroCal
ORIGIN, Version 3.5 (Scientific and Technical
Graphics in Windows), MicroCal Software, MA,
USA. The input data for a simulation are the target
length N, the experimentally determined values
A“PY(NN) and A“*"’(N — 1,N), the chosen numeri-
cal tolerance 6, and an initial d,, value. The program
checks whether the initial 4, input is realistic, i.e. the
calculated initial p, is lower than 1.0; otherwise it
claims a new initial d, input. The results of simula-
tion are shown on the monitor in the form of a table
containing the final values of d, and p,, as well as
the experimentally determined and calculated values
of A**"(N,N) and A“*""(N — 1,N), and their abso-
lute and relative differences. For the final values of
d, and p, the output file given by the user is stored
and contains the probability density (relative yield)
of target and error sequences according to their
nucleotide length, relative yields weighted to nucleo-
tide length, A“**"(,N) values, the probability density
of undeleted (within the error sequence) immediately
terminated error sequences and of error sequences
not immediately terminated. The output data file can

be loaded into the computer for graphic representa-
tion.

The use of Mathematica® system (a system for
doing mathematics), Enhanced Version 2.2 for Mi-
crosoft Windows (Wolfram Research, Champaign,
IL, USA) is becoming increasingly popular in the
mathematics and science fields. Here we apply
Mathematica’s programming methods to the con-
struction of the actual programs for computing
characteristic constant values of d, and p, (Eqgs.
7-10) and characteristic non-constant values of d
and p (Egs. 13, 14) from experimentally determined
elution profiles using Eqs. 4 and 5. The actual
programs include symbolic, numerical and graphical
computation. The external programs are controlled
by Mathematica® control language for external pro-
cesses and are implemented in high-level shell for
file and data manipulation. The obtained results (see
Fig. 1 and Fig. 2) are examples of the powerful
software tool Mathematica® and its useful problem-
solving techniques. The extended software package
for the quantitative analysis of oligonucleotides and
single-stranded DNA sequences in the crude product
of chemical synthesis will be available from Wolfram
Research, 100 Trade Center Drive, Champaign, IL
61820-7237, USA, as well as from its network
worldwide [44].

The kernel part of the Fortran program for com-
puting the largest Lyapunov exponent A, (see Section
2.3.3) from the time-series data was taken from [45].
However, Wolf et al. [45] provided only a short
torso-algorithm. The automatic choice of the parame-
ters necessary for computation is an improvement of
the program used here. Further, in time-series data
containing very small elements, di (distance before
time evolution between the point on the reference
trajectory and the corresponding point on the per-
turbed trajectory) or df (distance after time evolution
between the point on the reference trajectory and the
corresponding point on the perturbed trajectory) may
be set to zero; the program used ensures positive
values of df or di. The embedding dimension dim is
determined automatically. The integer variable dim
is increased from 2 to 15, i.e. 2=dim=15. The
exponent A, from the time-series data is separately
computed for each embedding dimension and com-
pared with the Lyapunov exponents computed just
before. The computation is finished if A, of the
embedding dimension dim + 1 is close to A, of dim.
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Fig. 1. Separation (insets) of the crude product of the 30mer
heterooligodeoxyribonucleotide synthesis by (A) ion-exchange
high-performance liquid chromatography and (B) high-perform-
ance capillary electrophoresis. The theoretical curve ( ) was
automatically fitted to the experimental values ((J) by proper
setting of synthesis parameters d, and p, for the target length
N=30. (A) d,=0.986131, d,=d (average); p,=0.799990, p,=p
(average). (B) d,=0.980681, d,=d (average). p,=0.796225,
p,=p (average). See text for explanation.
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Fig. 2. Separation (inset) of the crude product of the dC
synthesis by high-performance capillary electrophoresis. The
experimental values ([J) of the electropherogram are compared
with theoretical values ( ). Calculated synthesis parameters
for the target length N=65: d,=0.998 exp{—0.0006(i — 1)}, d=
0.97938 (average) and p,=0.995 exp{—0.00705(i— 1)}, p=
0.80363 (average). See text for explanation.

Generally, the longer the time-series data are given,
the better the approximation of A;. This program
should not be used with time-series data shorter than
400 elements. For determining chaos the time-series
data should contain several oscillations. For rather
short time series (around 400 or less), or time series
with few oscillations it is useful to compare the
results of the program used with the results of other
chaos-indicating techniques, e.g. with those of fast
Fourier transformation or computation of the auto-
correlation function.

The algorithm used for computing the fast Fourier
transformation is a subroutine taken from [46]. The
algorithm used for computing the autocorrelation
function was also written as a subroutine in Fortran
code.

4. Results and discussion

For our experiments in this pilot study we used
two different values of target length N of chemically
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synthesized oligodeoxyribonucleotides. The ex-
perimental data for the separation of crude products
are presented in Fig. 1 and Fig. 2.

The inset of Fig. 1A is the UV chromatogram of
conventional HPIEC with an analytical scale column.
The corresponding UV electropherogram is shown in
the inset of Fig. 1B. Using the anion-exchange
column Mono Q HR 5/5 from Pharmacia LKB
Biotechnology the N and N — 1 peaks for 30mer
crude products are resolved within acceptable limits
[32] by HPIEC (Fig. 1A, inset). Although there is a
good overall agreement between the separation by
HPIEC and HPCE methods, some differences do
occur even at the target length N =30. The res-
olution of smaller peaks has been achieved by HPCE
(Fig. 1B, inset). In all HPCE experiments it was
important to condition and regularly fill the capillary
with new buffer at start up, between runs, and at the
end of the day to get reproducible, robust results.
Under the chromatographic or electrophoretic con-
ditions (unmodified bases, gradient conditions, mo-
bile phase, temperature, pH, etc.) used by us, base
composition [47.48] of resolved HPICE and HPCE
does not influence the results in the crude products.
Very recently, a lot of work has been done addres-
sing experimentally the high-resolution analysis (and
purification) of chemically synthesized oligonucleo-
tides with strong anion-exchange HPLC [18]; very
high-resolution separations were obtained by using
the NucleoPac PA-100 column. In cooperation with
Dionex, this column will be applied to our modeling
strategy.

We modeled the measured elution profiles by our
method of automatically calculated synthesis param-
eters d, and p, in an iterative way (see Section
2.1.1). The following parameters of Eq. 6 were
obtained from the experimental data: In case of
HPIEC d,=0.986131 (here d,=d (average)) and
po =0.799990 (here p,=p (average)) were calcu-
lated, whereas we found d, = 0.980681 (here d, =d
(average)) and p, = 0.796225 (here p, =p (average))
in case of HPCE. The target length N was 30. The
good correspondence between experimental (open
squares) and calculated (solid line) curves (elution
profiles) is evident from Fig. 1. From Eq. 8 it is
apparent that the values of d, and p, depend on the
ratio of relative peak areas N to N — 1. In a recent

study from another laboratory, the N — 1 population
of error sequences was analyzed by cloning and
sequencing [49] for a 25mer oligodeoxyribonu-
cleotide synthesis. No error nucleotides were found
in the last four positions at the 5'-end of N — 1 error
sequences. From this it was concluded [49] that the
coupling/capping/detritylation/oxidation reactions
proceed with lower efficiency at the 3'-end (i.e. at
the beginning of the synthesis) than at the 5'-end,
proceeding at 100% efficiency at the end of the
synthesis. However, this does not necessarily apply
to the data presented in [49] because the chain length
distribution of the non-linear growth system is not
represented by one error population only, e.g. by
N — 1 error sequences. Although the complete com-
position may be difficult to assess by experimental
means, from a theoretical point of view local nucleo-
tide results cannot be expected to give a global
picture of a non-linear growth system.

So far there is no statistically significant difference
between the obtained parameters d, and p, for the
two separation methods of HPIEC and HPCE under
the experimental conditions used. As a consequence
of the observed separation of smaller peaks by HPCE
we decided to separate the crude product of the
65mer synthesis by this method.

In the inset of Fig. 2 the resolving power of HPCE
is demonstrated for the crude products of a 65mer
oligodeoxyribonucleotide synthesis. The UV elec-
tropherogram separated well peaks from N to N —
36. The measured data (open squares) discredit the
constant growth during multicyclic synthesis of the
65mer. The distribution of target and error sequences
(solid line) can be generated by calculating d and p
from all separated peaks in the electropherogram
using Egs. 13 and 14. Characteristic probability
values of d, = 0.998 exp{ — 0.0006(i — 1)},
d =0.97938 (average) and p; =
0.995 exp{ — 0.00705( — 1)}, p =0.80363 (average)
were obtained by the data fitting procedure for non-
constant synthesis conditions (see Section 2.1.2). The
theoretical distribution of Fig. 2 can be regarded as a
good approximation for the real, experimental situa-
tion of the 65mer synthesis. Thus, we conclude that
further differences exist among the 30mer constant
and the 65mer non-constant growth processes of Fig.
| and Fig. 2 presented herein. Analyzing the by-
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products of the 30mer and 65mer syntheses, it is
seen that failed and truncated sequences ‘decay’ to
the left of the target sequence in the electropherog-
rams. This is the first time that it is made possible to
quantify automatically all individual failure se-
quences arising during solid-phase oligonucleotide
synthesis with respect to their number and molar
fraction in a sophisticated way. Clearly, the ex-
perimental methods available do not separate in-
dividual molecular species, but at least they separate
the mixture into individual chain lengths. Therefore,
the ‘decay’ of failed and truncated sequences cannot
be kinetically expressed by an exponential law from
measured elution profiles. The data analysis we have
been developing (see Section 2) provides straight-
forwardly the basis for quantifying differences.
Difference between the relative areas of target
peaks N [A“""(V,N)] of the measured 30mer and
65mer elution profiles can be detected in the chro-
matogram/electropherograms of Fig. 1 and Fig. 2.
At N =30 we measured about 74.59% of the total
peak area and at N =65 about 27.43% of the total
peak area. The residual contains systematic tenden-
cies evaluated by computer simulations of elution
profiles: (i) For the same target length N the drop in
A" (N N) values is caused by decreasing d and/or
p values. The influence of d is much stronger than
the influence of p. However, the relative yields of the
target N, i.e. the M(N,N) values, depend only on d
(Egs. 6¢c and 11). Thus, in practice it would be
unwise to take individual A“**"(/,N) values or their
ratios as measures for the yields of target or error
sequences. Nevertheless, the data vector A (exp”(l,N )
reflects the character of the dynamics of multicyclic
syntheses (see below). (ii) We have seen from the
experimental data of Fig. 1 and Fig. 2 that the
average d values are the same whereas the relative
(and absolute) yields of error sequences are increased
in Fig. 2 as compared with Fig. 1. For increasing
target length N the relative target yields decrease at
same d values (Egs. 6c and 11). Thus, the propaga-
tion probability (d) called ‘coupling efficiency’ in the
chemical literature does not tell us anything on the
time course of a multicyclic synthesis. The same is
true for relative (absolute) yield values. Values of d
and yield values only cover the influence on any
reaction step, but they neglect the portion which is

independent on synthesis length N. Therefore, d
values and yield values are not suitable for an
accurate comparison of multicyclic syntheses at
different target length N.

We have developed methods (see above) for
calculating the length composition of the mixture of
oligonucleotides — target sequences, truncated and
failure chains ~ that arises during the polymer-
supported synthesis of oligonucleotide sequences of
given target length. The reaction front of growing
chains is uniformly propagated in the chemical
reaction modes of oligonucleotide growth. The de-
sired result of syntheses is the uniform target se-
quence. Thus, the model functions are applicable to
other multicyclic syntheses of linear macromolecules
on fixed starting sites such as chemically modified
phosphorothioates DNA synthesis. Linear means
here that first of all the primary structure (sequence)
has been analyzed. Theoretical analysis of properties
of the model function for DNA growth in the
mathematical sequence space [33] shows, in princi-
ple, the validity of this function as applied to
branched pseudo-random walk. This generalized type
of growth mechanism not related to pre-existing
templates differs from growth mechanisms of poly-
merase chain reaction and in vitro enzymatic replica-
tion.

In addition to these observations, three other
quantities are useful for the analysis of multicyclic
syntheses. These are the dimensions
D, reasuranie®™-d), DWV), and D,(d@). For the pre-
sented experimental examples of Fig. 1 and Fig. 2,
the values of the dimensions are given in Table 1.
Eqgs. 16 and 19 have been developed to take into
account the effect of the target length N on the
experimental probability distribution of synthesis
products. For constant growth D, .. (Nd) is
calculated by Eq. 16, whereas under non-constant
multicyclic synthesis conditions we use here Eq. 19
to get exact values of D, ... .....(N,d). The relation-
ship that exists between the target yield and the
target length N is expressed by Eq. 20 in terms of
values of D(N). This is the target yield that only
depends on the target length N. It can be related to
the relative yield of all error sequences, that is
replaceable by the target yield, in terms of
D (N,d) by Eq. 21. The quantities D,(d) =

a, measurable
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Table 1

Quantities of linear’ multicyclic syntheses

Synthesis target length, N d’ P D,(N.d) DY D,d)

30 d,=0.983406 P,=0.7981075 1.19629 0.965517 0.807090

65 a=0.998 y=0.995 1.07250 0.984375 0.917834
B =0.00060 84=0.00705

“Linear means that first of all the primary structure (sequence) has been analyzed.
"The parameters d,, p, were automatically calculated from Egs. 7~10 in an iterative way. The values are the means obtained from
experimental data of Figs. 1A and 1B. The parameters d, = & exp{— B(i — 1)} and p, =y exp{— 8(i — 1)} were calculated from Eqs. 13 and 14

with experimental data of Fig. 2.

“For constant growth calculated from Eq. 16. For non-constant growth calculated from Eq. 19.

‘Calculated from Eq. 20.
‘Calculated from Eq. 21.

0.807090 for the 30mer synthesis and D (d)=
0.917834 for the 65mer synthesis cover the influence
of d on the target product during multicyclic syn-
thesis. More experimental runs of 30mer up to
120mer syntheses are underway to attribute directly
disturbing factors to the variation produced by noise.
However, the difference between the two D,(d)
values indicates that the performance (efficiency) of
this 65mer chemical oligonucleotide synthesis is
higher than that of the 30mer chemical oligonucleo-
tide synthesis presented herein.

In Fig. 3 we further consider the analysis of the
data vector f(¢) =A (exel . The vector is the collec-
tion of N — | components at sampling intervals At =
1. In Fig. 3A we plot f(t) against the nucleotide
length / for the calculated elution profile of the
65mer (dC,) synthesis shown in Fig. 2, whereby [ is
related to ¢ according to Eq. 22. The model f{z), that
is experimentally verified by HPCE as far as the
N — 36 peak, does not reveal any oscillations for the
dC,, synthesis. The shape of the solution profile of
fit) is typical for a non-chaotic process. The sample
autocorrelations g, , that are actually available from
the existing data of the dC,, synthesis are shown ir
Fig. 3B. The statistical dependence of one observa-
tion on another is a function only of their distance r
apart. Inspection of the sample autocorrelation func-
tion of Fig. 3B indicates that for this system (dC,;
synthesis) there exists a positive autocorrelation g,
between adjacent observations, estimated by o,=
+0.394. Beyond this point of the serial dependence
in the data the correlation pattern seems to die out.
The standard error of calculation of the sample

autocorrelation o, ,, is ca. 0.125 assuming the
theoretical autocorrelations are all zero. Hence, the
series is said to be stationary, and in particular it has
a fixed mean. The fast Fourier transformation of the
dC,, synthesis plotted in Fig. 3C shows no charac-
teristic frequencies » as expected for this non-
periodic process.

Next, we theoretically analyze attempted 655mer
syntheses published in the literature [50]. These
DNA oligonucleotide syntheses were carried out on
the 1.0- or 0.2-xmol (synthesis) scale for the top and
bottom strands of the synthetic nef gene. The 655 bp
synthetic nef gene (EMBL accession X58780) has a
621 bp sequence which codes for a protein identical
to HIV-1 (human immunodeficiency virus type 1)
isolate BRU [51]. For these syntheses we suppose
parameters d and p which we found for attempted
238mer syntheses [33]: d, = 0.940 exp{ — 0.0001(; —
1}, p; =p, =0.400= const. The model f(r) calcu-
lated by these parameters for the 655 synthesis tends
towards zero. This scenario occurs after an initial
undulation. The sample autocorrelation function is
nearly the same on the average at low lags r: ¢,=
+0.95414, o,=+0.91056, o,=+0.86794, o=
+0.82700. The standard error of calculation is ca.
0.0391. The fast Fourier transformation of the
655mer synthesis indicates that a frequency at =40
is mainly contributing to the behavior. The calcu-
lated largest Lyapunov exponents A, are
—0.0684600 for a two-dimensional embedding space
and —0.0625392 for a three-dimensional embedding
space. Because the sign of the largest Lyapunov
exponents is negative, the dynamic behavior of these
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655mer syntheses i1s not chaotic. We conclude from
the analysis that the solution profile f(r) of these
655mer syntheses is stationary. In the particular
instance of parameters d and p chosen, f(r) will
shrink to O in the limit —2; an elementary attractor
arises.

5. Conclusions

Today the methods of polymer-supported oligo-
nucleotide synthesis are so advanced that the product
released from the solid-phase is often used without
further purification. Yet, for many practical purposes,
and especially in view of future applications as
human therapeutics, it may be important to know, in
every detail, what individual species are contained to
what proportions in such a product.

The crude products of the solid-phase synthesized
30mer and 65mer oligodeoxyribonucleotides were
separated by HPIEC and HPCE. In this pilot paper
we have introduced mathematical methods of finding
characteristic values d, and p, for constant chemical
modes of growth as well as d and p for non-constant
chemical modes of growth from experimentally
measured elution profiles. These methods are em-
ployed by presenting the accompanying software
developed. The experimental results are consistent
with the theoretical models. The experimental elution
profiles are used for practical reasons to evaluate the
dynamics of multicylic synthesis. The main goal of
this paper is to demonstrate the good correlation
between our mathematical treatment and the ex-
perimental material that we have at hand. The
experimental basis does not permit us to draw
statistically valid conclusions as to the performance
of different support systems for oligonucleotide
synthesis. Further experiments are underway to
predict the product patterns.

We have shown here that our theory brings a
solution to a general problem of data analysis in
separation techniques: We found that differences in
the relative target yields (obtained from integrated
absorbance of peaks) in the chromatogram/elec-
tropherogram of crude products of multicyclic syn-
thesis account for the influence of target length N on
the probability distribution. There is a real difference
among relative target yields not connected with
different target length N. The influence of target
length N is quantified by the fractal dimension D(N).
From a theoretical general viewpoint, elution profiles
of crude products of chemically synthesized
oligoribonucleotides, oligopeptides and assembly of
synthetic genes are also governed by this formalism.
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