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Rationale: Calf‐thymus (CT‐DNA) is widely used as a binding agent. The commercial

samples are known to be “highly polymerized DNA” samples. CT‐DNA is known

to be fragile in particular upon ultrasonic wave irradiation. Degradation products

could have dramatic consequences on its bio‐sensing activity, and an accurate

determination of the molecular weight distribution and stability of commercial samples

is highly demanded.

Methods: We investigated the sensitivity of charge detection mass spectrometry

(CDMS), a single‐molecule MS method, both with single‐pass and ion trap CDMS

(“Benner” trap) modes to the determination of the composition and stability (under

multiphoton IR irradiation) of calf‐thymus DNAs. We also investigated the changes

in molecular weight distributions in the course of sonication by irradiating ultrasonic

waves to CT‐DNA.

Results: We report, for the first time, the direct molecular weight (MW) distribution

of DNA sodium salt from calf‐thymus revealing two populations at high (~10 MDa)

and low (~3 MDa) molecular weights. We evidence a transition between the high‐MW

to the low‐MW distribution, confirming that the low‐MW distribution results from

degradation of CT‐DNA. Finally, we report also IRMPD experiments carried out on

trapped single‐stranded linear DNAs from calf‐thymus allowing extraction of their

activation energy for unimolecular dissociation.

Conclusions: We show that single‐pass CDMS is a direct, efficient and accurate

MS‐based approach to determine the composition of calf‐thymus DNAs. Furthermore,

ion trap CDMS allows us to evaluate the stability (both under multiphoton IR irradiation

and in the course of sonication by irradiating ultrasonic wave) of calf‐thymus DNAs.
1 | INTRODUCTION

Calf‐thymus (CT‐DNA) has been commercially available for a long

time. CT‐DNA is very popular because it mostly resembles the

mammalian DNA structure and is easy to extract from the thymus

gland of calf. Thus, it has been widely used as a DNA sample, such

as testing anti‐dsDNA antibody activity,1 nuclease activity,2 DNA

binding anticancer agents3 and DNA binding agents4 that modulate
. wileyonlinelibra
DNA structure and function. CT‐DNA is also used in physicochemical

studies of DNA behavior in solution, in particular conformation and

rheological properties.5 Recently, the interaction of silver (Ag) clusters

with CT‐DNA has been used as an efficient template method to

prepare luminescent Ag clusters.6

The commercial samples are known to be “highly polymerized

DNA” samples which contain both double‐ and single‐stranded forms.

However, double‐stranded DNA is supposed to be the predominant
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form. Information about their molecular weight distribution is not

available from the suppliers and only an estimation of the molecular

weight is reported to be between 10 and 15 million daltons (MDa).

In the literature, the average molecular weight (MW) of CT‐DNA

samples ranges from 6 MDa7 to more than 8 MDa.8,9 Quantitative

information on the molecular weight distribution of CT‐DNA is, to

the best of our knowledge, missing completely. Recently, a plausible

CT‐DNAmolecular weight distribution was estimated from size‐exclusion

chromatography (SEC) with dual low‐angle light scattering/refractometric

detection at a sufficiently low flow rate.9 Indeed, SEC separation is

substantially disturbed by diverse flow‐retardation effects; however,

the nonbiased molecular weight distribution can be obtained using a

sufficiently low mobile phase flow rate. A broad distribution was

observed and extended over three orders of magnitude in molecular

weight (from 105 to 108 Da).9 This high polydispersity was attributed

mainly to be the result of mechanical and shear degradation of

CT‐DNA during its isolation. Indeed, CT‐DNA is known to be fragile

in particular upon ultrasonic wave irradiation.8,10 Degradation products

could have dramatic consequences on the bio‐sensing activity of the

double‐stranded CT‐DNAs, and an accurate determination of the

composition of commercial samples is highly required.

Conventional mass spectrometry (MS) is a powerful tool for

DNA mass analysis.11 However, conventional MS measures the

mass‐to‐charge ratios (m/z) of an ensemble of ions and usually

requires homogeneous samples, or limited heterogeneity, to bridge

the gap in the megadalton (MDa) mass range.12 In contrast, charge

detection mass spectrometry (CDMS) is a single‐molecule MS

method.13 In CDMS, an ion is passed through a metal tube. CDMS

allows the simultaneous measurement of the charge (z) from the image

charge on the tube and of m/z from the time‐of‐flight (TOF) through

the tube (and the ion's kinetic energy) of each single ion composing

the sample leading to the direct determination of each corresponding

mass.14-17 Benner and colleagues demonstrated the potential of CDMS

for the analysis of megadalton DNAs (between 2.8 and 31 MDa), both

with a single‐pass CDMS experiment,18-20 and with ion trap CDMS

(“Benner” trap) (see Figure 1).21
More recently, Antoine and coworkers have published a series

of articles demonstrating the use of CDMS to study the

photofragmentation of single‐stranded DNA macromolecules.22-26

By coupling a CO2 laser to a “Benner” trap, infrared multiphoton

dissociation (IRMPD) was performed on megadalton‐size DNA ions.

For double‐ and single‐stranded DNAs, the experiment revealed

several fragmentation pathways having distinct signatures which

cannot be addressed by investigations associated with average

statistical reaction rates.

In this paper, we report, for the first time, the direct molecular

weight distribution of DNA sodium salt from calf‐thymus (CT‐DNA).

We also investigate, by CDMS, the changes in molecular weight

distributions in the course of sonication by irradiating ultrasonic wave

to CT‐DNA and observe a transition between the high‐MW to the

low‐MW distribution. Moreover, we show IRMPD experiments on

trapped single‐stranded linear DNAs from calf thymus (~15 MDa),

allowing extraction of their activation energy for unimolecular dissociation.
2 | EXPERIMENTAL

Experiments were performed on a custom‐built spectrometer with an

electrospray ionization (ESI) source to generate the highly charged

macro ion beam and a vacuum interface. The ions are guided up the

terminal vacuum stage chamber which contains two identical charge

detection devices (CDD) to work in a single‐pass CDMS27 and ion trap

CDMS modes.24 The first CDD consists of a conductive tube collinear

to the ion beam and connected to a field‐effect transistor (JFET). The

picked up signal is amplified by a low‐noise charge‐sensitive preamplifier

and then shaped and differentiated by a home‐built amplifier. The signal

is recorded, in single‐pass CDMS mode (see Figure 1), with a waveform

digitizer card. The data are transferred to a desk‐top computer where

they are analyzed with a custom‐written user program. Calibration in

charge was performed using a test capacitor that allowed a known

amount of charge to be pulsed onto the pick‐up tube. The second

CDD is surrounded by ion mirrors. Thus the second CDD is used as
FIGURE 1 Schematics principles of charge
detection mass spectrometry. (left) single pass
CDMS; the charge z of single ions is
determined by the amplitude measured by
image charge through the tube and the m/z
value is determined from theTOF through the
tube (and the ion's kinetic energy). The detector
tube can be embedded in an electrostatic ion
trap (right), so a single ion's charge can be
measured hundreds or thousands of times as
the ion oscillates back and forth through the
tube. This version is called ion trap CDMS. A
CO2 laser can be injected in the axis of the ion
trap, and single trapped ions can be irradiated
by low energy (hv~0.1 eV) IR photons.
Fragmentation information can be extracted
based on the shape of the induced charge
waveform at the end of ion trapping
(represented by a flash bang icon)
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a gated electrostatic ion trap (“Benner” trap, see Figure 1) by the use

of a delay generator and a discriminator. During the trapping time a

continuous wave CO2 laser is used in a synchronized manner to irradiate

the trapped ion through a ZnSe window. Laser power dependent

experiments are performed by changing the duty cycle of the laser.

Double‐stranded (dsDNA, Sigma, D 3664, ~10–15 MDa) and

single‐stranded (ssDNA, Sigma, D 8899, ~15 MDa) DNAs from

calf‐thymus were bought commercially. A standard electrospray

sample solution was made by diluting the CT‐DNA to 0.0125 mg/mL

in 1:1 water/acetonitrile. The positive mode of ionization was chosen

for ESI. The spray conditions in negative ion mode using the standard

pressurized electrospray inlet were much more difficult to reproduce

and maintain than those in positive ion mode. Note that negative ion

CD mass spectra of MDa DNA ions were reported by Benner et al19

and the mass values obtained were similar in both ion modes. The

sonication of DNA solutions was performed with an Elmasonic S

series sonicator (37 kHz, the highest power 300 W). A tube containing

the CT‐DNA solution (5 mL) was immersed into the bath solution

about 1 cm below the level, and the solution was irradiated for 0 to

25 min at a fixed irradiation intensity, at room temperature.
3 | RESULTS AND DISCUSSION

3.1 | Double‐stranded DNAs from calf thymus

The two‐dimensional (2D) graph (charge vs. mass) shown in Figure 2

reports mass measurements on around 10,000 single DNA ions;

m (the molar mass) of each macro ion is obtained from a combination

of both z (the charge) and m/z values. A broad distribution extends

over two orders of magnitude in m (from 0.5 MDa to higher than

50 MDa) explaining the high polydispersity index reported in earlier

works.9 The charge distribution is also very broad ranging from ~300 e

to larger than 2000 e. Interestingly, two populations could be seen

on the CDMS 2D graph (Figure 2). They could be further distinguished

by their time‐of‐flight (data not shown). The main population, the
FIGURE 2 2D graph of CDMS measurements performed on a
sample of ds‐CT‐DNAs
“high” mass population, had a mean mass of ~10 MDa. In addition, a

“low” mass population (around 2.4 MDa) is clearly observed. The

differences in the charge vs molar mass slopes corresponding to the

two populations (Figure 2) indicate that the “low” mass population

(slope ~1.4 10−4 z/m) is highly charged; much more than the “high”

mass population (slope ~3.8 10−5 z/m). This might be correlated

to the difference in surface/volume ratios in such biopolymers.

This behaviour was already observed for CDMS analysis of entire

amyloid fibers,28 and also DNA samples.25 These two charge

distributions could reflect that ions are present in solution in two

different conformations with different charging ability (an extended

conformation more prone to be charged than a more folded one),

each leading to different charge distributions as already mentioned

in previous studies by Benner and co‐workers on megadalton‐DNA

electrospray ions using CDMS.19

It was suspected that the high polydispersity for CT‐DNA was

mainly a result of mechanical and shear degradation of CT‐DNA

during its isolation. To better explore this hypothesis, we conducted

sonication experiments by irradiating ultrasonic wave to CT‐DNAs

for 0 to 25 min. Interestingly, the two populations seen on the CDMS

2D graph are not changed by sonication (data not shown). However,

the relative content of “low” and “high” mass populations is strongly

dependent on the sonication time. Figure 3 shows the change in

molecular weight distribution of the double‐stranded CT‐DNA, in the

course of sonication time (0, 12, and 25 min). Clearly the “high” mass

population is depleted to the benefit of the “low” mass population

when the sonication time is increased. This confirms that the

low‐MW distribution observed in commercial samples results from

degradation of CT‐DNA.
3.2 | Single‐stranded DNAs from calf thymus

Positive ion CD mass spectra of ssDNAs from calf‐thymus samples are

shown in Figure 4A. These plots represent the measurement of about

2000 individual trapped ions. Mass and charge were individually
FIGURE 3 Measured molecular weight distributions in log scale
(logM) of ds‐CT‐DNAs in the sonication process, determined by
CDMS measurements. Irradiation time in min: 0, 12, and 25



FIGURE 4 A, CDMS scatter plots of charge versus mass for ss‐CT‐DNA
samples. Each point corresponds to an individual measurement.
Projection of the scatter plots on the mass axis provides the
corresponding mass histograms (bin size = 1 MDa). Solid red lines are
representative of the charge distributions (i.e., z/m~7.6 10^e−5). B,
Logarithm of ion count versus time for the dissociation of ss‐CT‐DNAs
under different laser power irradiation. The plots were constructed by
analyzing ∼100 wavelets of individual ions at each laser power in order
to construct a frequency histogram of the distribution of ion counts.
The line corresponds to a linear fit of the data. C, Respective plot of the
logarithm of the first‐order unimolecular dissociation rate constant, kd,
versus the logarithm of the laser intensity for ss‐CT‐DNA samples. The
activation energy for dissociation, Ea, is obtained from the slope of the
linear fit
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extracted from each transient waveform.25 A single broad mass

distribution ranging from ~9 MDa to higher than 30 MDa is obtained.

The charge distribution is also very broad ranging from ~1000 e to

larger than 3000 e. The corresponding z/m slope is ~7.6 10−5. This

slope is about 2 times higher than the slope obtained for the “high”

mass population of dsDNAs from calf‐thymus samples, meaning that

ssDNAs can hold more charges as compared to dsDNAs. This higher

charge ability for ssDNAs may be due to a higher conformational

flexibility allowing a better unfolding of DNA strands.

A single DNA macro ion selected in mass and charge can be

trapped in our ion trap CDMS instrument during several tens of

milliseconds which corresponds to several hundreds of oscillations

(see Figure 1). Infrared multi‐photon dissociation (IRMPD)

experiments were carried out on single‐stranded CT‐DNA ions. At

high CO2 laser power, drastic changes are observed in the trapping

duration. Indeed while the trapping time can exceed 30 ms without

the CO2 laser, it does not exceed 5–15 ms (see Figure 4B) and

dissociation is usually very fast (less than a few ms). Furthermore,

the induction period which corresponds to the averaged irradiation

time needed to start the dissociation increases as the laser power

decreases (see Figure 4B). From the linear fits of survival rate plots

at each laser power we could obtain the corresponding dissociation

constants (kdiss) of the studied DNA (see Figure 4C). From the slope

of the linear evolution of kdiss as a function of laser intensity in a

log–log plot, using the formalism described in our previous work,23,29

we could extract the activation energy for unimolecular dissociation

of ss‐CT‐DNA Ea = 0.3 eV.

Under CO2 laser irradiation, three specific pathways of

dissociation were observed, based on the shape of the induced charge

waveform as a function of time (see Figure 1 and Doussineau et al25

for more details). “Sudden loss” type pathways display a sharp

decrease in measured signal and are due to dissociation events where

the fragment ion is lost from the trap. “Funnel” type pathways leads to

a gradual loss of charge. A third type of pathway is called “staircase”

and is characterized by a significant loss of charge followed by

periods where the charge remains constant. At an irradiation power

of 6.4 W/cm2, the observation of “funnel” and “staircase” pathways

is equally observed. This particular statistical repartition of pathways

is similar to the one of non‐hybridized dimers of single‐stranded

DNA determined in a previous study.25 This may be attributed to

the ability of these relatively unfolded DNAs to easily lose fragment

upon irradiation.
4 | CONCLUSIONS

In this study, we show that single‐pass charge detection mass

spectrometry can be used as a direct, efficient and accurate MS‐based

approach to detect and measure the composition of commercial

samples of calf‐thymus DNAs. The mass distribution reveals two

populations at high (~10 MDa) and low (~3 MDa) molecular weights.

Furthermore, ion trap CDMS allows evaluation of the stability (both

under multiphoton IR irradiation and in the course of sonication by

irradiating ultrasonic wave) of calf‐thymus DNAs. In particular, we

evidence a transition, upon sonication between the high‐MW to the



HALIM ET AL. 39
low‐MW distribution, confirming that the low‐MW distribution results

from degradation of CT‐DNA. Moreover, IRMPD experiments on the

trapped single‐stranded linear DNAs from calf‐thymus (~15 MDa)

disclose that ssCT‐DNA follows unimolecular dissociation with an

activation energy of 0.3 eV.
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