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ABSTRACT

Here we analyze the effect of DNA folding on the
performance of short primers and describe a simple
technique for assessing hitherto uncertain values of
thermodynamic parameters that determine the folding
of single-stranded DNA into secondary structure. An
8mer with two degenerate positions is extended
simultaneously at several complementary sites on a
known template (M13mp18) using one, two or three
(but never all four) of the possible dNTPs. The length of
the extension is site specific because it is limited by the
first occurrence in the downstream template sequence
of a base whose complementary dNTP is not present.
The relative priming efficiencies of different sites are
then ranked by comparing their band brightnesses on a
gel. The priming efficiency of a short primer (unlike
conventional long primers) depends dramatically on
the secondary structure of the template at and around
the priming site. We calculated the secondary structure
and its effect on priming using a simple model with
relatively few parameters which were then optimized to
achieve the best match between the predictions and
the actual rankings of the sites in terms of priming
efficiency. This work introduces an efficient and
conceptually novel approach that in the future can
make use of more data to optimize a larger set of DNA
folding parameters in a more refined model. The model
we used, however crude it may be, significantly
improved the prediction of priming efficiencies of 8mer
primers and appreciably raised the success rate of our
DNA sequencing technique (from 67 to 91% with a

significance of P < 7 x 10-5), which uses such primers.

INTRODUCTION

hypothesis. Our ultimate goal was to predict the sequencing
efficiencies of 8mer primers by computing the local second
structure stability and its interference with priming. One problgn
we encountered was that, compared with the extent of knowletge
about RNA, relatively little is known about the values gf
thermodynamic parameters for the folding of DNA. The DN?\
parameters that have been characterized are those for thegbase
pairing and stacking of dinucleotidels~{) and the destabilizationZ
effects of some specific mismatchés-{0). The values of other§
parameters, such as the destabilization effects of other mismaghes
and of different loop sizes, are unclear (to the best of §ur
knowledge). e

We discovered that ranking the priming efficiencies of 8n§er
priming sites provides a technique that dramatically reducessthe
number of experiments and the amount of effort requiredSto
determine the values of DNA folding parameters. In this
technique, DNA folding parameters are optimized by minimizigg
the difference between the predicted and actual efficiencies %f a
short primer at different sites.

For each experiment we used a short primer (an 8mer with gNo
degenerate positions) that was complementary to several sitgs in
a single-stranded phage template of known sequeﬁce
(M13mp18). During the extension reaction, such a primer prlng)es
simultaneously at those sites. To compare the relative priming
efficiencies of the primer at different sites, we deS|gned;‘a
technique of differential extension with nucleotide subsetsgin
which some of the four dNTPs are absent during the extensuﬂ‘n of
the primer (more details below).

The length of the primer extension depends on the tempTate
sequence downstream from the priming site, because it deterndines
how soon the nascent strand extension requires a dNTP that is not
present in the reaction. This sequence dependence makeg the
extension length vary from site to site, hence the extensmg is
termeddifferential The relative priming efficiencies at different
sites can therefore be assessed on the same gel by comparing th
band brightness of the differential extension products, which are

Whether the dramatic variation in priming efficiency of the samef known sizes because the template sequence is known. The
short primer at different priming sites in the same template can bacertain parameters of DNA folding are then optimized by
explained by the local secondary structure differences is @mparing the ranked priming efficiencies of the 8mer primer at
fascinating question. One purpose of this paper was to investigalifferent sites with rankings predicted from secondary structure
the folding of the template around the priming sites to verify thisalculations.
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Table 1.Separation of the reaction sites into two groups: 43 sites with favorable calculated secondary fA@teso(v
the threshold) and 48 sites with unfavorable calculated secondary strdétGatfovethe threshold)

No. of Successful Failed Success
reactions reactions reactions rate (%)
Entire set of DENS reactions performed 91 61 30 67
Below the —13 kcal/mol threshold 43 39 4 91
Above the —13 kcal/mol threshold 48 22 26 46

The probability of obtaining the same or better improvement in the success rate by chari@§y the probability estimate
method in Materials and Methods).

Our computation model was somewhat crude, involvinggach priming site. This length of segment was chosen as the longest
relatively few parameters, and is used here only to demonstraitet we could deal with within a feasible computation time. We used
the conceptually novel approach rather than to finalize the DNsimplified energy rules (as compared with those used in Jaeder
folding parameters to any significant degree of accuracy.3), where all the energy contributions of perfectly matched double
However, the parameter values optimized within this simpléelices were calculated using the nearest neighbor model for gase
model have been found to significantly improve the prediction adtacking (). The end effects were taken into account by adding a
the priming efficiency variation of 8mer primers from site to sitesequence-independent term to the free energy of the folding2per
as compared with unoptimized values. We then successfully uséouble helix end. Internal mismatches were treated as internal I8ops
this prediction model to select 8mer primers for DNA sequencingontaining one base in each strand. The destabilizing energieg for
by DENS (differential extension with nucleotide subsktsand  loops were assigned according to the type of the loop (hai@in,

raised the DENS sequencing success rate appreciably. internal or bulge) and its length. We applied no penalty for inte@al
loops being asymmetric. Our loop energies were assumed te. be
MATERIALS AND METHODS independent of their sequences. An exception was made only, for

internal loops of length two, single-base mismatches, which wigre

Octamer oligonucleotides (containing two degenerate positiorgsigned energy values according to the eight possible mismatehes,
atthe 5end) were from a DENS.{) sequencing library supplied disregarding the neighbor effects. The energies for multibranched
by DNAgency (Malvern, PA). SequiTherm polymerase andoops were calculated using a linear model as in Jaegén(13). 3
related reagents were from the Epicentre Technologies sequendin@onstrained foldings the segments that were supposed to renain
kit (catalogue no. S20100). The single-stranded M13mp18 DNAnfolded were assigned prohibitively high positive energy valuesgor
template was from Amersham (UK) (catalogue no. US 70704jeir base pairing, as in Zuker and Stiegé).(n all the calculations 5
Deoxribonucleotide triphosphates (ANTPs) were from Pharmacige temperature was assumed to 5&C2@n accordance with ours
LKB (Sweden). Fourteen different ANTP mixes (A, C, G, T, A+Cexperimental conditions. The free energy of primer—tempfate
A+G, A+T, C+G, C+T, G+T, A+C+G, A+C+T, A+G+T and annealingAGannealing Was calculated using the nearest neighkfor
C+G+T) were premixed and stored at 220 model (L), except that the initialization term was omitted. S

The primer extension reactions were performed as follows. TheThe statistical significance of our prediction of the successZof
reaction volume was 1@l, containing 0.25 pmol of single- the DENS sequencing reaction was estimated as follows. OuFset
stranded M13mp18 template, 150-200 pmol of the degenerai91 reactions had AAG value associated with each priming
8mer primer; 5 pmol of each of the selected dNTPs, one of whigiite (equationl) and was divided by the threshold AAG &
was spiked (1:10) with-32P label (3000 Ci/mmol; Amersham), (—13.0 kcal/mol) into two groups: 43 reactions below the
and 1.5ul of the reaction buffer concentrate from the Epicentrghreshold (predicted to work) and 48 reactions above ¢he
Technologies sequencing kit. The reaction buffer contained 2 mireshold (predicted to fail). Among the 43 reactions in the figst
Mg?2*, which is equivalent to 0.18 M Ngassuming the formula group, 39 worked (91%), while among the 48 reactions in the
for conversion of [M§'] into [Na'] to be [N&] = 4x [Mg2*]”;  second group, 22 worked (46%) (Taldlp To calculate the ~.
seeOligo Primer Analysis Software Version 5.0 Manu#94).  statistical probability that our division was as good as it was:by
The reaction mixture was incubated at@@or 3 min and placed chance, we assumed that our 91 reactions (priming sites) Were
immediately in a 20C water bath. SequiTherm (5 U) was thenassignedAAG values randomly and ordered by these WIORg
added, initiating the primer extension reaction, which wagandom)AAG values. Then, if we take reactions from the topS
allowed to proceed at 2@ for 10 min. The reaction was stoppedof the list of our total set of 91 reactions (of which 61 worked and
by adding 12ul of stop solution (10 mM EDTA in formamide). 30 failed), the probability thah or more of them work is:
The differential extension products were then electrophoresed on

adenaturing 12% polyacrylamide gel. The efficiencies of priming i (_51)<30 ) i ___eu30
were assessed by the intensity of the corresponding bands, taking =\! N- £ B (N-DIE0-N+1)!
into account the number of radioactive labels contributing to each Pn(M = o1 = o1

band (radiolabeled bases in the extension sequence). (N ) N!I(91-N)!

DENS sequencing reactions were performed as described
earlier (L1). For our dataN = 43 andm = 39), this probability equal3(39) =

Free energies\G) associated with folding were computed using4 x 105, which is a measure of how good our chosen division is.
a home-made program (in C++ in UNIX), which is a dynamicThere are 90 ways to divide our 91 reactions (ranked /At
programming algorithm very similar to that in Zukér2, We  values) into two groups of sizésand 91 -N by setting 2AAG
analyzed foldings of the 200 nt-long segment of DNA centered dhreshold. Calculation of the statistical significance of the results of



our DENS sequencing experiments should take into account this
multiplicity. The probability that at least one of these 90 divisions
(for any of the values i from 1 to 90) will havePy(m) < 4x 106

was calculated to be ¥ 10> by a program that exhaustively
scanned all the possible combinations (pairs) of valudsaofim.

RESULTS

Ranking priming efficiency using differential extension
experiments

The experimental data we used for assessing the unknown
parameters of DNA folding were the relative priming efficiencies

of an 8mer primer (with two degenerate positions at Hesé)

at different sites on a single-stranded M13mp18 template. We
used the following technique, which allowed us to obtain a
complete set of such data in a single priming experiment using
differential extension with nucleotide subsets. Each 8mer was
extended on a single-stranded M13mp18 template in several
separate reactions. Each reaction contained one of the 14 possible
subsets of ANTPs (A, C, G, T, A+C, A+G, A+T, C+G, C+T, G+T,
A+C+G, A+C+T, A+G+T and C+G+T), but none of them
contained all four dNTPs (Fid. and Table?). Since there was

only a partial set of dNTPs in each tube, the extension of the primer
stopped at the first occurrence in the template of a base that was not
complementary to any of the dNTPs present. Therefore, the length
of the extension product at each site was sequence- and dNTP
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Elongation by 0 bases:
<-3’ -AATAAGTG-5"
LI
--5’-caagccTTATTCACtgaa-3' -~
917*
Elongation by 12 bases:
<-3'’-cacttttttaatAATAAGCG-5'
AR RRRRRRRRRRAAN
--5’-ttttcaacgtgaaaaaattaTTATTCGCaattc-3'~-
1591”
Elongation by O bases:
<-3'-AATAAGGC-5'
[ETETT
--5'-aataaacTTATTCCGtggtg-3' --
2758%
Elongation by 10 bases:
<-3'-acaaaaatacAATAAGAG-5'
PCLVELETETTTITELT
--5’-tccctgtttttatgTTATTCTCtctgta-3’ -~
3115"°
Elongation by 5 bases:
<-3’-ccacaAATAAGAA-5'
RRARRRRRNANY
--5’-tccggtgt TTATTCTTattt -3/ - -
3849"
Elongation by 4 bases:
<-3’ -ttccAATAAGTG-5'
FECETEETTTH
--5’ -tacagaagcaaggTTATTCACtcaca-3"’ --
4164"
Elongation by 1 base:
<-3’-tAATAAGTC-5'
T
--5'-ccttccaTTATTCAGaagta-3' --
4488"

dno-oiwepeoe//:sdiy woly pepeojumod

set-dependent (Tabkand _Fig-l)- After separation of .the prOdU?tS Figure 1. Differential extension of the primer-BINGAATAA-3' at all
by 12% PAGE, we could identify bands corresponding to particulacomplementary sites on single-stranded M13mp18 template using the A+CT
priming sites by the length of the product (because the sequencesg_f)set of dNTPs. N stands for a degenerate position. The primer is one o_fghe
the M13mp18 template is known) (FK) The strength ofthe band Primers we used for the test set. The figure shows the extension of the prider

indi dth |ati ffici £ orimi h di ., _ateach of the sites when only dATP, dCTP and dTTP (but not dGTP) are present
!n "?ate the relative e 'C'er_'CY 0 p_rlmlng at t_ e CPr_reSPO” Ing S"'teivn the reaction mixture. The upper line for each elongation indicates the prin%r
in this way we ranked the priming sites by their efficiencies. We tooktrand; the lower line indicates the priming site in the template. The primers and
. . . - . . . D .
into account the difference in the numbers of the radiolabeletheir complementary sites are shown in upper case and the bases added duging

nucleotides in the extension sequences at different sites. the extension are shown in bold lower case. The number followed by indic@s
the position in the M13 template. w

Primers and priming site$\Vle compared every priming site with
every other site (in terms of band brightness) wherever they could a
be compared in the same lane on the gel. We wrote a program thait Our training set consisted of seven sets of ranked sites{for
calculates the number of site pairs that can be compared using $eeen different two-base-degenerate 8mer primers, each hq"g/ing
same dNTP set (lane) for a given primer on a given template. Waree to eight complementary sites on M13mpl18) containing,
used this number to select the most informative primers for theverall, 40 priming sites and 95 ranked pairs of sites that coulgd be
experiment (an example is given in TableA set of primers and compared on a gel. The sequences of the seven primers weye ac
their priming sites selected in this way was used to optimize DNfllows (5 - 3'): NNGGGAAG; NNGGAAGG; NNGCCAGC,;
folding parameters and for this reason is referred to &mthing ~ NNGAAACA; NNGATAAA; NNGGAATT; NNGAGTAA.

/92SS/

Table 2. Differential extension lengths (in nt) of a particular primésNBIGAATAA-3') when extended on a single-stranded
M13mp18 template with all possible dNTP subsets

¥20¢ UdJeN €] Uo3s

Position  Various dNTP subsets

in M13 A C G T A+C A+G A+T C+G C+T G+T A+C+G A+C+T A+G+T C+G+T
917 0 0 2 0 0 2 0 3 0 2 2 0 2 11
1591 0o 0 0 1 0 0 9 0 1 1 0 12 9 1
2758 0 o0 1 0 0 1 0 1 0 4 1 0 11 4
3115 0 1 0 0 2 0 0 1 1 0 2 10 1
3849 1 0 0 0 5 1 1 0 0 0 9 5 1 0
4164 0 2 0 0 2 0 0 2 4 0 2 0 12
4488 0 0 0 1 0 0 1 0 1 3 0 1 14 3

The primer has seven complementary sites on the template. The last three columns are in bold to emphasize the facitiatttieey co
necessary information for ranking all the sites. This is in contrast to the first two columns, where only two sites caal lf&itesniat
positions 3115 and 4164 can be ranked in the lane of the extension using dCTP alone).



5528 Nucleic Acids Research, 1998, Vol. 26, No. 23

Figure 3. Schematic representation of the clean sileS{retched segment of O
i 5 the template. The arrow indicates the primer. The black bar in the middle
indicates the ‘clean site’, which is essential for priming and hence should rgat
be involved in the secondary structure. The clean site includes the 8 nt-lghg
primer-complementary site and a downstream stretch whose length vias
sl ,.' optimized and found to be 8 nt (16 nt in totdd). The best folding minimizes =
the free energy but may be incompatible with priming by the primer undgr
consideration. Here the case is illustrated by the priming site being involvedin
the secondary structure) {he best folding compatible with priming. It has theo
minimal free energy among the foldings that leave the ‘clean site’ (black bat)
Figure 2. PAGE autoradiogram of three extension reactions of primer free for priming. ) Minimal loop length. The double-stranded region is rlgldm
5'-NNGAATAA-3' on M13mp18 template with the A+C+T, A+G+T and  and therefore cannot be part of a loop that is smaller than twice the length ofthe
C+G+T subsets of dNTPs. The identified bands are marked by arrows. Theprimer. Also, the dimensions of DNA polymerase probably add son%
numbers above the arrows indicate the differential extension lengths (in nt). restriction on the minimal loop length, which according to our resuiist.

/w09 dno-ol

The influence of local secondary structure on priming efficiency
We assumed the following link between priming efficiency andnitial values We started the optimization process from tﬁe
secondary structure. A segment of the template can theoretical@flowing initial thermodynamic parameter values. The stabili
be folded in many different ways. Each folding is associated witef double helical regions was calculated using the nearest
a free energy value. The lower that energy value the higher thgighbor model, with thermodynamic parameter values fOftheBlO
proportion of template molecules folded that way. dinucleotides from Breslauet al (1). For single-stranded |OOpSS
We refer to the lowest free energy of all possible foldings as tH#ternal, bulge, hairpin and multibranched), we used the |QE|0
best foldingenergy, because for thermodynamic reasons théalues for RNA from Jaeget al (13) (which gave results similars
template molecules tend to assume this best folding. Not all of tk@ 15), disregarding the sequence dependence of the lgop
possible foldings are compatible with priming by a shorenergies. Also, no corrections were made for asymmetrlc Ioaps
oligonucleotide at a particular priming site. For successfutoop closure was assumed to have enthakpy 0, as in Jaegers
priming, the region that includes the priming site and severaft al (13). Thus AG values for the loops were recalculated frOE“
bases immediately downstream of the primer should not B¥°C, as in Jaegait al (13), to our 20C by multiplying by the <
involved in secondary structure (F@—c) (We refer to this ratio of the absolute temperatures, 293/310. All of the pos@ole
region as thelean site) Nor should the priming site be part of a mismatches were assigned the same initial value of energys the
single-stranded loop shorter than a certain length (referred to @8ergy value of an internal RNA loop of two bases in length, gne
the minimal loop) (Fig. 3d). A folding that obeys these rules is base in each strand.
referred to as eonstrainedfolding (constrained by the priming
requirements). A particular constrained folding that provides th&n€ OPjective function for optimization of parametexs each
lowest free energy among all the constrained foldings is referr%rnlng site we calculatefIAG = AGconstrained-AGpest Where
to below as thebest constrained foldingThus the priming bestis the lowest free energy for the folded unconstrained
requires the following change in free energy: template andGconstraineds that for the constrained one. Here we
dropped the last term of equatiérbecause we assumed that
AAG = AGconstrained-AGpest* AGannealing primer—-template binding energy of a particular primer was the
where AGcompatible is the free energy of the best constrainecsame at all its annealing sites. Thus, we neglected the slight
folding (compatible with priming)AGpest is that of the best variance due to the two degenerate bases in the primer. Indeed, we
folding (unconstrained) am¥Gannealingis that of primer—template found no correlation between the template bases matching the
annealing. The larger t&AG, the lower the fraction of template degenerate positions and the priming efficiency at different sites
molecules that allows annealing of the primer. Consequently, thig the same primer. In other words, the two degenerate positions
free energy difference should reflect the strength of the primingrake the primer a mixture of 16 sequences, but the differences
reaction at a particular site. The actual character of the dependebetween the sequences appear to have negligible effect on the
of the priming efficiency oAAG (e.g. linear, exponential) does not priming efficiency when compared with that of the secondary
affect the predicted ranking of priming efficiencies at different sitestructure of the template.

1202 UoJBIN
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Having obtained both predicted and actual rankings of a givamhereGigrgeis the energy of DNA loop of lengllyrge Gg is the
set of priming sites (for the same degenerate 8mer primer), ve@ergy of a 9 nt-long RNA loop,is temperature aridlis the gas
then counted the number of misranked site pairs (whose predicteahstant. These factors (CONg&jand CONSq9 were applied
intra-pair rank order was different from the experimentallyto all the loop types, internal, hairpins, bulges and multibranched,
measured one). Owbjective functiorequaled this number (of without distinction. The optimized parameters were found to be
wrongly predicted site pairs) and hence measured how well tEONSTmg) = 1.1+ 0.05 and CONSgrge= 1.9+ 0.1.
values of the parameters were optimized. The aim of the

optimization was to find a set of parameter values that minimizg8la a1ty for the ends of double helicksother parameter that can

the objective function. We optimized the non-thermodynamige regarded as one of the loop parameters is a constant penalty for

parameters first and then the thermodynamic ones. every double helix end. Initially it was assumed to be zero and
upon optimization was found to be —0:08.01 kcal/mol.

Non-thermodynamic parametersThe non-thermodynamic

parameters included the clean site, the shift of tem@ of the  \ismatcheswe assigned a separate parameter to the energy of
clean site relative to the-8nd of the primer and the minimal I00p each of the eight possible mismatches (A*A, A*C, A*G, C*C,
length. To optimize them we fixed all the thermodynamicc+t G*G, G*T and T*T). The optimized destabilization,

parameters at the initial values (described above). Since tBﬁe,rgies in kcal/mol for the mismatches were found to be: ASA
non-thermodynamic parameters are integers, we exhaustively, g (undefined upper limit, lower limit = 2.3); A*C = -6 =

scanned all reasonable combinations and found the exact optimals: A+G = 2.5 (undefined upper limit, lower limit = 2.4); C*G.
values. The values for the clean site, the shift of tea@ of the = _g 2+ 0.05; C*T = 1.1 0.3; G*G = 2.1 (undefined upper limit&
clean site relative to the-8nd of the primer and the minimal loop |ower limit = 2.0); G*T = 0.7 0.1; T*T = 0.4+ 0.05.
length have been found to be 16, 8 and 40 nt, respectively. In all

subsequent optimizations of the thermodynamic parameters,
non-thermodynamic parameters were fixed at these values.

W wouy

tIE(raror margins. The error margins for the obtained parameté’\rs
were assessed by varying each parameter (one at a time) ingboth
) _ directions and defining the end of the error bar as the poirit at
Thermodynamic parametel#/e used the values of base stackingyhich the objective function grew by one. For some mismatcBes
and base pairing energies known from the nearest neighbor moggk of the two error margins remained undefined (open from @ne
studies () without optimizing them. The thermodynamic of the two sides). In other words, no change in the objecfive
parameters that we optimized were free energies for singlgmction was found for A*A, A*G and G*G varying in one3
stranded DNA |OOpS and for mismatches in the double hellcatrection' probab|y because of under-representa’[ion of i,he
V)

pOI’tiOﬂS. The optimization was performed using the 95 rank%rresponding mismatches in the training set.
pairs of priming sites in the training set. To find the optimal values

i i Q
of the thermodynamic parameters, we varied one parameter a‘ieast setTo test the validity of the optimized parameter values, §

time, fixed it at the best value and then varied the next on brf d dditional set of " na diff t ori
eventually returning to the first parameter. We continued th&lcHormed an additional set of reactions (using different primgrs
process iteratively until no further improvement in the objectiv&nd Priming sites) that we called the test set. The test set inclitled
function could be reached. After optimization, the number of'dNt Primers, which yielded 147 experimentally ordered pairsof
misrankings (wrongly ranked pairs of sites) dropped from 31 (wit riming sites. The primers had the following sequences3y:
- : e - NNGAATAA, NNGTGAAT, NNCAGAGC, NNCAAAAG,
initial parameters) to 15 (with optimized parameters). The followin NCCACCA NNCCAGTA NNGAAAGG and NNCACCAG
thermodynamic parameters were optimized: single-strandes,| C ) ' fih t' dicted ranki fthe test t Si
penalty for the ends of double helices, and mismatches. omparison of the computer predicted ranking of the test Set sites
with the ranking obtained experimentally revealed 56 pairssof
sites with wrongly predicted intra-pair ranks (misrankings) Wh@n
Single-stranded loopslo reduce the overall number of loop using the initial, unoptimized thermodynamic parameters, and;41
parameters, we assumed that, in general, the behavior of DNisrankings when using the parameters optimized for DNA {an
loops is similar to that of RNA loops. Therefore, because owxample is given in TabR). (In both cases we used the optimiz
initial values for loop parameters were based on RNA studies, Walues for the non-thermodynamic parameters listed abéve,
used them as a skeleton and optimized only a relatively small $gicause there were no initial values for them.) 5
of corrections. The correction parameters we defined were theTo assess the statistical significance of this result, we wrofe a
weights of small (<10 nt long) and largelQ nt long) loops, program that assignefiAG randomly (by a random number
denoted CONSiha1and CONSTRge respectively. While doing  generator) to all the sites. Running this program 1 000 000 times
this, we assumed for simplification that the DNA parameters faievealed that:
loops within each of the two classes were, at the first approximationthe average number of misrankings was 73.5, which is, as
proportional to those known for RNAF) (averaged over various  expected, 50% of the overall number of pairs;
sequences). Therefore, the energy of a small loop was calculatedsagut of the 1 000 000 runs,310* times the number of mis-
_ rankings was56 (the number of misrankings when our initial
Gsmall= CONSEmall * GrRnA 2 values were used for unknown parameters);

whereGgsmais the energy of a small DNA loop aGgna is the  * out of the 1 000 000 runs, 175 times the number of misrankings

energy of the corresponding RNA loop. The energy of a large Was<41 (the number of misrankings after our optimization for
loop was calculated as: DNA), thus the probability that pure chance caused the test set

results to be as good as they were is 175 out of 1 000 000, or
G|arge: Gg + CONS‘ITargé?TI”(L]arge{g) 3 |I X 10_4

e/l

6L9LL1L/
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Table 3.Measured and predicted (calculated) rankings of the efficiencies of the seven priming sites of the primer
5'-NNGAATAA-3', with initial (left) and optimized (right) folding parameters

Predicted ranking with thiaitial thermodynamic Predicted ranking with theptimizedthermodynamic

parameters yields four misrankings: 3115*1591, parameters yields two misrankings: 3115*1591

4164+*1591, 3849*2758 and 4488*2758 and 3115*4164

CalculatedMAG Rank based on Position in Calcula®®iG Rank based on Position in

(kcal/mol) gel band brightness  M13 template (kcal/mol) gel band brightness  M13 template
0 1 3115 0 1 3115

0.2 1 4164 0.9 0 1591

1.8 0 1591 2.1 0 4164

1.9 3 3849 25 2 2758

2.2 4 4488 2.7 3 3849

4.0 2 2758 5.9 4 4488

5.3 4 917 8.3 4 917

For this primer, the optimization of the parameters decreased the number of misrankings from four to two. Misranking is a pair
of sites with wrongly predicted intra-pair order of their priming efficiencies. The priming sites are listed in the oreldictefgr
efficiency (the smaller the calculatAAG value, the higher the predicted efficiency).

Success predictions for DENS sequencing reactions

The DENS sequencing techniquél) is based on initial

extension (at 20-3) of a short primer by a DNA polymerase 3
with only two out of the four possible dNTPs present in the DENS mechanism
reaction mix. The primer (e.g. a partially degenerate 8mer,

complementary to several sites in the template) is too short to The same octamer primer
prime uniquely. In the presence of only two dNTPs, the 3'.GGAAGGNN-5'
polymerase extends the 8mer by several bases until it encounters anneals at multiple sites

a template base that cannot form a base pair with either of the two

available dNTPs. Therefore, at different priming sites, the same / \
primer is extended to different lengths as determined by the 3- [GGARGGNN -5 3- [GGRAGENH -5

template sequence, thus making the extension ‘differential’, > ™A} CCTTCCATIRTICA==//=" CCCTTTCTTCCCITCCTTTCTCGCCA-3 " Tomplate,
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DENS requires the freedom to choose the intended priming site Diff tial extensi
within a span of dozens of bases (as in primer walking, where the 1tierential extension
last 100200 bases of the previous sequence run are available for at 200C
placing the primer). This freedom is used to choose both the with only two dNTPs; | the intended site is
. L . .. yield a
intended priming site and the two-dNTP subset so as to maximizgiernative dATP + dGTP long extension with
the extension length at that site. In contrast, alternative priming site two dNTPs
sites are located in the template randomly and therefore at these ' v
sites the differential extensions are likely to be substantially s _aEee-s = 3 cmcwdbomoamls . rempie
shorter than at the intended site (with the selected two-dNTP 4e81 5592 Position #
subset). This procedure is repeated using thermocycling with a Sequencing reaction
thermostable polymerase. at 600C,

A subsequent higher temperature termination reaction is too high for shorter
thermocycled with all four dNTPs present, similarly to regular extensions
cycle sequencing. The annealing/extension temperature of the Y
termination stage (usually 60-85) is selected so as to allow the NO |, Sequencing
product of the differential extension at the intended site to be  [Sequencing
further extended. In contrast, the differential extension products pattern

of the same primer at alternative sites are shorter than at the
intended one and thus are unlikely to anneal and be extended,
because most of them are shorter than the threshold (5 base-long
extension) imposed by the temperature (4)9 Figure 4. Flow-chart of the DENS sequencing technique (11) illustrating the

P o ; mechanism of specific priming by an otherwise non-specific 8mer primer. The
Our computer program for predlctlng the efficiencies of 8mer shown here has five complementary sites in M13mp18 single-stranded

priming sites was tested on 91 sequencing reactions performed Qipiate, and without DENS gives an unreadable sequence pattern. In DENS,
M13mpl18 and on chicken virus inserts cloned in Bluescriplonly two (out of the four possible) dNTPs are used for the initial ‘differential’
vectors using the DENS technique with fluorescent dye terminatortension step. If the dNTP subset is A+G, then this 8mer can be extended at
(11). The sensitivity of our sequencing machines (AB|_373)tW0 positions only, 4481 and 5592, by 2 and 8 nt, respectively. Of these two

- - . roducts, 10 and 16 bases long, only the latter (position 5592) is long enough
allowed detection of strong reactions only, thus separating all th% prime in the subsequent termination reaction &€6This discrimination by

reactions into two groups: detectable (strong enough) an@mperature makes the intended priming site unique (position 5592). N stands
undetectable (too weak). for a fully degenerate position (A+C+G+T).
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The first step in the DENS reaction is the differential extensiodifference between optimal and suboptimal foldings need not be
of an 8mer primer; low priming efficiency at this step is the mairronsidered.
reason for weak reactions. Assuming that some first step reaction¥Ve calculated the secondary structure using a static equilibrium
were weak because of unfavorable secondary structuneodel, even though the process is generally considered kinetic.
(i.e. relatively highAAG), we found a threshold f&AG above  Support for the static model comes from the observation that the
which the reactions were predicted to fail. Thus, the reactionglative priming efficiencies were not affected by the concentration
were divided into two groups: predicted to wolAG below the  of the primer. In experiments not described in this paper, we
threshold) and predicted to fall4G above the threshold). varied the concentration of the 8mer primer by more than two

Tablel represents the results of dividing by 82%G threshold  orders of magnitude without observing any change in relative
compared with the experimental data. It can be seen that Byiming efficiencies.
selecting the priming sites predicted to be good (e.g. 43 sitesag a starting point for the optimization we took Breslauer’s
below the threshold &#AG = —13 kcal/mol), the rate of success negrest neighbor parameters for base stackipgrfd RNA
can be r_aised from 67 to 91%. We performeq statistical a”aW%rameters for loopslg). We found them to provide better
and estimated that the probab|I|t5y that this result could bgyreement between the predicted and actual rankings of priming
obtained by chance 8 < 7 x 107 (probability calculation  gjieg than did other sets of paramet2gg (when checked on the
method in Materials anql I\/_Iethods). The sequencing fal_lures WefR3ining set'.
due to either weak priming or alternative priming sites. OUr \yinimizing a non-linear objective function of a multidimensional
predictions deal only with the former cause, thus even g .meter set is known to be problematic and researchers have

hypothetical 100% f;\ccuraMG ranking of the sites would not i, o, ifterent approaches to this ubiquitous problem. Due tohe
translate into a 100% agreement with sequencing results. long computation time required to calculate our objectige

function (015 min for each point in the parameter space usin§ a

DEC 564 alpha computer), we limited the size of the trainingz';:%et
DISCUSSION and the nu_mbe_r of parameters to_be pp_timized. For this_reagon,

our model in this work was very simplistic and unsophisticated.

) ) S Thus, for mismatches we had to neglect the effect of the flanking

The method reported here predicts the site-specific efficiency @bquences (nearest neighbor influence), even though this effect
8mer priming by computing the change in the free energy of theyn be significant 5-10). Therefore, the energy values df
local secondary structures of the template associated with thismatches that we have optimized can be regarded only as
priming. We have successfully applied the method to select 8Mgyeraged over a spectrum of the nearest neighbors that may be
primers for DENS sequencing (raising the success rsate from fased in our sample towards more represented neighbors zThe
to 91%, with a statistical significance Bf< 7 x 10~) and  ,gimentary nature of the model we used and the small size ofthe
anticipate that the method can probably be applied to oth ining set data make the accuracy of the obtained regijlts
sequencing techniques that are based on short primers. Conversghte it to estimate. S
to optimize the energy parameters of DNA folding, we used the Our training set was not large enough to provide tight en%pr

priming efficiency ranking of an 8mer at different sites in the samg, rgins for all the mismaiches. The occurrence of spegfic

template, minimizing the discrepancy between the computed aﬂﬂzmatches is less common than that of loops. Therefore, uiiike
the actual efficiency rankings. This approach dramaticall TS

Ynismatches, the loop stability parameters COMGITCONSTgrge =
- - , ge =
reduces the benchwork required to estimate the parametgrsy e duplex end penalty have well-defined margins. In contrast
involved in calculating DNA folding. The priming efficiencies of

; ) . he loop parameters, we could not find the upper marginsor
a degenerate 8mer at different sites are compared in the saﬁ%é e of the mismatches (A*A, A*G and G*G). These resufts

reaction, on the same template, on the same PAGE gel and in it ) i
same lane. Such uniformity minimizes experimental variation"g(‘j[;—'r::"jlte that, while our DNA loop parameters can be considéted

. . . . @
and provides informative data from a single experiment. Atypicé?“ab.le’ many of our mismatch energies cannot. An mteresg}ng
experiment can be accomplished with® min plus a 2 h PAGE. guestion is whether these results also indicate that the Ibop

This technique can yield values for folding parameters for garameters are more critical than mismatches for predicting prining

variety of conditions and oligonucleotide modifications. efficiency and, possibly, for computing secondary structure. &Z’
The priming efficiency ranking of several sites per primer. OUrfree energy values for G*T and C*T mismatches are wit8in
turned out to be a highly informative set of data. For exampld€ range reported in the literature. For G*T our free energiis
eight sites can be ranked in 8! = 40 320 ways and only one of thesk/ kcal/mol, compared with +1.05 to —1.05 kcal/mol (depending
rankings is found in the actual experiment. These rankings a8 the neighbors) reported in Allawi and Santal ugjaHor C*T
much more informative than conventional melting data obtaine@tr free energy is 1.1 kcal/mol, compared with +1.02 to
from an experiment of a similar size for deducing thermodynamic1-95 kcal/mol (depending on the neighbors) reported in Allawi
parameters of DNA folding. It remains to be seen whether anoth@fd SantaLucial().
approach, such as informative pause d&ip ¢an be as efficient ~ The free energy we obtained for the A*G mismatch was
for deducing DNA secondary structure parameters. 2.5 kcal/mol and seems too large when compared with the +1.16
Our method is based on the free energy of folding rather th&m—0.78 kcal/mol reported in Allawi and SantaLu€ia Partial
on the folding structure and that makes it relatively robustlata about the other mismatches can be found in Aboat-ala
Indeed, there is great uncertainty about the secondary structui®, Werntgeset al (6) and Gaffneyet al (7). The data in these
many very different suboptimal structures have free energies thzpers were obtained for very few (out of the 16 possible)
are virtually the same as that of the optimal structure. Fortunatehgighbors and thus may be biased. This bias could be one of the
we use only the free energy value here, while the structureasons for discrepancies between these papers and our results.

MOQ]
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Other possible reasons for discrepancies between our mismatcur algorithm can be adjusted for parallel computing (which
free energies and those in the literature include the following. we did not use), in which case the CPU time bottleneck should be
 Our training set is not big enough to represent equally all theased by the use of a supercomputer. With fully parallel

neighbors of each mismatch, thus the obtained parameters neaynputation, the program can be speeded up by a factor of 8000

be biased toward the most represented combinations. or so, reducing the required time from 15 miodL s. This speed

* In mismatch studies reported in the literature, internal mismatchsblould allow use of a training set large enough to optimize a more
were usually measured inside relatively long (>10 nt) doubleomplete set of parameters within a more sophisticated model and
helices. In contrast, we deal with DNA with sequences close tnore advanced minimization algorithms to avoid local minima
random; where most double helical segments in the DNANd find more precisely optimized values for the parameters.
folding are much shorter. The structure of base arrangement can
be different in short duplexes (as compared with long ones) apndCKNOWLEDGEMENTS
so can the free energies of mismatches. ]

« Most studies used buffers containing'Nemonovalent cation, We thank Edward Trifonov for valuable comments and Maura
whereas we used Mg which is divalent. The behavior of Devine and Cathy Kaicher for help in editing. This work was
base-pairing thermodynamics in the presence of divalegtipported by DOE grant no. DE-FG02-94ER61831 and DOE
cations is likely to be more complicates). contract no. W-31-109-ENG-38.

« A different ionic strength. Our 2.0 mM Mgis equivalent to
0.18 M N& (Materials and Methods), which is much lower REFERENCES
than the 1.0 M Naused in most studies.

» The minimum that we found for our objective function may be ! 2233'?2‘3,’ﬁ%;géag'?ﬁlﬁgg',‘e“H' and Marky,L.A. (198@)c. Nad
local rather than global. A more sophisticated minimizations peicourt,S.G. and Blake,R.D. (199L)Biol. Chem 266 15160-15169.
technique might find a better solution. 3 Santalucia,J.,Jr, Allawi,H.T. and Seneviratne,A.P. (188@&hemistry35,
Still, the statistical signifjcgnce of the validation test results 3S>5a5n?;5>3§§.J 3 (199Byoc. Natl Acad. Sci, USAS, 1460-1465

(test set and DENS pred|c_t|ons) shows th_e robustness of t Aboul-ela.F. Koh D.. Tinico.l. r and Martin.EH. (1985)

approach. The reactions using the test set (independent from they ceic Acids Resl13 48114823,

training one) have shown that the optimized parameter value§ \wemtges,H., Steger,G., Riesner,D. and Fritz,H.J. (1986ic Acids Res

predict the priming efficiency much better than the initial ones, 14, 3773-3791.

which were partially borrowed from RNA studi€s< 2x 1079). 7 Gaffney,B. L. and Jones,R.A. (198Ipchemistry28, 5881-5889.

iy ; : Allawi,H.,T. and SantaLucia,J.,Jr (19%ipchemistry36, 10581-10594.
Moreover, the optimized values turned out to be useful in practic Allawi H.T. and SantaLucia.J. Jr (Lo@pchemistry37, 2170-2179.

for predicting the primer succe$d ¢ 7x 102in Tablel) inthe 19 AlawiH.T. and SantaLucia,J.,Jr (L99&)cleic Acids Re26, 26942701,
DENS sequencing technique and thus can be used for DENS Raja,M.C., Zevin-Sonkin,D., Shwartzburd,J., Rozovskaya, T.A.,
primer selection. These two independent validations of the Slobolev,il.A., Crzertkoxl;d,o.,I Ramagathan,\/-, Lvovsky,L. and

i indi ; Ulanovsky,L.E. (1997Nucleic Acids Res25, 800—805.
Optlmlzeﬁl par:at)meteyt VaIU(?SI _|nd|q?te ft-r:at -OUI’ll expiatrlment Zuker,M. (1989) In Waterman,M.S. (ed)athematical Methods in DNA
approach may be quite use u |n_sp| e of its simplicity. It cann Sequence<CRC Press, Boca Raton, FL, pp. 159-184.
be ruled out that the folding of single-stranded DNA of naturals Jaeger,J.A., Turner,D.H. and Zuker,M. (1988)c. Natl Acad. Sci. USA
sequence under physiological conditions (e.g. in DNA sequencing) 86, 7706-7710. o
is better predicted by parameter values found using our approakh Zuker,M. and Stieger,P. (198%jicleic Acids Res9, 133-201.

; ; 15 Walter,A.E., Turner,D.H., Kim,J., Lyttle,H.M., Muller,P., Mathews,D.H.
(perhaps refined in the future) than by parameters found i and Zuker, V. (1994proc. Natl Acad. Sei. USAL 9218.9222.

artificially designed (long) duplexes under artificial conditions, 5 reckmann,B., Grosse, F., Urbanke,C., Frank,R., Blocker,H. and Krauss
as In most previous studies. (1985)Eur. J. Biochem 152 633-643.

202 YoJeIN €1 U0 1senb Aq 26§91 | 1/525G/€2/92/a1o1He/1eu/w00 dno dIwapede)/ SRy WOl papeojumoq



