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Abstract Prior to the biological experiments, either PCR or DNA
chips, primers have to be designed and synthesized. In gen-

The design of PCR or DNA Chip experiments is a eral, primgr design i_s based. on sgveral criteria that extgnd
time consuming process where bioinformatics is extensivelyP@yond string matching. Typical criteria used for the design
used. The selection of the primers, which are immobilized @€ the exact string match, the primer length, the melting
on the DNA chip, requires a complex algorithm. Based on t€mperature, fche salt concentration for the experiment and
several parameters an optimized set of primers is automat-the hybridization e_ffects that have to be taken into account
ically detected for a given gene sequence. for the selected primers.

This paper describes a parallel architecture which per-  PCR experiments need only a few different primers
forms the optimization of the primer selection on a hard- whereas several thousand different primers are needed for
ware accelerator. In contrast to the pure software approach, @ DNA chip. The complete processing time for an optimal
the parallel architecture gains a speedup of factor 500 using primer set can take hours taking the various criteria into ac-
a PCI based hardware accelerator. This approach allows count.
an optimization of a specified primer set in real-time. Preparing a DNA experiment can be described as a work-

flow consisting of three steps.

1 Introduction
1. Define the genes that have to be analysed.

Both, the amplification of DNA sequences using poly-
merase chain reaction (PCR) and the massive parallel anal- 2. Design the optimum primer for the gene.
ysis of genes in biological cells using DNA chips (or DNA
arrays) have a great impact on modern biological research.
PCR is used to amplify a particular DNA fragment called
target sequence. In general, a forward and a reverse primer
is generated. The target sequence, located between the two Furthermore, the second design step is separated into the
primers, is duplicated using a complex process protocol [1]. computation of the primer sets and a database comparison
DNA Chips are used to ana|yse a |arge number of genesWith each primer. The database check compares the selected
in parallel. This provides an insight view into cells or can Primers against the genome database to avoid a “false posi-
improve the search for gene defects in a particular genometive” signal that is not generated by the specified gene. This
The DNA chips perform up to 500.000 experiments in par- Paper concentrates on the design of the primers.
allel and enable the researcher to monitor the whole genome In section two the basics of DNA chips are described.
on a single chip at the same time [2, 3]. Section three specify various parameters that are used to se-
Although these two applications have different aims — lect the optimal primers. The computation steps performed
amplification and analysis — both techniqgues make use ofto select these optimal primers are described in section four.
primers. Formally, primers are considered as strings thatThe fifth section shows the idea of the parallel architecture
represent a DNA sequence. This DNA sequence consistsvhereas its implementation is described in section six. The
of four bases represented by the lettels G, T, C}. The results achieved with the parallel architecture are listed in
start of the DNA sequence is denoted by 5’ end and thesection seven. The final section provides some conclusions
termination is denoted 3’ end [4]. and further applications of the parallel architecture.

3. Verify the primer in a macroscopic experiment.



2 DNA Chips 3 Primer Design

2.1 Experiments A biological exp(_eriment needs a completg primer set
that has to be designed. Choosing the optimal primers
for a given target sequence or gene requires the evaluation

Itis believed that thousands of genes and especially theirgng comparison of several partly independent parameters
interactions are responsible for the mystery of life. Before against a set of ideal values.

DNA chips were available, resc_aarchers were able to look at  The user defines the target sequence and specifies a set of

only a few genes at the same time. ideal parameter values. Each parameter value consists of an

Nowadays, DNA chips provide a complete set of biolog- jdeal value and a range indicating valid parameter results.
ical experiments on one chip that can be performed simulta-The minimum and maximum values are used for filtering.
neously with one single probe. This enables researchers torhey reduce the amount of primers that have to be analysed.
have a complete look at a biological cell so that gene inter- A quality score is computed to select the optimum primer.
actions or gene defects can be analysed within a short timeThijs score is defined as the sum of all distances between the

The main application fields for DNA chips are gene expres- parameter result to the ideal values.

sion analysis, single polymorphism detection (SNPs), med-

ical diagnostics, gene discovery, drug discovery and toxo-3 1 Hybridization conditions

logical studies. For more information see [5].

The parameters taken into account for selecting each
2.2 DNA Chip Design optimal primer set have major influence on the quality of
the hybridization process where the primers react with the
genes or target sequences. The condition is defined by
the parameters which are described in the following para-
graphs.

A DNA chip is separated into a matrix of spots. The
amount of spots can vary from low density chips with 96
spots up to high density chips with 500.000 spots on one
chip. Each spot on a DNA chip contains primers with a
unique coding. The primers are immobilized on the spots. Primer length  The primer length defines the amount of
As shown in Figure 1 the interesting gene sequébasds bases that build the biological primer. Primarily this length
to the primer. Each primer base binds the correspondingdefines the selectivity [6] of the primer. Secondly it has an
position on the gene sequence. This prevents the gene sdhfluence on the melting temperature and the hybridization
quence from swill during the washing process. A fluores- effects. The primer length is used to generate the primers
cence marker is attached to the probe sequence so that thisom the specified sequence windows that are evaluated.
found sequence can be read out by a DNA chip reader.  See section 4 for more details.

Melting temperature The primer and the searched gene

sequence correspond to each other so that each base can

bind to its counterpart. The melting temperature is the tem-

perature at which the bonds between primer and gene dis-

solves. This is an important parameter for the PCR and also

for the DNA chips to avoid bindings that use only a fraction

of the available primer and cause a “false positive” signal.
The melting temperature for a given primer =

(p1, .-, pn) Is calculated with a prominent approximation

for the melting temperature [7, 8, 9, 10]. The formulais:

Single spot on aDNA chip

_ AH(p)
AS(p) + Rxln(3)

Figure 1. Sample spot on a DNA chip. T, 1(p) + T+t Q)
The used primers vary depending on the chip and theWherek = 1.987(cal/°C’+ mol) is the molar gas constant,
experiments. Usually, the primers are between 20 and 1007 = 50 = 107 is the molar concentration of the primer

bases long and they are manufactured synthetically. See [3]n its solution, Ty, = —237.15°C, andt = —21.6°C'is
for more information. an empirical temperature correction. The valuaay de-

pend upon the ion concentration and other unknown fac-
1This can be a DNA sequence or a product generated by the gene. ~ tors. The enthalpyAH (p) and the entropyAS(p) of




the primerp are computed according to the nearest neigh- calculation compares the primer sequences and examines
bor schemata [9NH (p) = E?;f AH(pi,pi+1) and the possibility of a hybridization to itself or to another
AS(p) = Z?;f AS(p;, piy1) Where enthalpy and entropy  primer. All calculations use the same basic score function
of a string consist of two bases. The used values for thefor comparing a base pair. This score function is defined as
base combinations are listed in the following Table 1. The

2, if  Apig}={AT}

Nearest neighbor thermodynamics s(pi,gj) =4 4, if {pi,q;} ={C,G} 3)

(Pispiv1)  AHPi piv1)  AS(pispit1) 0, else
AAOrTT 9.1 24.0

;‘a g:g ig:g wherep = (p1, ....,pn) andqg = (q1, --.., gm) are the two
CAorTG 5.8 12.9 primers that are analysed for a possible secondary structure.
GT or AC 6.5 17.3
gﬁ ﬁ,’; ;12 ;:2 ig:g Self Annealing The self annealing (SA) calculation esti-

CG 11.9 27.8 mates the possibility of an unintended hybridization to the

GC 111 26.7 primer itself. Therefore, the SA score indicates the proba-
GGorCC 11.0 26.6

bility of generating hairpin and internal loops.

The calculation is done using the original primer and an
opposite version of the same primer. The following example
shows these two primers.

Table 1. Nearest neighbor thermodynamics values [11]

values in Table 1 refer to the energy required to disrupt the original primer 5 - TTCGTACGAAC-3’
hydrogen bonds of a single base pair of a paired chain. It opposite primer 3-CAAGCATGCTT-5'
is assumed to be influenced by neighboring bases. More
details can be seen in [11]. Both primers are defined as

original primer p=1{p1, -, Pn}

GC content Chemically, hydrogen bonds between the opposite primer
bases of the primer and the gene are responsible for a sta-

ble binding. G-C pairs form three hydrogen bonds and are e cajculation of the SA score starts with the left shifted
more stable than A-T pairs which form only two hydrogen opposite primer, where only one overlapping position with
bonds. Thus, a high GC content resullts in a greater stabilitythe original primer exists. It compares each single overlap-

q= {(h, ,qm}

between primer and gene. ping position using the score function 3 and accumulates
The GC content simply measures the amount of GC each single score values to an alignment score. After com-
bases for the primer. The following formula is used: puting this alignment, the opposite primer is shifted one po-
#G in p+#C in p sition to the right and the new alignment score is calculated.

GC(p) = 7l 100 (2) This will continue until there is only one overlapping posi-

tion at the right end of the original primer. The maximum
Secondary structure Above, only the linear sequence of all alignment scores is used as the SA score for the given
also known as the primary structure, is considered. BesidePlimer. The complete function is defined as

this primary structure also the secondary structure and its n
effects have to be taken into account. SA(p,q) = max Z s(Pis i) (4)
The secondary structure considers the fact that primers k=—(n—1),...,m-1—

are flexible and that base pairs may bind to each other gener- ) _ )

ating structures [6]. The DNA double helix is one example T_he SA score calculation requires _the evaluation of all pos-
of a secondary structure. Other important secondary struc-Sible alignments. The amount of alignmehgs, depend on
tures for the primer design are primer-primer bindings and the primer length and can be calculated using the formula
hairpin, bulge or internal loops. ksa = (n—1)%(m—1)+1. _

The secondary structure is an important criterion for the ~ 1he example in Table 2 shows the calculation of the SA
selection of the primer, because a hybridization betweenScore for the primep = GATTA. The table shows the
base pairs can disable the primer for the actual hybridiza-alignments and the resulting SA scores.
tion. Interaction between primers either for PCR or for
DNA chips must be avoided to conserve the maximum sen-Self End Annealing The self end annealing (SEA) cal-
sitivity of the primer and the spot on the DNA chip. culation is very similar to the SA calculation but it consid-

The following four paragraphs show the criteria that are ers only those alignments where the 3’ end of the original
used for the detection of secondary structure effects. Theprimer belongs to the overlapping region. Furthermore, the



SHIFT ALIGNMENT SA SCORE SHIFT ALIGNMENT SEA SCORE

5-GATTA-3 5-GATTA-3
-(n-1) 0 0 0
3-ATTAG-5’ 3-ATTAG-5’
5-GATTA-3 5-GATTA-3
-(n-2) 0 (n-4) 0
3-ATTAG-5' 3-ATTAG-5’
5-GATTA-3 5-GATTA-3
-(n-3) 0 (n-3) | 2
3-ATTAG-5’ 3-ATTAG-5’
5-GATTA-3 5-GATTA-3
-(n-4) Il 4 (n-2) I 4
3-ATTAG-5’ 3-ATTAG-5’
5-GATTA-3’ 5-GATTA-3’
0 || 4 (n-1) 0
3-ATTAG-5' 3-ATTAG-5'
5-GATTA-3’
(n-4) 0 Table 3. Self end annealing calculation for the example.
3-ATTAG-5'
5-GATTA-3’
(n-3) ’ | ] ’ 4
_3-ATTAG-5 in one tube where each primer can bind to each other and
5-GATTA-3 S . )
(n-2) I 4 inhibit the reaction with the target sequence or the gene.
3-ATTAG-5’ Therefore, the effects with different primers must be con-
o) 5-GATTA-3’ sidered when the optimal primers are selected.
n-1 0
3-ATTAG-5’

Pair Annealing The pair annealing (PA) calculation takes
Table 2. Self annealing calculation for the example. the interaction of different primers into account and calcu-
lates all possible primer pairs. The models and the comput-
ing process is similar to the SA tests. Each primer pair is

SEA score is accumulated only for these overlaps which areprocessed using the formula 4. .
continuous. Therefore, the SEA score evaluates the prob- _For PQR the _PA scores are calculated for each primer
ability of generating hairpin loops or other primer-primer pair that is C(_)nS|dered to work t°99th?“ On DNA chips
interaction that start from the 3’ end and are continuous. the PA Score1s used to compare the primer from each spot
Because only these alignments are considered where théIgaInSt the primers from all other spots.
3’ end is involved there are less alignments that have to be
evaluated. The amount is equal to the primer length. Pair End Annealing The pair end annealing (PEA) is
The calculation of the SEA score starts in the shift posi- similar to the SEA and evaluates all possible bindings start-
tion where all bases of the original and the opposite primer ing from the 3" end of the primer. The model and the com-
overlap. All overlapping positions starting from the 3’ end Puting process of the SEA test are used for the PEA calcu-
of the original primer are accumulated using the score func-lations.
tion 3. In case that the base pair does not match, the accu- This PEA scores are also calculated for each primer pair
mulation is aborted. After the alignment score is computed, that can be combined.
the opposite primer is shifted to the right by one position
and the new alignment score is computed. This process3.2 Optimal Primer Selection
continues until only one position at the 3’ end of the origi-
nal primer overlaps. The SEA score is the maximum of all ~ The various parameters that are described above are
alignment scores. combined to a scoring vector. This scoring vector for PCR
The primer from the SA example is taken to show the experiments is
computation of the SEA score in Table 3. Altogether,
5 alignments have to be evaluated for the primper=
GATT A to achieve the SEA score. These alignments and
the resulting scores are shown.
In case that a primer binds to itself or to a primer with It is used to calculate a quality score for selecting the opti-
the same sequence a secondary structure is generated. Semal primer pair that is needed for the PCR.
ondary structures are also build when several primers are The designer specifies the hybridization conditions that
combined for a PCR experiment. Several primers are mixedare described in Section 3.1. These specified conditions

scrcr(p,q) = (lenght(p), GC(p), Tm (p), sa(p), sea(p),
length(q),GC(q), Tm(q), sa(q), sea(q),
pa(p, q), pea(p,q))



for the GC content, the melting temperature and the lengthdefines as the forward and the reverse window. All possible
are used together with the ideal values for the secondaryprimer candidates for the forward primer are taken from the
structure to evaluate the optimal primers for the experiment.forward window and all possible reverse primer candidates

These ideal score vector for PCR is are taken from the reverse window.
SCPCR,ideal = (lengthf, GCf, Ty, 0,0, 6 Bases
lengthTchraTm,Tv0707070) C_ 1
% Primer set fqr one
All ideal annealing scores are set to zero. The melting tem- — particular primer length
peraturel’},, ¢ = T}, and the GC contertCy = GC, are ——
set to be equal for the forward and reverse primer. 7 . ¥
.. . 13 Bases Reverse Window
_ The deV|a_1t|on between the calculated value and the given Forward Window } 10 Bases
ideal value is computed for each parameter of the scoring — 5
vector. Each deviation is then weighted using the values imns Primer set for one < B —
particular primer length —
Table 4. [ pases |
Deviation from ideal length k1 =k6=0.5 ) . . .
Deviation from ideal GC content k2 — k7 =1 Figure 2. Primers generated from given windows.
Deviation from ideal temperature k3=k8=1
Deviation from ideal self annealing = k4 = k9 = 0.1 Substrings with the length are taken from both win-
Deviation from ideal self end annealing k5 = k10 = 0.2 . .
Deviation from ideal pair annealing k11 = 0.1 dows and serve as primers. The amount_of these primers
Deviation from ideal pair end annealing k12 = 0.2 vary on the window lengtliv and on the primer length

and can be calculated using= (N — n) + 1. In general,
the length is specified as a range and therefore the amount
of possible primers for one window is

Table 4. Weights for the deviation calculation[11].

The resulting distanck-¢ g, that is equal to the quality Nmaa
score, is calculated using W= (P,..,P,)= > (N-D)+1 7)
12 [=rmin
lpcr = Zkl [se(p, @)i — (SCideal)il (5) For selecting the optimal primer pair all these primer
i=1 pairs have to be computed and the distance sdpreg are

The scoring vector for the evaluation of a DNA chip primer calculated.

considers less parameters, because only one primer has to lexi
be selected for each spot on the chip. The scoring vectort-1 Complexity

and the ideal vector are defined to be ) ) _
Computing thd pc g distance is a complex step that re-

sccnip(p) = (lenght(p), GC(p), Tim (p), sa(p), sea(p)) quires several operations using all given parameters. The
complexity for the weightedpc g distance calculation is
O(n? + m? + nm). This is essentially)(n?) for comput-

The distancel.,;, used for the selection the optimal ingthe SAand SEA score for primgy O(m?) for comput-

primer is calculated using the weights from Table 4 and the iNg the SA and SEA score for primgrandO = (mn) for
formula computing the PA and PEA scores.

A second step compares all primefs= (P, ..., P,)
5 from the forward window against all primer§ =
lenip = Z kilse(p, )i — (scideat )il (6) (Q1, ..., Q,) from the reverse window. This step requires
=l O(S?T?) distance calculations.

8CChip,ideal(p) = (lenght s, GCf, Ty 1,0, 0).

4 Primer Set Computation _ _ _ .
5 High Performance Primer Design Archi-
Since the calculation of primers for the DNA chip can be tecture
seen as a subset of the calculation of PCR primers the paper
concentrates on the PCR primer calculation. Calculating the quality score for one primer pair is a
Additionally to the set of hybridization criteria two se- computationally extensive step that requires a high num-
guence regions from the target sequence or gene are specber of various operations. In order to keep the computa-
fied by the designer. Figure 2 shows these regions that ardion time reasonably low a parallel architecture can be used



which performs this part in a very efficient way. In our ap- A following filter selects the single primers from each
proach the overall time to compute optimal primers has only window and stores these primers using the window position,
a complexity ofO(S2T?). the sub scorec; and the length of the primer.

5.1 Architecture Overview 5.3 Primer Pair Selection Architecture

The calculation of the quality score consists of two main ~ After all valid primers for each window are computed,
steps which can be seen in the upper part of Figure 3. each primer pair is evaluated to choose the optimal primer
The first step computes several parameters for the giverair for the PCR. This is done using the second architec-
sequence pair_ These parameters are the |ength, the GC cofiure which calculates the remaining PA and PEA values for
tent, the melting temperature, the SA, SEA, PA and PEA €ach primer combination. The calculation of the PA and the
value. With these results the second step calculates a disPEA value is also done in parallel to achieve a high through-
tance value. The distance is multiplied with the weights to Put. The results are compared to the given ranges, multi-
achieve the quality score that is further used for selectingplied with the given weight and combined to the sub score
the 0ptima| primer set for the experiments_ SCs. The quality score is calculated using this sub sGake
Due to the fact that the single parameters are indepen-2nd adding the sub scores of the forward primer; and
dent, the parameter and the distance value calculation carthe reverse primesc, .. A filter selects the besy/ primer
be Separated into two architectures which run indepen_pa..irs and stores the quallty score together with the involved
dently. This partitioning reduce the total calculation time, PrimMers.
because only valid primers from the first architecture are
considered when the PA and PEA values are calculated. The& Implementation
two architectures are shown in the lower part of Figure 3.

The two previously described architectures have been
Distance Calculation implemented on a novel computing architecture called hard-
ware accelerator. This implementation reduces the com-
plexity for the distance calculation froM(n? 4+ m? +nm)
to O(1). The implementation of the GC content, the tem-
perature and the annealing score calculation is described in
this section.

6.1 GC Content

The GC content shows the percentage of G or C bases
in the primer. It is implemented as a counter followed by a
divider.

Primers that will be evaluated are taken from the speci-
fied window. This primer selection shown in Figure 4 can be

| Single Primer Selection Primer Peir Setecton | ™ described as a sliding window. For each new primer length
Figure 3. Architectures for the optimal primer selection. ‘ ‘ Primer(n) ‘
5/A[G CGATA|[GTA|SZ
-G +G GC content
5.2 Single Primer Selection Architecture BN e e remperaure

5/AGICGATAG|TA|SZ

Prime(n+1)

The first architecture performs a parallel calculation of
the parameters: Length, GC content, melting temperature,
SA score and SEA score. These values are calculated for Figure 4. Primer sliding along a window.
each single primer defined by the length range and the win-
dow length. All forward and all reverse windows are pro- the window starts at the 5’ end and moves towards the 3’
cessed, whereas each window is computed separately. Thend. With every new primer the 5’ base is removed and in
parameter results are instantly compared to the given rangesxchange a new 3’ base is attached. This circumstance is
that are specified, they are multiplied with the given weights used for the implementation and makes it possible to count
and a sub scorer is calculated for each primer. the GC content for a new primer with only one instruction.



In case a C or G base is added and a A or T base is re- Each single matrix cell compares the attached primer

moved the CG counter is incremented. If the C or G basebases and performs the score function 3. The cells gener-

is removed and a A or T base is added the GC counter isate also a signal for the end annealing calculation indicating

decremented. All other combinations have no effect on thethat the mismatch occurred.

counter. The SA and the PA values are accumulated along each
The example in Figure 4 shows that a G base is removeddiagonal for all possible alignments. After the diagonal

and a new G base is added. Therefore, the GC content is noscores are computed, the maximum value of all the align-

changed. ment results is generated. This output is the SA/PA score.
The accumulation and the maximum building are performed
6.2 Melting Temperature in separated units using pipelines.

The SEA and the PEA scores are computed using the
The same sliding window technique is used for calculat- same blocks. The abort of the calculation on a mismatch is

ing the melting temperature. The example in Figure 4 showslmplemented thfo%’gh an additi.onal disable signal that per-
that a GC pair is removed and a AG pair has to be added toMits an accumulatlon. These signals are.gener.ated in a sep-
AS and AH. The entropy and enthalpy values are stored arate block and applied to the accumulation unit.

in a lookup table and the difference estimated through the This annealing architecture described above allows to
sliding window is added to the present values. Afterwards process a primer pair every second clock cycle. The out-
the division is performed and thg and thet constants are  put are the two annealing scores, either SA and SEA or PA
added. and PEA. The current matrix size is 2&6 resulting in 768

The operations needed to compute the temperature ar@arallel executed operations performed in only two clock
arranged in a pipeline, so that the temperature of a newcycles.
primer can be computed with every clock cycle.

6.4 Hardware Accelerator
6.3 Annealing Matrix

The annealing matrix is mapped together with other
computing blocks and additional core logic onto a hardware
accelerator. The current implementation use a PCI based
hardware accelerator that is controlled by a standard PC. In
general a suitable hardware accelerator [12] can be used to
execute the time extensive parts.

The central computing core used on the hardware ac-
celerators is a field programmable gate array (FPGA). This
FPGA consists of a highly parallel structure of processing
elements that can be configured for a specific application.
In general, high performance is achieved using a specific
parallel implementation for the application.

As shown in Section 4.1 the time needed to compute the
distance is dominated by calculating the annealing values.
The novel annealing matrix shown in Figure 5 allows to pro-
cess a new annealing value with every clock cycle. Together
with the other parallel working blocks in both architectures
a single primer or primer pair can be calculated every clock
cycle.

, 6.5 Application Features

P

Annealign
Score

Currently, the implemented architecture on the hardware
accelerator can process a total amount of 512 primer pairs.
The implemented annealing matrix size isxi%. These
\ I ! features where chosen for a specific task and can be easily

Seore Byaluaton EndAmeaing - Accumulate Suld modified and extended to the user specific application.

Filter Diagonals Maximum

Figure 5. Schematic view of the annealing matrix. 7 Results

The parallel architecture for computing the annealing  The overall time needed to process a set of 512 primer
scores base in a rotated matrix shown in Figure 5 on thepairs is measured on a 500MHz Celeron processor and is
left side. For either self or pair annealing the primers are compared to the execution time using the same Celeron sys-
applied to the matrix from the left side. All possible align- tem with an integrated hardware accelerator. The software
ments have a different overlapping length. They are equalversion performs the identical functionality as the parallel
to the diagonals of the matrix. architecture.
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