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Abstract 
 
 
The dissociation mechanism of duplex DNA has been investigated in details by collision-

induced dissociation experiments at different collision regimes. MS/MS experiments were 

performed either in a quadrupole collision cell (hybrid quadrupole-TOF instrument) or in a 

quadrupole ion trap with different activation times and energies. In addition to the 

noncovalent dissociation of the duplex into the single strands, other covalent bond 

fragmentation channels were observed. Neutral base loss from the duplex is favored by slow 

activation. In fast activation conditions however the major reaction channel is the noncovalent 

dissociation into single strands, which is highly entropy-favored. Fast activation regimes can 

favor the entropy-driven noncovalent dissociation, while in slow heating conditions the 

competition with enthalpy-driven covalent fragmentation can completely hinder the 

dissociation of the complex. We also evidence that the noncovalent dissociation of DNA 

duplex is a multistep process involving a progressive unzipping, preferentially at terminal 

positions. This is proposed to be a general feature for complexes containing a high number of 

contributing interactions organized at the interface of the ligands. The overall (observed) 

dissociation kinetics of noncovalent complexes can therefore depend on a complicated 

mechanism for which a single transition state description of the kinetics is too simplistic.  

 



Introduction 
 

The introduction of electrospray (ES) (1-4) lead to tremendous development of the study of 

noncovalent complexes by mass spectrometry. ESI gently transfers the complexes from the 

solution to the gas phase by a progressive desolvation assisted by collisions in the source (5), 

by heating in a capillary (6), or both. Once the intact complexes have been obtained in the gas 

phase, they can be studied by MS/MS (collision-induced dissociation (CID) in quadrupoles 

(7-9), in ion traps (10,11), in ICR cells (12,13), blackbody radiation in ICR cells (14,15),…) 

or in-source dissociation techniques (heated capillary dissociation (16,17), in-source CID 

(13,18-20)). All these methods give access to the relative dissociation kinetics of the 

complexes (21), which depends on the nature and the strength of the interactions between the 

constitutive units. Tandem mass spectrometry has therefore the potency to become a method 

of choice to probe the intrinsic interactions between biomolecules in the absence of solvent.  

 

Currently, the interpretation of the MS/MS on large complexes is still based on a simplistic 

view, inherited from earlier studies on small molecules. The usual picture is based on the 

RRKM (22-26) (Rice-Rampsberger-Kassel-Marcus) statistical theory of unimolecular 

dissociation. The expression of the rate constant k(E) depends on an enthalpic term (the 

critical energy E0), and on the activation entropy (through a degeneracy factor σ and the 

density of states of the reactant and the transition state). For large molecules, the link between 

the observed fragmentation yield and the microscopic characteristics of the complex is 

difficult to make because computation of the rate constant is currently impossible for systems 

with such a large number of degrees of freedom. Only the BIRD (27,28) (blackbody infrared 

radiative dissociation) technique can give access to the Arrhenius parameters Ea and A. The 

interpretation of the results is still quite intuitive. The role of the energy barrier is quite easy 



to understand, and the fragmentation ratio is often assumed to reflect the height of the energy 

barrier, and therefore the strength of the noncovalent interactions. However, the role of the 

dissociation entropy is more difficult to visualize and is therefore somewhat neglected.  

 

Further complication can also arise from the multiple local minima that can exist in the 

potential energy landscape of large molecules. The dissociation mechanism can involve 

multiple intermediates, and a one-step scheme may be too simplistic. Supramolecular 

assemblies are usually held together by multiple co-operating interactions (hydrogen bonds, 

Coulomb or shorter range electrostatic interactions, Van der Waals bonds,…). Each one alone 

would be insufficient to stabilize the complex, but their sum can lead to a very strong 

complex provided that the constitutive ligands are adequately arranged in space. From a 

purely statistical point of view, the simultaneous breaking of all the non-covalent bonds at the 

same time is highly improbable, and the dissociation of non-covalent complexes involving 

multiple interactions is therefore more likely to proceed via a multi-step dissociation process 

(20).  

 

The present article aims at highlighting some of these important aspects of the dissociation of 

noncovalent complexes. Except by ion mobility measurements, the intermediate steps 

involving incompletely dissociated complexes cannot be resolved, as the mass of the 

intermediate species is the same as the mass of the intact complex. We will address the 

problem of the multi-step dissociation of macromolecular assemblies through the competition 

between non-covalent dissociation of the complex and covalent fragmentation of the 

constitutive ligands. DNA duplexes were chosen as model compounds: these species have 

been quite extensively studied by source-CID and MS/MS, and strong evidence of the 

conservation of Watson-Crick base pairing and base stacking interactions is provided by the 



comparison of the dissociation rate of complexes with various sequences (14,20,29,30). 

Competition between the noncovalent dissociation of the complex and different covalent 

fragmentation reactions have been reported for DNA duplexes (14,30) and cyclodextrin 

complexes with peptides (16,31). The effect of the collision regime on the competition 

between covalent bond fragmentation and noncovalent dissociation of the complex has been 

investigated in details. The present study provides evidence (i) for a multistep dissociation 

mechanism of duplex DNA and (ii) for a highly entropy-favored noncovalent dissociation 

process. 

 

 

 

 

 



Experimental 

 

Materials 

 

All oligonucleotides were purchased from Eurogentec (Sart-Tilman, Belgium) and used 

without further purification. Stock solutions of 50 µM duplex were prepared by heating the 

single strands to 75 °C and cooling overnight. Annealing was performed in 50 mM aqueous 

ammonium acetate. A solution of 20 µM duplex in 20:80 (v/v) methanol/50 mM aqueous 

NH4OAc was injected in the mass spectrometers. 

 

Mass spectrometry 

 

CID in a quadrupole collision cell.  

MS/MS experiments were performed on a Q-TOF2 (Micromass, Manchester, UK) 

electrospray mass spectrometer, and the Z-spray source was operated in the negative ion 

mode at a capillary voltage of –2350 V. The source block temperature was 80 °C and the 

desolvation gas (N2) temperature was 100 °C. The cone voltage was set to 20 V. 

 

CID in a quadrupole ion trap.  

MS/MS experiments were also performed on an LCQ (ThermoFinnigan, San Jose, CA) 

equipped with its standard electrospray source. The needle voltage was set to –3.9 kV, the 

capillary voltage to –20 V and the heated capillary temperature to 180 °C. MS/MS was 

performed during different activation times with the advanced scan parameters of Xcalibur 

1.0 software. The activation Q was left at 0.250 for all experiments. The activation time can 



be varied from 1 ms to 10 s. The longer the activation, the smaller the activation amplitude 

necessary to fragment the parent ion to a given extent. MS/MS experiments were carried out 

with activation times of 3 ms (the minimum to have a good quality spectrum), 30 ms, and 300 

ms. For each activation time, the activation amplitude was varied from 15% to 30%, 7% to 

15%, and 5% to 12% respectively. These amplitude ranges are suitable to observe the 

evolution from the intact duplex to its complete fragmentation.  



Results and Discussion 

 

In order to investigate the strength of noncovalent interactions in the gas phase, one usually 

compare the energy required to dissociate the complex (in present case, the duplex) into its 

constitutive parts (the single strands). This is the noncovalent dissociation channel. The usual 

way to report comparative data for different complexes is to measure the appearance of the 

fragments upon increase of the collision energy, and to compare the energies at which 50 % of 

the complex is dissociated. The present work does not focus on such comparisons, but is more 

dedicated to a discussion of both the effect of the experimental MS/MS conditions on such 

measurements and of the dissociation mechanism. That is why we do not report such 

breakdown curves, but rather show the spectra obtained in different typical activation 

conditions. 

 

MS/MS of 12-mer duplexes with different hydrogen bond content at different collision 

regimes 

 

Figure 1 shows four MS/MS spectra of duplex A (see table I for the base sequence), obtained 

by using slower activation conditions from (a) to (d). CID of the duplex5- (noted DS) in the 

quadrupole collision cell of the Q-TOF2 produces the single strands (noted ss) which share 

the available charges. In the ion trap, the main fragmentation pathway is also the noncovalent 

dissociation into single strands, but another fragment appears in slow heating conditions: the 

duplex that has lost a neutral base (noted DS-B or -B), either adenine or guanine. Figure 2 

shows the MS/MS spectra of duplex B (see table I) recorded with the same reaction times as 

in figure 1. At the highest collision energy regimes (fig. 2a and 2b), the main fragmentation 



pathway is the noncovalent dissociation into single strands. At the lowest collision energy 

regimes (fig. 2c and 2d), the neutral base loss from the duplex becomes more and more 

important. In addition to these major peaks, the signal of other fragments appear in the 

spectra. Table II summarizes the fragments that have been observed throughout this study. 

Two categories of fragments can be distinguished: type I fragments are defined as backbone 

fragments of single strands (noted 1, 2, 3,…) and type II fragments are defined as duplexes 

with backbone fragmentation of one of the two strands (noted a, b, c,…). The relative 

abundance of type II fragments increases when slow activation conditions are used. In figure 

3, we see that the abundance of type I and type II fragments is even higher for duplex C (see 

table I). Like for duplex A and B, the neutral base loss channel is highly favored by slow 

activation conditions. Two bases can even be lost. Type I fragments are however favored 

when CID is performed in a quadrupole (fig. 3a). 

 

Competition between noncovalent dissociation and covalent fragmentation 

 

Besides the dissociation channel of interest corresponding to the noncovalent dissociation of 

the complex into its components, there can be side processes like the fragmentation of 

covalent bonds that, if predominant, complicate the comparison with solution-phase data, and 

are therefore not desirable. It has been reported that cyclodextrin-peptide complexes 

underwent noncovalent dissociation in CID and heated-capillary dissociation (16), so that the 

relative kinetic stabilities of the complexes could be determined and correlated with the 

binding affinities in solution. However, in BIRD experiments on the same complexes, 

covalent fragmentation of the peptide occurred instead, and no activation energy could be 

determined for the noncovalent dissociation reaction (31).  

 



Competition between the noncovalent dissociation of the complex and different covalent 

fragmentation reactions have also been reported for DNA duplexes (14,30). The neutral base 

loss is the predominant channel competing with the noncovalent dissociation. For single 

strands (32,33) and for non-complementary duplexes (14), it has been reported that the base 

loss initiated the backbone fragmentation. To investigate whether the type II fragments 

observed in figures 2-3 are also initiated by base loss, we performed MS3 experiments on the 

(DS-B)5- species isolated from a the fragmentation of duplex B, which was isolated by a first 

MS/MS step in slow heating conditions (activation time = 300 ms). MS3 results are displayed 

in figure 4. When comparing figures 2b and 4a, and figures 2d and 4b (same activation times 

for DS5- and (DS-B)5- respectively), we see that type II fragments are more abundant when 

CID is undertaken on the (DS-B) species. Although this is not a definite proof, this suggests 

that (DS-B) species are the precursors of type II fragments. Type I fragments can be produced 

either by fragmentation of DS-B into type II and the complementary type I fragments or by 

fragmentation of single strands that contain excess energy. 

 

Influence of the collision regime on the observed reaction channels 

 

Entropy-favored noncovalent dissociation. 

Figures 1-3 all show that a fast activation regime favors the noncovalent dissociation channel 

compared to the neutral base loss, which is the major covalent fragmentation channel. Typical 

k(E) curves reflecting the observed situation are shown in figure 5. The fact that the relative 

proportion of noncovalent dissociation and neutral base loss varies with the collision regime 

indicates that the activation entropy of these two channels is different. Indeed, the k(E) curves 

can cross only if the steepness of the curves is different, and it is the activation entropy that is 

responsible for the steepness of the curve. As previously reported (34), the transition state for 



base loss is tight; it involves a complex rearrangement mechanism. This is an entropy-

disfavored process: the rate constant for base loss increases less steeply with internal energy 

than the rate constant of an entropy-favored process. Noncovalent dissociation is however a 

highly entropy-favored process. No complex rearrangements with constrained conformations 

are involved. Rather, the gain in conformational freedom is enormous, especially for 

complexes with a large interaction interface like in the present case. The rate constant 

therefore raises much more steeply with internal energy.  

 

Kinetic shift effect. 

The critical energy E0 for the noncovalent dissociation depends on the strength of the 

intermolecular interactions. The experimental threshold for the observation of the dissociation 

increases with the number of hydrogen bonds in the duplex (14,20,29,30). The higher the 

number of GC base pairs (and hence the number of hydrogen bonds between the strands), the 

higher the collision energy necessary to reach noncovalent dissociation. For duplex A, B and 

C, the k(E) curves are assumed to be parallel, as the dissociation mechanisms are likely to be 

the same. When low threshold, entropy-disfavored processes are in competition with entropy-

favored processes, it can happen that the respective k(E) curves cross at a given energy. In a 

typical energy-dependent MS/MS experiment, the reaction time is fixed, and the internal 

energy is increased progressively. This corresponds to a movement from left to right on a 

horizontal line in figure 5. The order of appearance of the different dissociation channels 

depends on the order in which the k(E) curves are crossed by that horizontal line. In the case 

of an infinitely long reaction time, the order of occurrence of the reactions when increasing 

the energy would depend only on the critical energy E0, (no kinetic shift). As the time allowed 

for reaction diminishes, the kinetic shift effect increases: the apparent threshold is higher than 

the true threshold E0 and the order of appearance of the different reaction channels can 



change. In the LCQ, three different reaction times were studied, from 3 to 300 ms. In such 

slow heating conditions, the internal energy rises by small increments, and slow processes are 

observed (see parts (c) and (d) in figures 1-3).For duplex A, the threshold for noncovalent 

dissociation is low and this is the main channel observed. For duplex B, the thresholds for 

base loss and noncovalent dissociation must be close, and both channels are almost equally 

important. For duplex C (100 % of GC base pairs), the rate constant for base loss is highly 

favored due to its lower threshold. For the latter duplex, the only way to obtain significant 

amounts of single strands is to perform MS/MS in a quadrupole (fig. 3a). In the Q-TOF 

instrument, the internal energy uptake per collision is higher than in slow heating, and the 

reaction time is in the order of the microsecond time scale. The kinetic shift is therefore 

higher than in the LCQ.This faster activation regime favors the noncovalent dissociation 

channels (see fig. 5). Competition between base loss and noncovalent dissociation is also 

observed when isolating (DS-B)5- of duplex B (figure 4): in fast heating conditions (fig. 4a) 

the noncovalent dissociation of (DS-B) into the single strands (one of which with a missing 

base) is predominant, whether in slow heating conditions (fig. 4b) a second base loss occurs. 

Type II fragments are also favored by a slow heating of (DS-B)5-. The choice of the activation 

method for the MS/MS experiments is therefore critical for the study of the dissociation of the 

complex with no or at least minimal interference of side-reactions like covalent 

fragmentation. 

 

Proposed  mechanism for the dissociation of duplex DNA 

 

Terminal unzipping of the duplex.  

The base loss from the duplex has also driven our attention for another reason: in order for the 

duplex to loose a base, it must be in a partially unzipped state. The separation of the duplex 



into its single strands is therefore not a single-step process. From a purely statistical point of 

view, the one-step dissociation of the duplex is highly improbable: as discussed previously 

(20), the simultaneous breaking of tens of hydrogen bonds would result in a very high energy 

activation barrier. Rather, assuming a multi-step process, with each base pair opening 

requiring a small activation energy, is more realistic. To investigate the preferential unzipping 

sites, a series of 16-mer duplexes, each containing 8 AT and 8 GC base pairs at different 

positions have been studied. MS/MS was performed on the duplex DS6- with the LCQ mass 

spectrometer with 8 % activation amplitude during 1 s (slow heating conditions). The relative 

abundance of (DS-G)6- and (DS-A)6- have been measured. The results are summarized in 

Table II. Clearly, terminal bases are more readily lost than internal base pairs. Control 

experiments have confirmed that for single strands there is no such dependence on the 

position (data not shown). Unzipping, which is essential for base loss, therefore seems to 

occur preferentially at terminal base pairs.  

 

Proposed reaction mechanism. 

The assembling of all these pieces of information leads to the proposal of a detailed 

mechanism describing the collision-induced dissociation of duplex DNA (figure 6). The 

duplex fragments into single strands by a multistep (preferentially terminal) unzipping. In the 

course of unzipping, bases can be lost from the duplex. This can in turn induce the backbone 

fragmentation of one of the single strands to produce type II fragments, a process that is 

favored by slow heating conditions. The (DS-B) species can also carry on unzipping to 

produce the single strands, one of which having a missing base. Slow heating conditions 

extend the time spent in partially unzipped states and thereby favor the neutral base loss and 

the formation of type II fragments. Type I fragments can be produced by two different 

reaction routes: (i) fragmentation of DS-B into type II and the complementary type I 



fragments and (ii) fragmentation of the single strands that contain excess energy. The former 

route is favored by slow heating conditions, while the latter is favored by fast heating 

conditions. Type I fragments observed for duplex C in fast heating conditions (figure 3a) are 

likely to be issued from this second reaction route: the energy necessary to induce the 

noncovalent dissociation into single strands is so high that the excess energy in the products is 

sufficient to cause the backbone fragmentation of the single strands. The case of duplex C 

illustrates that for very strong complexes, it can be very difficult to find suitable experimental 

conditions to observe only the noncovalent dissociation channel. 

 

 

Re-examination of MS/MS results on oligonucleotide complexes with drugs 

 

Minor groove binders.  

This dissociation mechanism and the understanding of the effect of the collision regime on the 

appearance of the spectra allows to shed a new light on the interpretation of MS/MS of DNA 

complexes with noncovalently bound drugs. For minor groove binder complexes with duplex 

B (or of similar length and strength), very different fragmentation channels have been 

reported. Wan et al. (30) performed MS/MS on an LCQ instrument with the standard 

activation time of 30 ms and reported the predominant covalent fragmentation of the complex 

(neutral base loss and formation of type II fragments) and the minor noncovalent dissociation 

channel (into one nude single strand and one single strand with a drug bound). Gabelica et al. 

(35) performed MS/MS on a Q-TOF instrument and reported the predominant noncovalent 

dissociation of the complex into the single strands or the single strands with a drug bound 

(depending on the drug). These apparently contradictory results can now be interpreted by a 

unique mechanism. Minor groove binders bridge the duplex by forming hydrogen bonds with 



both strands, and the threshold energy for noncovalent dissociation is higher than for the 

duplex. Slow heating conditions induce the terminal unzipping of the duplex (the drug is 

bound to the central AT sequence), the threshold for neutral base loss is reached first and 

covalent fragmentation occurs. In fast heating conditions, the entropy-favored noncovalent 

dissociation channel has a larger rate constant, and is indeed observed.  

 

Intercalators.  

For complexes with intercalators, Wan et al. (30) (MS/MS on LCQ) reported the predominant 

noncovalent dissociation of the complex. We performed the same MS/MS experiment on the 

Q-TOF instrument (figure 7). The spectrum is very similar to this obtained by Wan et al. and 

we have chosen the same annotations for the ease of comparison (C for the complex and D for 

the drug), but our interpretation of the peak at 1823.0 Th differs. Although the resolution is 

not high enough to determine the charge state, we attribute this peak to the DS4- rather than to 

the ss2- because of the observed peak at 1785 Th, which is attributed to (DS-B)4-. The main 

fragmentation pathway is the noncovalent dissociation of the complex into the duplex and the 

negatively charged drug. The duplex therefore keeps only four charges. For complexes with 

intercalators, the noncovalent dissociation is the channel with the lowest threshold, and is 

favored at all collision regimes. 

 

 

 

 



Conclusions 

 

The present article highlights some specific features of the dissociation of duplex DNA that 

are related to the problem of collision-induced dissociation of noncovalent complexes in 

general. First, the choice of the experimental conditions (and of the instrument) can have a 

great influence on the observed dissociation channels of  noncovalent complexes when some 

low-energy (enthalpy-driven) covalent bond cleavages can compete with the noncovalent 

dissociation channel. As noncovalent dissociation is an entropy-driven process, its 

observation can be favored by high energy, fast activation conditions. This work also 

evidences that for complexes containing a high number of contributing interactions organized 

at the interface of the ligands, the noncovalent dissociation is likely to be a multistep process. 

This has important implications for the interpretation of the dissociation kinetics. The overall 

(observed) rate constant does not reflect a one-step dissociation with a single activation 

energy. Rather, the rate constant is the resultant of consecutive small dissociation steps with 

little energy barriers. For the observed dissociation rate to reflect the contribution of all 

noncovalent interactions, there must be no rate-limiting step in the dissociation process.  
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Figure Legends 

 

Figure 1 

MS/MS spectra of duplex A (d(CGTAAATTTACG)2
5-) recorded in different collision 

regimes, fastest to slowest activation from top to bottom. (a) Q-TOF2, collision energy = 16 

eV. (b) LCQ, activation time = 3 ms, activation amplitude = 22 %. (c) LCQ, activation time = 

30 ms, activation amplitude = 10 %. (d) LCQ, activation time = 300 ms, activation amplitude 

= 8 %. The annotations are described in the text. 

 

Figure 2 

MS/MS spectra of duplex B (d(CGCGAATTCGCG)2
5-) recorded in different collision 

regimes, fastest to slowest activation from top to bottom. (a) Q-TOF2, collision energy = 22 

eV. (b) LCQ, activation time = 3 ms, activation amplitude = 24 %. (c) LCQ, activation time = 

30 ms, activation amplitude = 12 %. (d) LCQ, activation time = 300 ms, activation amplitude 

= 10 %. The annotations are described in the text. 

 

Figure 3 

MS/MS spectra of duplex C (d(CGCGGGCCCGCG)2
5-) recorded in different collision 

regimes, fastest to slowest activation from top to bottom. (a) Q-TOF2, collision energy = 30 

eV. (b) LCQ, activation time = 3 ms, activation amplitude = 24 %. (c) LCQ, activation time = 

30 ms, activation amplitude = 12 %. (d) LCQ, activation time = 300 ms, activation amplitude 

= 11 %. The annotations are described in the text. 

 



Figure 4  

MS3 spectra on (DS-B)5- isolated from duplex B, which is produced like in figure 2d. (a) 

Activation time = 3 ms, activation amplitude = 23 %. (b) Activation time = 300 ms, activation 

amplitude = 9 %. The annotations are described in the text. 

 

Figure 5 

Schematics of the dependence of global rate constants for neutral base loss and noncovalent 

dissociation on the internal energy. Base loss (a rearrangement) has a low energy threshold, 

but the rate constant increases less steeply with the energy. Noncovalent dissociation have 

increasing thresholds from duplex A to C, and are entropy-favored processes: the rate 

constant increases more steeply with energy. In the LCQ (slow heating), the reaction times are 

varied from 3 ms to 300 ms, the observed rate constants are small. In the Q-TOF2 (fast 

heating), the reaction time is in the microsecond range and more energy is required to obtain 

larger rate constants. The kinetic shift (difference between the observed threshold and the true 

threshold for dissociation) is larger for fast heating processes. 

 

Figure 6 

Proposed dissociation mechanism for complementary duplex DNA. Each partially unzipped 

state could possibly undergo base loss and subsequent fragementation steps that are described 

in details for one of the species. Base loss can occur anywhere on the partially unzipped part 

of the single strands (the base loss site on the figure has been chosen arbitrarily for 

illustration).  

  



Figure 7 

MS/MS spectrum of the complex between duplex B and actinomycin D, recorded on the Q-

TOF2 with a collision energy of 30 eV. (C = complex, D = drug, DS = double-stranded DNA, 

ss = single-stranded DNA) 

 
 



Table I. Base sequences of 12-mer duplexes A-C. 
 

 Sequence 
 

% of CG 
basepairs 

 
A 
 

 
d(5’-CGTAAATTTACG-3’)2 

 
33 % 

B 
 

d(5’-CGCGAATTCGCG-3’)2 67 % 

C 
 

d(5’-CGCGGGCCCGCG-3’)2 100 % 



Table II. Identification of the observed fragments. 
 

Type I Type II 

1 w2
- a (DS-a5)4- 

2 a5-B2- b (DS-a4)4- 

3 a3-B- c (DS-d2-G)4- 

4 a6-B2- d (DS-x7-G)3- 

5 w6
2- e (DS-a2)4- 

6 w3
- f (DS-x6-G)3- 

7 a4-B- g (DS-a6)3- 

8 w7
2- h (DS-a5)3- 

9 w8
2-   

10 w4
-   

11 a5-B-   

 
 
 



Table III. Relative intensities of adenine and guanine loss from 
DNA 16-mers upon slow heating conditions (LCQ, 8 %, 1 s). The 

error on the relative intensities is ±  2%. 
 

Sequence 
 

A loss G loss 

5’-AAATCGCGGCGCTAAA-3’ 
3’-TTTAGCGCCGCGATTT-5’ 

 
55 % 

 
45 % 

 
5’-AGACTGTGAGTCAGTG-3’ 
3’-TCTGACACTCAGTCAC-5’ 

 
45 % 

 
55 % 

 
5’-GGGCTATAATATCGGG-3’ 
3’-CCCGATATTATAGCCC-5’ 

 
33 % 

 
67 % 
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