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ABSTRACT

The degree and characteristics of physical deg-
radation of macro-DNA molecules by common
laboratory manipulations are reported. With lin-
earized lambda-phage viral DNA as the model
DNA, fragmentation of macro-DNA by various
indispensable laboratory manipulations were
investigated using a high sensitivity flow cy-
tometric setup. Investigated manipulations in-
cluded pipetting, vortexing, rocking, freeze-
thawing, ultrasonication and ultrafiltration. “Ex-
haustive counting” of the intact lambda DNA
molecules following such manipulations en-
abled a quantitative assessment of the resulting
fragmentation, which also revealed the type of
degradation reflected in the fragmentation pat-
terns. The use of high sensitivity flow cytometry
was especially suited to investigate the degra-
dation of dilute DNA solutions that may not be
suitable for analysis using traditional methods.
Notable findings of this study included: the
boarderline-size of DNA chains in terms of sus-
ceptibility to shear stresses by such manipula-
tions; discernable instability of nicked DNAs;
shattering-fragmentation of DNAs by freeze-
thawing or ultrasonication; effectiveness of
some protection media; marked “self-protection
effect” of concentrated DNA solutions. These
findings support and refine our traditional
knowledge on how to maintain the physical in-
tegrity of macro-DNA molecules against inevita-
ble laboratory manipulations.

Keywords: Physical Degradation of DNA;
Laboratory Manipulations; Flow Cytometry;
Exhaustive Counting; Self-Protection Effect

1. INTRODUCTION

Deoxyribonucleic acid (DNA) is an essential compo-
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nent of modern biology. Its size spans from several 10s
of bp (base-pairs) of synthetic oligonucleotides to a few
million bp of double-stranded DNA. Although DNA is
known to have a robust chemical structure that can stab-
ly retain genetic information, large DNA molecules can
easily be degraded by unattended physical experiments
[1]. This could be an important concern when one has to
maintain the integrity of DNA as a critical agent such as
in the area of gene-therapeutics [2]. Multiple gene ther-
apy strategies have recently began to use artificial chro-
mosomes in the mega-base size range [3]. The handling
of such large DNAs with minimal impairment of mac-
romolecular integrity is of paramount importance in this
field.

The fragility of long polymer chains to physical
stresses was first demonstrated by Frenkel in 1944 [4].
Since then, knowledge concerning the theoretical aspects
of shear-induced DNA breaks has steadily grown
[1,5-14]. Various influencing parameters were me-
thodically investigated and theoretically inferred. As
reviewed by Lengsfeld and Anchordoquy [2], the most
important parameters that influence shear-induced
breaks of macro-DNA are strain rate, ionic strength,
gas-liquid interface and turbulence, in addition to DNA
molecular weight, size, and flexibility. Recently, con-
cerns about DNA degradation have been raised in rela-
tion to the mass production of high quality plasmids for
use in DNA therapeutic strategies [3,10,11,14]. Various
bio-processing steps utilized in mass production such as
lysis, solid removal, purification, and finishing would
impart physical stresses that can induce undesirable
degradation of target plasmids [3]. Although a substan-
tial amount of knowledge has been accumulated regard-
ing the physical degradation of DNA, it does not seem to
be readily applicable to routine laboratory environments.
The outcomes of methodical investigations were often
presented with complicated mathematical equations that
may not be intuitive to most staff employed in biology
laboratories. In terms of the intensities of imparted
physical stresses, the investigated steps relating to
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bio-processing may not be comparable to routine labo-
ratory manipulations that include pipetting, vortexing,
rocking, freeze-thawing, ultrasonication, and ultrafiltra-
tions. Additionally, routine laboratory manipulations
may involve the use of DNA solutions that are signifi-
cantly more dilute than those solutions employed in a
mass production environment. It is known that dilute
DNA solutions are more prone to physical degradation
due to a reduced “self-protection effect” [12,13].

In this work, the physical degradation of macro-DNA
by the aforementioned routine laboratory manipulations
was investigated in a quantitative manner. Linear lambda
viral DNA (48.5 kbp) was used as the model macro-
DNA. Fragmentation of the model DNA in dilute prepa-
rations (e.g., 3 ng/mL or 0.1 pM) by application of each
manipulation was quantitatively assessed. Various
methods have been applied for the analysis of DNA
fragmentation including gel electrophoresis [10,11,14],
ultracentrifugation [1,5,7], electron microscopy [5], and
even the use of a microplate-reader with fluorescence
detection [11]. Relative to these methods, the high sensi-
tivity flow cytometry [15] deployed in this work is not
only rapid and convenient, but is also sensitive enough
to analyze highly diluted DNA solutions. The flow cy-
tometric system can detect a single DNA down to the
size of 6 kbp in a flow stream. Intact lambda DNA and
its fragmented products were to be counted together with
their size information following each manipulation in an
effort to reveal the degree and type of degradation. ‘Ex-
haustive counting’ that counts all meaningful DNA par-
ticles in a given volume was applied to accurately quan-
tify the degree of fragmentation. This method was ap-
plicable to highly diluted DNA solutions (down to 3
ng/mL) so that the effect of reduced self-protection was
clearly observable. The histograms of the applied flow
cytometry presented DNA fragments in the size range
between 6 and 50 kbp. The flow cytometric run time was
typically 5 minutes. The common laboratory manipula-
tions investigated were pipetting, vortexing, rocking,
freeze-thawing, ultrasonication, and ultrafiltration.

2. MATERIALS AND METHODS

2.1. DNA Samples and Other Reagents

Linearized lambda phage DNA was purchased from
Fermentas (#SDO0011; Burlington, Canada). This DNA
solution (0.3 mg/mL or 1 x 10° M) was used as the
stock solution. The stock solution was diluted with 1 x
TE buffer (10 mM TRIS, 1 mM EDTA, pH 8.0) down to
3 ng/mL (~1 x 10" M) to prepare test solutions. Unless
otherwise indicated, the concentration of a test solution
was 3 ng/mL. Test solutions were subject to various ma-
nipulations as described below, and small portions of
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untreated test solutions were stored as reference solu-
tions for the counting measurement. For the counting
experiment, the concentration of each test solution was
adjusted to 3 ng/mL with 1 x TE buffer if the initial con-
centration was higher than this value. Then, 50 pL of the
test solution (undiluted or following concentration ad-
justment) was further diluted into 1.5 mL of Tris buffer
(pH 9.5) that included 10% DMSO and 5 pL 1 x
SYBR® Gold dye (Invitrogen, Carlsbad, CA, USA).

2.2. Fragment Analysis by Flow Cytometry

The instrumental setup employed for the flow cytome-
try has been described elsewhere [15]. In brief, 50 pm x
50 pm square-type fused silica tubing (WWP050375;
Polymicro Technologies, Phoenix, AZ, USA) was used
as the flow channel. The total length was 1 m where the
detection spot was established 60 cm away from the
sample introduction-end of the tubing. The whole capil-
lary channel was overfilled with a test solution. A thin
DNA flow stream was generated by applying 0.03 MPa
and —5 kV to the sample introduction-end, and each
DNA particle passing the detection window was counted
for 4 minutes. The DNA count reached a maximum
typically in 2.5 minutes of counting. A laser induced
fluorescence (LIF) detection system was setup to detect
each dye-stained DNA particle when it passed the detec-
tion zone. The detection system was finely tuned to the
narrowest possible peak for the intact lambda DNA
count in a histogram. If necessary, histograms were
changed to density plots for easy comparison of a data
set from multiple experiments.

Each manipulation was applied to typically three ali-
quots of a test solution, and then the results of each ali-
quot were pooled to reflect possible variations in the
intensity of physical stresses imparted by the given ma-
nipulation. Counting was repeated three times for a giv-
en aliquot, and the results were averaged. Before every
measurement, a reference solution was counted to pro-
vide a reference data set. The averaged intact lambda
DNA count for each measurement solution was com-
pared to the reference data set to calculate the fraction of
intact lambda DNA that withstood the stresses from the
given manipulation. Then, the ‘degree of degradation’ by
the given manipulation was defined as [1-the fraction of
intact DNA]. In this calculation, the effect of possible
variations in total DNA quantity due to inexact dilution
was eliminated by normalizing the fraction of intact
DNA based on the total DNA quantity.

2.3. Investigated Manipulations

2.3.1. Pipetting
A linearized lambda viral DNA solution (3 ng/mL in 1
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x TE buffer) was repeatedly pipetted a number of times
as described in the text using Gilson (Midleton, WI) pi-
pettes with capacities of 0.1 or 1 mL to draw 0.07 or 0.7
mL, respectively. Additionally, an Eppendorf Multipette
plus pipette (model #4337806; Hamburg, Germany) was
also employed in drawing 0.7 mL of the DNA test solu-
tion. A decade-cascade-dilution series of the original 0.3
mg/mL (~1 x 10" M) solution down to 3 ng/mL (~1 x
107" M) was also subject to 10 repeats of 0.7 mL/1 mL
pipetting with the Gilson pipette to investigate the
self-protection effect in this concentration range. Gentle
(soft) pipetting was done by slow drawing and dispens-
ing (for 5 seconds for each operation) with a pause for 5
seconds in between them. Inattentive (rough) pipetting
was performed in a rapid manner (for 0.5 seconds for
each operation) without giving a pause in between them.

2.3.2. Vortexing

1 mL of the dilute lambda viral DNA solution above
(3 ng/mL in 1 x TE buffer) contained in a 2 mL glass
vial (#5182-0716; Agilent, Santa Clara, CA) was vor-
texed using a typical benchtop vortexer (Vortex Genie 2;
Scientific Industries, Bohemia, NY). Vortexing was per-
formed for 10, 30, 60 or 180 seconds. Various power
levels were tested as described in the text.

2.3.3. Rocking

The lambda viral DNA solution above (3 ng/mL in 1 x
TE buffer) was placed in a benchtop rocker (#SLRM-2M;
Seoulin Bio, Seoul, Korea) and rocked for 10, 30, 60, or
120 seconds at 10, 30, or 60 rpm (in a simple half-
way-rotation mode). The sample volume and the con-
tainer was the same as in the vortexing experiment.

2.3.4. Freeze-Thawing

The same lambda viral DNA solution above (3 ng/mL
in 1 x TE buffer) was repeatedly frozen and thawed be-
tween —20°C and room temperature for 1, 3, 6, 10, 15
and 20 times. Additionally, the decade dilution series as
in the pipetting experiment was repeatedly frozen and
thawed in the same manner for 10 or 20 times to inves-
tigate the self-protection effect.

2.3.5. Ultrasonication

The same lambda viral DNA solution above (3 ng/mL
in 1 x TE buffer) was ultrasonicated for 10, 30, 50, 120,
240, or 360 seconds using a bench-top ultrasonicator
(#UC-10; Jeio Tech, Daejeon, Korea). Two power levels
of ‘low’ and ‘high’ were applied. The same lambda viral
DNA solution but containing 10% DMSO was also ap-
plied to the ultrasonication test.

2.3.6. Ultrafiltration
0.5 mL of the original preparation of the linearized
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lambda viral DNA solution (0.3 mg/mL in 1 x TE) was
placed in a Microcon YM-3 or YM-30 filter (Millipore,
Billerica, MA) and centrifuged for 100 minutes at 13000
rpm using a bench-top micro-centrifuge (#D-37520,
Thermo Scientific, Waltham, MA). The DNA on the
filter membrane was released by soaking in 1 x TE
buffer for one day. The recovered solution was diluted
and assessed by flow cytometry.

3. RESULTS AND DISCUSSION

3.1. Flow Cytometric Assessment of DNA
Degradation (Fragmentation)

A typical histogram for a reference solution of intact
lambda phage DNA (48.5 kbp) is shown in Figure 1(a).
Typically, about 95% of the total observed DNA repre-
sented intact lambda DNA. The linear relationship be-
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Figure 1. Flow cytometric measurement of DNA fragments.(a)
Typical histogram of a reference DNA sample (linearized
lambda phage DNA prior to application of physical stresses,
0.1 ng/mL lambda DNA in 1.5 pL); (b) Typical histogram of
X-bal-digested lambda DNA; (c) Typical histogram of Hind
III-digested lambda DNA; (d) Linear relationship between
expected DNA fragment size and fluorescence intensity (the
x-axis scale of a histogram) extracted from the results above.
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tween DNA size and fluorescence intensity (the x-axis of
the histogram) was confirmed from the histograms of the
X-bal- and Hind III-digested lambda DNA products
(Figures 1(b) and (c), respectively). The expected DNA

fragment following X-bal digestion is 24.5 kbp, while-
those for Hind I1I digestion are 25.4, 23.1, 9.42, and 6.55
kbp. As shown in Figure 1(d), the X scale was linearly
correlated with DNA size (R = 0.995). DNA fragments
down to 6 kbp could be identified on the histogram.
‘Exhaustive counting’ was applied, and counting results
showed good reproducibility with a RSD below 2%.
‘Exhaustive counting’ refers to counting all DNA parti-
cles in the sample volume, which results in high repro-
ducibility as the counting results are unaffected by varia-
tions in the operation conditions of the measurement
system.

3.2. Manipulation-induced Degradation

3.2.1. Shear Degradation by Pipetting, Vortexing,
Rocking, or Ultrafiltration

Among tested manipulations, pipetting, vortexing,
rocking, or ultrafiltartion would possibly result in DNA
degradation from shear stress as it arises from violent
flow of a viscous medium. Shear stress involves the
whole mass of a DNA chain, which would be concen-
trated on the mass center of the DNA chain [1,4-6]. The
initial outcome would be the breakage DNA chain to two
approximately half-sized DNA fragments, which was
experimentally observed in this work. The results of this
experiment confirmed that inattentive operations of such
manipulations could lead to a substantial compromise of
the integrity of macro-DNAs such as lambda phage
DNA (48.5 kbp).

Inattentive pipetting led to dramatic degradation of
lambda phage DNA, especially when the pipetted vol-
ume was large (0.7 mL using a 1 mL-pipette). The de-
gree of fragmentation apparently depended on the gen-
tleness of the drawing-dispensing action of the pipette.
For example, when 0.7 mL of a dilute DNA solution (3
ng/mL) was carelessly drawn and dispensed using an
Eppendorf Multipette plus pipette (model #4337806),
more than 70% of the intact lambda DNA became frag-
mented (Figure 2(a)). This particular pipette showed
extraordinary stiffness in its moving mechanism, which
led to rather rough pipetting actions. Although attentive,
gentler operation resulted in reduced fragmentation,
more than 50% of the lambda DNA became fragmented
by a single pipetting action. Even when utilizing other
types of pipettes with smooth moving mechanisms, inat-
tentive pipetting led to substantial fragmentation that
was correlated to the number of repeats of pipetting
(Figures 2(b) and (c)), and almost complete fragmenta-
tion (up to 90% degradation) had occurred. Fragmented
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Figure 2. Degradation of lambda DNA by pipetting. (a) Den-
sity plots of a lambda DNA solution prior to and following
pipetting using a Eppendorf Multipette plus pipette (model
#4337806) featuring an extraordinarily stiff drawing/dispens-
ing mechanism; (b) Progress of degradation along the repeats
of inattentive pipetting of a 0.7 mL test solution using a 1 mL
pipette (Pipetman P-1000 from Gilson). Numbers at the right
side indicate the number of pipetting applied to a dilute DNA
solution (3 ng/mL); (c) Plot of the results in panel B; (d)
Self-protection effect against inattentive pipetting. Lambda
DNA solutions of various concentrations were subjected to
10 repeats of inattentive pipetting (0.7 mL with a 1 mL pi-
pette).
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DNAs showed a pattern comprising a broad peak cen-
tered at the half of the size of the intact lambda DNA
(Figures 2(a) and (b)) as mentioned above. In the case
of careful pipetting that would allow virtually turbu-
lence-free drawing and dispensing with a sufficiently
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Table 1. Degradation of 3 ng/mL linearized lambda phage
DNA in 1 x TE buffer by repeated pipetting. The fraction of
intact DNA surviving repeated pipetting is indicated with CV
(n=23).

Experiment Sample Pipette  Number Pipetting Portion of
number  Volume (uL) capacity ofrepeats mode” intact DNA

1 70 100 10 soft 0.81+0.03
2 70 100 30 soft 0.83 +£0.03
3 70 100 10 rough  0.72+0.03
4 70 100 30 rough  0.65+0.04
5 700 1000 10 soft 0.88 +£0.05
6 700 1000 30 soft 0.82+0.03
7 700 1000 10 rough  0.23+0.01
8 700 1000 30 rough  0.07+0.01

"Refer to experimental section.

long pause in between two actions, however, more than
80% of the lambda DNA remained intact even after 30
times of repeated pipetting (Table 1). Smaller pipetting
volumes such as 70 pL using 100 pL pipettes showed
similar survival of ~80% for careful repeats of 30 pipet-
ting actions. In the case of inattentive pipetting of 70 pL,
however, greater than 60% of the lambda DNA remained
intact, whereas more than 90% became fragmented by
inattentive pipetting of 700 pL.

Concentrated DNA solutions acquires protection
against physical damage as is termed the “self-protection
effect” [12,13]. The self-protection effect was prominent
in this work. In contrast to the dilute lambda DNA solu-
tions, concentrated solutions (down to 30 pg/mL) did not
show any significant fragmentation by 30 repeats of ca-
sual pipetting using a 1 mL-pipette (Figure 2(d)). 30
pg/mL approximates 1 x 10° M of lambda DNA. The
degradation of lambda DNA by pipetting could be com-
pletely or mostly obviated if concentrated as high as 30
pg/mL, but the protection effect rapidly diminished in
the narrow range (0.3 - 30 pg/mL). Therefore, the con-
centration of the commercial lambda DNA package (0.3
mg/mL) seems appropriate. There has been some con-
troversy concerning the self-protection effect. Dancis [7]
as well as Adam and Zimm [8] did not observe the
self-protection effect. Levy et al [14] also did not ob-
serve any concentration-dependent shear sensitivity of
DNA, but observed the self-protection effect with shear
with a liquid-gas interface. Therefore, the self-protection
effect against shear damage may require a liquid-gas
interface. Nevertheless, the self-protection effect was
evident and dramatic for most manipulations tested in
this work.

Vortexing for short time periods was not as detrimen-
tal as pipetting of a dilute lambda DNA solution (~3
ng/pL). Vortexing for 10 to 30 seconds at the maximum
power using a typical benchtop vortexer still conserved
about 80% of the intact lambda DNA. However, frag-
mentation ensued in a time-dependent manner with pro-
longed vortexing (Figure 3). Vortexing at the maximum
power for 3 minutes led to about 70% fragmentation of
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Figure 3. Vortexing-induced degradation of lambda
DNA. (a) Comparison of densitograms of vortexed
DNA (m) and reference DNA (o). A dilute lambda
DNA solution (3 ng/mL) was vortexed at maximum
power for 3 minutes; (b) Effect of vortexing power on
lambda DNA degradation. X-scale indicates the vor-
texing power where the maximum power was deliv-
ered at the 10™ level. A dilute lambda DNA solution
(3 ng/mL) was vortexed at various powers for 3 min-
utes.

intact DNA and resulted in fragmentation patterns simi-
lar to those obtained for pipetting (Figure 3(a)). How-
ever, the degree of degradation gradually reduced to un-
observable levels as the vortexing power level was low-
ered from the 10" (maximum) level to the 3™ level (Fig-
ure 3(b)). The threshold of physical stresses for DNA
breakage seemed to coincide with the forces imparted on
lambda DNA by such manipulations. Therefore, one
could observe highly variable results depending on how
these manipulations were performed with the lambda
DNA. Wide variation in the degree of degradation was
most prominent with pipetting (Table 1) and vortexing
(Figure 3(b)). Such manipulations must be carefully
carried out to minimize the physical stresses imparted to
DNA. Operating on small volumes would be safer given
the associated lower momentum of the sample solution.
It has to be understood that the shear stresses induced
varies depending on the size of the DNA. For a given
physical agitation, the imparted tensional force is pro-
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portional to the Ist to 2nd power of the molecular weight
of a DNA particle [2]. For linear DNA chains, the expo-
nent was found to be 1.2 by Bowman and Davidson [5].
This experiment indicates that physical agitation by the
tested manipulations imparts forces on lambda DNA that
is close to the chain strength of duplex DNA. Then, it is
reasonable to suppose that DNA substantially smaller
than lambda DNA would be quite resistant to degrada-
tion by these manipulations. As seen in Figures 2(a) and
(b) and Figure 3(a), the population around half-sized
lambda DNA did not diminish substantially even when
most of the intact lambda DNA particles became frag-
mented, suggesting that stresses imparted on DNA parti-
cles of this size are not comparable to the DNA chain
strength. We confirmed this expectation by observing no
substantial degradation of X-bal-digested lambda DNA
(24.5 kbp) following application of the aforementioned
manipulations (data not shown). In mass production en-
vironment, smaller DNA (5 kbp plasmid) is found to be
insensitive to shear-induced degradation [2,3]. On the
other hand, DNA particles substantially larger than
lambda DNA would be readily fragmented by these ma-
nipulations. The size of intact lambda DNA (linearized
form) could be used as a borderline-size in considering
the possible physical damage induced by these labora-
tory manipulations.

Machine-assisted rocking often employed for the ho-
mogenization of a DNA solution did not cause severe
fragmentation of lambda DNA (Table 2). With speeds up
to 60 rpm (1 rocking/s), fragmentation was limited to
below 20%. Fragmentation was not augmented with
increased speed or prolonged operation time under the
given experimental conditions. Further fragmentation
occurred only when substantially harsher manipulations
were applied. Similar observations were made in gentle
pipetting. As shown in Table 1, gentle (soft) pipetting
did not degrade lambda DNA beyond 20% regardless of
the pipetting volume or number of pipetting actions. It is
likely that the fragmented DNA under mild agitations

Table 2. Degradation of 3 ng/mL linearized lambda phage
DNA in 1 x TE buffer by machine-assisted rocking. The frac-
tion of intact DNA surviving rocking agitation are indicated
with CV (n=3).

Operation time Rocking speed Fraction of intact

(min) (RPM) DNA
1 10 0.914 + 0.005
1 30 0.885 + 0.003
1 60 0.884 + 0.003
10 10 0.868 + 0.006
10 30 0.859 + 0.007
10 60 0.851 +0.003
60 10 0.879 + 0.005
60 30 0.886 + 0.007
60 60 0.863 +0.012
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rocking. Distribution of fragmented DNA particles shows a
less prominent peak of halfway broken lambda DNA. A dilute
lambda DNA solution (0.3 mg/mL) was rocked at 30 rpm for 1
minute.

was in a substantially less stable state compared to the
rest of the DNA that remained intact during the manipu-
lations. The instability of the fragmented fraction would
have resulted from nicking of the DNA chains. The 15%
- 20% observed in this work is close to Bowman and
Davidson’s estimation of the portion of lambda DNA
with single-strand beaks (17% to 30%) [5]. This as-
sumption was also supported by the histograms which
showed less prominent peaks for about halfway broken
lambda DNAs following application of mild manipula-
tions (Figure 4). If nicking sites are rather randomly
distributed, the length of the resulting fragments should
display a wide distribution. Nevertheless, it is notewor-
thy that nicked DNA chains are prone to mild physical
agitation and could be broken even by mild manipula-
tions.

Ultrafiltration is often applied to purify macro-DNA
molecules in an effort to remove small chemical con-
taminants. Although ultrafiltration involves high-mo-
mentum centrifugation, no significant degradation of
lambda DNA was resulted with both M.W. 3 kD cut-off
filters (YM-3) and 30 kD cut-off filters (YM-30) as
shown in Figure 5(a). The recovered DNA from ultrafil-
tration did not show fragmented DNA particles that were
larger than 10 kbp. As this experiment was performed
with a concentrated DNA solution (0.3 mg/mL), this
result could be attributed to the self-protection effect.
Nevertheless, an ultrafiltration-cleanup step can be con-
fidently employed without concern about fragmentation
if the DNA solutions are sufficiently concentrated. Addi-
tionally, recovery from YM-30 filters was in general
slightly higher (about 20%) than that obtained with
YM-3 filters, which could be due to the ease of release
of DNA from the filter membrane of larger pores. The
filtrates from both filtrations did not show the presence
of DNA particles larger than 6 kbp (Figure 5(b)).
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3.2.2. Shattering Damage by Freeze-Thawing or
Ultrasonication

Repeated freeze-thawing and ultrasonication were det-
rimental to dilute DNA solutions. In addition, fragmenta-
tion patterns (Figure 6(b)) were substantially different
from those by shear-damaged DNA (Figure 2(b) and
Figure 3(b)). Physical stresses from freeze-thawing as
well as ultrasonication would be too highly localized to

be associated with the whole mass of a macro-DNA chain.

The intensities of such stresses would be insensitive to
the relative position along the DNA chain. As a conse-
quence, DNA chains would be shattered to many smaller
fragments. The histograms of these manipulations show
a continuous progression towards the disappearance of
large DNA particles. Especially, prolonged ultrasonica-
tion did not leave any DNA particles of observable sizes
(> 6 kbp with the given instrumentation). Unlike
shear-damage, even much smaller DNAs would not be
spared from such damages.

Initial cycles of repeated freeze-thawing led to severe
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Figure 5. Flow cytometric analysis of ultrafiltrated
lambda DNA solutions. (a) Densitograms of recov-
ered DNA following ultrafiltration with M.W. cut-off
filters of 3 kDa (@) and 30 kDa (0); (b) Densitograms
of the pass-through solutions of the ultrafiltration ex-
periment above. 0.3 mg/mL lambda DNA solution
was centrifuged for 100 minutes at 13000 rpm, and
then recovered after 1 day-soaking in 1 x TE.
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Figure 6. Degradation of lambda DNA by repeated
freeze-thawing. (a) Progressive degradation of DNA with in-
creasing repeats of freeze-thawing; (b) Typical fragmentation
patterns of repeatedly freeze-thawed lambda DNA solution: (O0)
reference solution; (A) freeze-thawed 9 times; (@) freeze-
thawed 20 times. 3 ng/mL lambda DNA solution was used; (c)
Self-protection effect against DNA degradation by repeated
freeze-thawing. Freeze-thawing was applied 9 times (V') or 20
times (A) to lambda DNA solutions of various concentrations.
1 x 10" M (10 nM) is approximately 0.3 mg/mL. No additive
was added to the solution matrix of 1 x TE buffer.

degradation of dilute DNA solutions. One cycle of
freeze-thawing caused about 10% degradation of intact
lambda DNA in TE buffer. As shown in Figure 6(a), the
fragmentation of lambda DNA progressed in a re-
peat-dependent manner, reaching 75% degradation at
20-cycles of freeze-thawing. The self-protection effect
was obvious in the tested concentration range. In con-
trast to pipetting (Figure 2(d)), the self-protection effect
gradually diminished across the wide concentration
range (3 ng/mL - 0.3 mg/mL) as seen in Figure 6(c).
Repeated freeze-thawing that is unavoidable in many
circumstances is quite detrimental, but its adverse effect
can be reduced by storing DNA as concentrated as pos-
sible.

Ultrasonication is often applied to DNA solutions for
the purpose of fragmenting DNA. Using a typical
benchtop ultrasonicator, application of a ‘low’ level ul-
trasonication power for 10 or 30 s resulted in 30% and
70% DNA fragmentation, respectively where shattered
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Figure 7. Degradation( gf lambda DNA by ultra-
sonication. (a) Protection effect of 10% DMSO. 3
ng/mL lambda DNA in 1 x TE buffer was markedly
degraded by either weak (dark grey bar) or strong
sonication (black bar) whereas the same DNA solu-
tions containing 10% DMSO did not show any sig-
nificant degradation following either weak (white
bar) or strong sonication (light grey bar); (b) Shat-
tering fragmentation of DNA by ultrasonication.
Densitograms of sonicated DNA solution (e) and
reference solution (O).

fragmentations were obvious (Figure 7). Application of
a ‘high’ level ultrasonication power resulted in the com-
plete absence of intact DNA, as was the case with pro-
longed ultrasonication at either power level. Therefore,
ultrasoification has to be used only for purposeful frag-
mentation of DNA. It is noteworthy that DNA solutions
containing 10% DMSO showed no observable fragmen-
tation regardless of the power level and application times
employed under the given experimental conditions. In-
tact lambda DNA particles in a DMSO solution were not
noticeably fragmented even after ultrasonication for 10
minutes (data not shown). The protective effect of 10%
(v-v) DMSO was also observed in the pipetting experi-
ment. The fragmentation of nicked DNA by soft pipet-
ting was completely avoided using a 10% (v-v) DMSO
solution. If DMSO does not interfere with the proce-
dures necessary for any given manipulation, the addition
of DMSO would be a convenient way to reduce the
physical degradation of macro-DNA. Other viscous me-
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dia not tested here would provide a similar advantage.
Concentrated NaCl (e.g. 150 mM) is known to provide
protection effect against shear damage [16], that would
be less prominent to linear DNA due to increased flexi-
bility of the DNA chain by electro-neutralization [17].
Bowman and Davidson accordingly found insignificant
protection effect of concentrated salt [5]. In this work,
we observed marginal effect of 150 mM NaCl only for
milder manipulations that disappeared with rough ma-
nipulations such as inattentive pipetting. Unlike shatter-
ing damage, DMSO neither effectively protected DNA
against strong shear stresses. Therefore, violent manipu-
lations need to be avoided even with such protection
media.

3.3. Guidelines for Securing the Integrity of
Macro-DNA

In summary of the observations and discussion above,
the following guidelines are suggested for the handling
of macro-DNA with reduced damage:

1) Use DNA solutions as concentrated as possible.

2) Keep in mind that ds DNA larger than 50 kbp is
subject to degradation by unattended operation of com-
mon laboratory manipulations.

3) Avoid the handling of large sample volumes (in-
cluding pipetting volumes).

4) Execute each operation as gently as possible to
avoid sudden changes in motional direction of the sam-
ple liquid.

5) Be aware that nicked DNA is substantially more
fragile.

6) Avoid freeze-thawing as much as possible. If un-
avoidable, prepare samples as concentrated as possible.

7) Consider the addition of an 'inert' protective me-
dium (e.g. DMSO), but be aware their limited protection.

8) Ultrafiltration is a safe cleanup step when utilizing
macro-DNAs.

The above guidelines may not be new to many ex-
perienced scientists. However, it would be better if the
characteristics of DNA fragmentation are elucidated
based on experimental data as our precautious measures
could be optimized accordingly. In that sense, this ex-
periment has a limitation in terms of tested DNA (only
linearized lambda DNA). Differences in the size as well
as the shape (ring, open chain or supercoil) of the DNA
would substantially alter the observations. Therefore,
further experiments will be carried out as soon as suit-
able materials and instrumentation are in hand.

4. CONCLUSIONS

Using a home-made flow cytometry system capable of
counting individual DNA particles and providing infor-
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mation concerning DNA size, the fragmentation of lin-
earized lambda phage DNA by common laboratory ma-
nipulations was examined in a quantitative manner. It
was evident that large DNAs such as lambda phage
DNA could easily be fragmented by the careless execu-
tion of several common laboratory manipulations, and
especially when working with diluted DNA solutions.
The degrees of damage associated with the physical
strength of the execution of these manipulations were
quantitatively presented, and provide helpful data in as-
sessing the potential degradation of macro-DNA in a
common laboratory environment. Although limited in
the test DNA, the experimental findings in this work
support and refine our traditional knowledge on how to
minimize the physical damage of macro-DNA associated
with common sample handling techniques.
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