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Project Overview
The polymerase chain reaction (PCR) stands among the keystone technologies for 

analysis of biological sequence data. PCR is used to amplify DNA, to generate many 
copies from as little as a single template. This is essential, for example, in processing 
forensic DNA samples, pathogen detection in clinical or biothreat surveillance 
applications, and medical genotyping for diagnosis and treatment of disease. It is used in 
virtually every laboratory doing molecular, cellular, genetic, ecologic, forensic, or 
medical research. Despite its ubiquity, we lack the precise predictive capability that 
would enable detailed optimization of PCR reaction dynamics. In this LDRD, we 
proposed to develop Virtual PCR (VPCR) software, a computational method to model the 
kinetic, thermodynamic, and biological processes of PCR reactions. Given a successful 
completion, these tools will allow us to predict both the sequences and concentrations of 
all species that are amplified during PCR.  The ability to answer the following questions 
will allow us both to optimize the PCR process and interpret the PCR results:  What 
products are amplified when sequence mixtures are present, containing multiple, closely 
related targets and multiplexed primers, which may hybridize with sequence mismatches? 
What are the effects of time, temperature, and DNA concentrations on the concentrations 
of products? A better understanding of these issues will improve the design and 
interpretation of PCR reactions. 

The status of the VPCR project after 1.5 years of funding is consistent with the 
goals of the overall project which was scoped for 3 years of funding.  At half way 
through the projected timeline of the project we have an early beta version of the VPCR 
code. We have begun investigating means to improve the robustness of the code, 
performed preliminary experiments to test the code and begun drafting manuscripts for 
publication.  Although an experimental protocol for testing the code was developed, the 
preliminary experiments were tainted by contaminated products received from the 
manufacturer.  Much knowledge has been gained in the development of the code thus far,
but without final debugging, increasing its robustness and verifying it against 
experimental results, the papers which we have drafted to share our findings still require 
the final data necessary for publication.  The following sections summarize our final 
progress on VPCR as it stands after 1.5 years of effort on an ambitious project scoped for 
a 3 year period. We have additional details of the methods than are provided here, but 
would like to have legal protection in place before releasing them.

Project Goals
The result of this project, a suite of programs that predict PCR products as a 

function of reaction conditions and sequences, will be used to address outstanding 
questions in pathogen detection and forensics at LLNL. VPCR should enable scientists to 
optimize PCR protocols in terms of time, temperature, ion concentration, and primer 
sequences and concentrations, and to estimate products and error rates in advance of 
performing experiments. Our proposed capabilities are well ahead of all currently 
available technologies, which do not model non-equilibrium kinetics, polymerase 
extension, or predict multiple or undesired PCR products. We are currently seeking DHS 
funding to complete the project, at which time licensing opportunities will be explored, 
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an updated patent application will be prepared, and a publication will be submitted. A 
provisional and a full patent application have already been filed (1).

Mission Relevance
VPCR supports LLNL missions in homeland security, Genomes to Life (GtL), 

and human health. Any field that uses PCR, including bioforensics, biodetection, basic 
research in GtL, and disease research (e.g. cancer) will benefit. The challenges that we 
plan to address using VPCR include 1) computational optimization of signatures for 
pathogen detection, particularly of multiplexed signatures, for a significant savings in 
cost and time over purely empirical assay optimization, and 2) assessment of signatures 
for forensic discrimination of closely related sequences.

Approach
Modeling Hybridization and Polymerization

The VPCR tools that we were developing will offer, for the first time, a complete 
model of the PCR process (Figure 1). Specifically, the kinetics and thermodynamics of 
DNA denaturization and renaturization, as well as the kinetics of polymerase association 
and extension, are being modeled for all significant reaction pathways that arise during 
PCR. Our new approach will enable us to predict the spectrum of PCR products given a 
set of reaction conditions and multiple primer pairs and genomes.

While many programs are available for PCR primer design, they are all limited to 
selecting a “best” primer or, most recently, examining how reaction conditions affect the 
equilibrium reactions based only on the first thermocycle (out of 30-50 thermocycles).  
Numerous bioinfomatics programs such as Primer3, PRIMO, Primer Design, and 
Oligonucleotide Analyzer return a list of best primers for a specific target based on 
sequence similarities, primer length, and melting temperatures, using simple GC content 
equations or the Nearest Neighbor parameters (2).  The recently released software Visual 
OMP goes one step further to predict the concentration of hybridized species for the first 
thermocycle for a given set of reaction conditions.  This software is limited in that it does 
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FFiigguurree 11:: TThhee tteemmppeerraattuurree vvss ttiimmee pprrooffiillee ooff aa ssiinnggllee tthheerrmmooccyyccllee.. WWee mmooddeell 44 ttyyppeess ooff
rreeaaccttiioonnss:: aannnneeaalliinngg,, ddiissssoocciiaattiioonn,, ppoollyymmeerraassee eexxtteennssiioonn,, aanndd mmeellttiinngg.. AAlltthhoouugghh eeaacchh
ooff tthheessee pprreeddoommiinnaannttllyy ooccccuurrss iinn aa ssppeecciiffiicc tteemmppeerraattuurree rreeggiimmee,, tthheeyy aarree iinn ccoonnssttaanntt
ccoommppeettiittiioonn tthhrroouugghhoouutt tthhee tthheerrmmooccyyccllee.. AA ttyyppiiccaall PPCCRR rreeaaccttiioonn ccoonnttaaiinnss 3300--5500
tthheerrmmooccyycclleess.. TThhee aaccttuuaall tteemmppeerraattuurreess aanndd dduurraattiioonnss ooff eeaacchh ssooaakk aanndd rraammpp mmaayy
ddiiffffeerr ffrroomm tthhee eexxaammppllee pprroottooccooll sshhoowwnn hheerree,, aanndd ooppttiimmiizzaattiioonn ooff eeaacchh pprroottooccooll ffoorr aa
ggiivveenn DDNNAA ttaarrggeett sseeqquueennccee aanndd sseett ooff pprriimmeerrss rreeqquuiirreess ttrriiaall aanndd eerrrroorr aatt tthhee bbeenncchh..
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not include extension or multiple thermocycles, and it assumes that all reactions proceed 
to equilibrium at a (single) annealing temperature. To model the dynamic, non-
equilibrium conditions that actually comprise a PCR reaction, we developed a novel 
kinetic approach. As stated, the current state of the art is to estimate PCR products based 
solely on thermodynamics; however, to gain insight into the dynamics of the process and 
to optimize cycle processing conditions, we need to employ reaction kinetics. 

Traditionally, researchers (3) have described the reaction kinetics using 
deterministic methods. While these approaches are valuable, it is well known that 
biochemical processes are stochastic in nature (4). This was further recognized by (5) 
who applied probabilistic methods to modify rates of reaction to describe the DNA 
shuffling process. We, however, for the first time, are going a step further to numerically 
solve the Master Stochastic equation (6) and derive probabilities of competitive events to 
describe the rates of stochastic events. This approach clearly distinguishes our effort and 
provides a generalized framework that can be applied to describe the time-evolution of a 
host of biochemical processes (4). Not only is there a lack of computational tools to 
model the complete PCR process, but there is also a need for these tools.

The literature provides many of the parameters necessary to develop the proposed 
comprehensive kinetic and thermodynamic framework, namely, empirically-based free 
energy parameters for base pair annealing, temperature-dependent rate constants of 
polymerase extension, and rates of polymerase decay (2,7-8).  As these parameters are 
functions of DNA sequence identities and concentrations, salt concentrations, and 
temperature, the model will allow us to study the effects that these parameters have on 
PCR products with detail that is experimentally unfeasible. We are building a new 
capability that enables product yield information over multiple thermocycles and time-
dependent yield within a single thermocycle.  

Simulations track all thermodynamically favorable annealing events (i.e. perfect
matches and those with mismatches) and extensions to determine the equilibrium 
distribution of PCR products after each thermocycle. All products present in the solution 
can cross-react, thus amplifying undesired segments of DNA. The process of iteratively 
simulating DNA annealing and extension will allow us to track both the sequences and 
concentrations of all reaction products over multiple thermocycles as a function of 
reaction conditions. Because we are following all of the possible reaction pathways as 
they evolve during thermocycles, it is necessary to have a robust method of solving large 
numbers of highly coupled, non-linear equations. To accomplish this, we have designed
algorithms that link to KINSOL, a parallel equation solver developed by CASC 
researchers at LLNL. 

The purpose of the kinetics module is to determine, to single-molecule resolution, 
the numbers of molecules of each species in the PCR reaction vessel, and to track how 
these numbers change with time and reaction conditions, e.g., temperature and solution 
properties. Given a set of possible reactions (as determined by the thermodynamics 
module), along with the state of the reaction vessel, we first determine the probability of 
each reaction using our model. Once reaction probabilities are determined, we calculate 
the actual reactions completed using an algorithm largely derived from Gillespie's tau-
leap stochastic method (6,9), incorporating new improvements to the algorithm to reduce 
simulation times (10). The tau-leaping method has been shown to reduce computational 
times in the kinetic simulations while giving accurate results. 
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A significant part of this work involves determining the model(s) to assign 
probabilities of each event occurring in the PCR reaction process. A complete 
probabilistic description of primer-to-oligo annealing and denaturation events involves 
the rate of reaction if the sequences were perfectly matched, attenuated by mismatches. 
We calculate this reaction probability as the product of two factors: 1) the rate of 
annealing with perfectly matched base-pairs, 2) the probability of reaction based on the 
relative free energy of the annealing pathway given the mismatches that may be present 
(3). The kinetics takes into account changes in processing temperature and fluid 
conditions within a thermocycle. We are also modeling polymerase activity, based on 
published experimental data for Taq DNA polymerase (7-8). The simulations randomly 
assign polymerase molecules to extendable DNA dimers, and polymerization rate 
depends on temperature. In addition, we are modeling the temperature- and time-
dependent  degradation of the polymerase enzyme as the PCR reaction proceeds. 

Bioinformatics analyses are used to determine the reactants to use as input to the 
simulations that are relevant to the applications described in the next section, and to 
examine the products at the completion of all thermocycles to predict whether one would 
make a false positive or negative call if the computed results were observed in the lab.

Accomplishments
Prototype code for much of the VPCR software has been written (Figure 2), and 

we have drafted several sections of a manuscript. The code incorporates simulation 
during the temperature ramps as well as the constant-temperature soaks, competition 
between multiple (dozens to hundreds) of potential reaction pathways including both 
hybridization and denaturation (Figure 3), and several alternative formulations of 
stochastic kinetic simulation algorithms that we have compared and optimized to balance 
speed and accuracy to handle the complexity of our library of test cases. In addition, we 
model temperature-dependent extension of DNA and decay of the Taq polymerase 
enzyme, and track all reaction particles and their concentrations through time. This code 
is not yet fully debugged and tested against experimental results, so we are not yet ready 
to write up the results section of the paper in preparation.
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Figure 3: Example of the competing hybridization and denaturation reactions, and 
the resulting nonlinear system of equations.

In 2005, we began to include hairpin kinetics describing DNA secondary structure 
in the kinetic simulations, but this is not completed. Experiments were performed this 
summer by a summer student to examine a number of primer sequences at different 
temperatures and template concentrations, but it appears that the reactions were most 
likely contaminated, possibly by unwanted DNA from the polymerase enzyme that was 
delivered to us from the manufacturer (11-12), as even the negative controls yielded 
signals. We had planned to have the unexpected products sequenced and to redo the 
experiments with clean DNA, but due to the termination of the project we were not able 
to wrap up this work.

FFiigguurree 22:: SSiimmpplliiffiieedd ccooddee oovveerrvviieeww.... FFiirrsstt,, bbaasseedd oonn tthheerrmmooddyynnaammiicc pprriinncciipplleess,, aallll
ppoossssiibbllee rreeaaccttiioonnss aanndd tthheeiirr aassssoocciiaatteedd rraattee ccoonnssttaannttss aarree ccoommppuutteedd,, TThheenn GGiilllleessppiiee’’ss
ttaauu--lleeaapp ttrraappeezzooiiddaall ssttoocchhaassttiicc ssiimmuullaattiioonn aallggoorriitthhmm iiss uusseedd ttoo mmooddeell tthhee kkiinneettiiccss aanndd
ttrraacckk tthhee eevvoolluuttiioonn ooff tthhee rreeaaccttiioonn ppaarrttiicclleess.. KKIINNSSOOLL iiss uusseedd ttoo ssoollvvee tthhee rreessuullttiinngg
nnoonnlliinneeaarr ssyysstteemm ooff eeqquuaattiioonnss aatt eeaacchh ttiimmee sstteepp..
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X3 = 2.01e+12 - 9.43e-15 X0 X3 + 1.62e-03 X4 + 5.02e+03 X3 - 4.25e+03 X7 
X4 = 3.00 + 9.43e-15 X0 X3 - 1.62e-03 * X4
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We do not currently have the funding to debug and verify all of the modules of 
the code required to generate reliable predictions, and we are seeking ROI and patent 
protection for additional details regarding the methods.  Figure 4 shows some predictions 
from an early version of the software, illustrating the utility of the code for optimizing the 
annealing temperature of the PCR protocol to balance the competing tradeoff of higher 
temperature for higher specificity and lower temperature for higher yield.

FFiigguurree 44AA:: EExxaammppllee ooff ccoommppeettiinngg aannnneeaalliinngg rreeaaccttiioonnss.. AAtt lloowweerr ssooaakk tteemmppeerraattuurreess,, aannnneeaalliinngg
rreeaaccttiioonnss aarree ggeenneerraallllyy mmoorree ffaavvoorraabbllee,, ooppeenniinngg ppaatthhwwaayyss ttoo uunnddeessiirreedd pprroodduuccttss..

Undesired ProductsDesired Products

Annealing

Reaction Particles
Probe 1, 10 µM

Probe 2, 10 µM

DNA Sample 1, 1 fg

DNA Sample 2, 1 fg

Favorable
≤ 40°C
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Conclusion

While ending prematurely, the VPCR project produced software that is near a
patentable and licensable state. Additionally, the accompanying publication is near 
completion and only requires final revisions to the software and validation with 
controlled PCR experiments. This novel capability, once completed, will be extremely 
valuable to the biology community. The team is actively seeking other sources of funding 
to complete this work.
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FFiigguurree 44BB:: TThhee ssyysstteemm ddiiaaggrraammmmeedd iinn 44AA iiss ssiimmuullaatteedd tthhrroouugghh 4400 tthheerrmmooccyycclleess,, aatt ssooaakk
tteemmppeerraattuurreess ooff 4400°°CC aanndd 6644 °°CC.. NNoottee tthhaatt mmoorree ddeessiirreedd aammpplliiccoonnss aarree oouuttppuutt aatt 4400 °°CC,, wwhheerree
ppaatthhwwaayyss ttoo uunnddeessiirreedd pprroodduuccttss eexxiisstt.. IInn tthhiiss ccaassee,, tthhee aannnneeaalliinngg tteemmppeerraattuurree ttrraaddeeooffff ffaavvoorrss
hhiigghheerr yyiieelldd aatt tthhee lloowweerr aannnneeaalliinngg tteemmppeerraattuurree..
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