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Abstract

reached.

Background: Understanding the mechanical properties of chromatin is an essential step towards deciphering the
physical rules of gene regulation. In the past ten years, many single molecule experiments have been carried out, and
high resolution measurements of the chromatin fiber stiffness are now available. Simulations have been used in order
to link those measurements with structural cues, but so far no clear agreement among different groups has been

Results: We revisit here some of the most precise experimental results obtained with carefully reconstituted fibers.

Conclusions: We show that the mechanical properties of the chromatin fiber can be quantitatively accounted for by
the stiffness of the DNA molecule and the 3D structure of the chromatin fiber.

Background

In the nucleus of eukaryotic cells, chromatin is constantly
under mechanical stresses due to DNA transcription and
replication. In order to better understand how nucleoso-
mal arrays can deal with such stress, several groups have
used optical and magnetic tweezers to probe the response
of native or reconstituted arrays to stretch and torque.
In most of these studies, the only experimental read out
is the extension of the array, and modelling efforts are
often needed to interpret these results in term of struc-
tures. Ten years of work have revealed essential features of
the mechanical response of the chromatin fiber to exter-
nal stress (for two recent reviews see [1,2]). In one of
the most recent, and certainly one of the most accurate
study, Kruithof and colleagues used magnetic tweezers to
probe the mechanical properties of reconstituted chro-
matin fibers under physiological ionic conditions at an
unprecedented resolution [3]. Their study revealed that a
regular nucleosome array containing linker histones (LH)
is a very soft structure (a soft spring) which can be eas-
ily stretched up to three times its resting length. They
interpreted these results to support a model of the 30
nm fiber in which nucleosomes are stacked in a helical
structure reminiscent of the solenoid model proposed by

*Correspondence: mozziconacci@lptmc jussieu.fr

1 Laboratory for Theoretical Physics of Condensed Matter, UPMC, 75005 Paris,
France

Full list of author information is available at the end of the article

( ) BiolVled Central

Finch and Klug decades ago [4]. Theses new results were
reinterpreted in two consecutive modelling studies, one
of which agrees with their interpretation [5] whereas the
other one does not [6]. Here, we propose an alternative
explanation for the Kruithof et al. results which is in very
good quantitative agreement with their measurements. In
a first part of this paper, we will interpret their results in
the geometrical framework of the zig-zag model instead
of the solenoidal model of chromatin. In a second part, we
will see that this alternative explanation can quantitatively
account for the fiber stiffness they measure.

Results and discussion
Kruithof et al. assume that the nucleosomes in the chro-
matin fiber are stacked in a one-start helix. This assump-
tion is mainly based on the spring-like behaviour of
the array until it reaches an extension of 150 nm (i.e.,
three times the resting length of their reconstituted fiber):
they reason that this extension may correspond to a
fully stretched column of nucleosomes stacked upon each
other. When this column is further stretched, the response
is characteristic of a disruption of some contacts stabi-
lizing the structure; this disruption is interpreted as an
unstacking of the nucleosomes. In the following discus-
sion, we will argue that the assumption of nucleosome
stacking is in contradiction with some of their findings.
First, in the most compact form of the nucleosomal
array (with LH and Mg?*) they observe a compaction of
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5 nucleosomes(nuc)/10 nm (that is 50 nm for 25 nucle-
osomes) compared to the actually measured compaction
of 10 nuc/10 nm based on electron microscopy for the
very same construct [7]. They propose that this differ-
ence in compaction is due to the formation of an alternate
structure in which the helix gyres are not interdigitated
as proposed earlier for the 10 nuc/10 nm structure seen
in electron microscopy [7]. In this respect, the structure
they propose closely matches the solenoid structure in
which consecutive nucleosomes in the array are stacked
on top of each other [4]. In order to achieve this stack-
ing, the 50 bp DNA linkers joining consecutive nucle-
osomes have to be dramatically bent. Such bending is
usually expected to be achieved through the binding of
LHs (in this case H1 or H5) onto the DNA linker. Unex-
pectedly, Kruithof and colleagues observe a very similar
mechanical behaviour of nucleosomal arrays with and
without LH when the pulling force is low. They con-
clude that the compact structure, with bent DNA link-
ers, can form in the absence of LHs and attribute this
possibility to the huge nucleosome stacking interaction
energy they estimate from the force—extension curves.
Whether or not the stacking energy can override con-
straints of the persistence length of naked DNA remains to
be seen.

Second, in order to stack nucleosomes in a helix that
has both the compaction and the stiffness they measure,
Kruithof and colleagues propose that the nucleosomes
do not interact through their faces, as previously and
repeatedly reported [8], but through their flexible tails. At
the same time the author assume a conventional face-to-
face stacking of the nucleosomes when the fiber is fully
stretched into a column, in order to be able to match the
size of the column. If the nature of stacking would change
when pulling on the array (which seems unrealistic), one
would not expect the linear force-extension dependence
that has been reported. Of note, the linear force-extension
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dependence was the main reason for assuming nucleo-
some stacking in the first place [3].

Modelling the fiber extension using the two-angle
chromatin fiber model

Here, we suggest that the topology and the mechanics
of the nucleosomal array can be fully accounted by the
well known two-angle model that describes the fiber as
an irregular zig-zag structure [9,10] (Figure 1). One of the
two angles, 8, determines the relative orientation of one
nucleosome to the next and is roughly fixed by the nucle-
osomal repeat length (NRL); the other angle, «, is formed
between entering and exiting DNA linkers and depends in
this case (i) on the presence of LHs and Mg?* ions and
(ii) on the pulling force. The stretching force can change
«a either through linker bending or the rupture of the con-
tacts between DNA and the histones at the Super-Helical
Locations (SHL). We have modelled the array reconsti-
tuted on the 197 bp NRL template used in Kruithof et al.
as a function of the « angle (Figure 1A) and compared the
array extension with the experimental results of Kruithof
et al. (Figure 1B). The comparison clearly shows that the
experimental observations can be explained in a straight-
forward way as follows:

(i) In the presence of LHs and Mg?*, the entry and
exit linkers are crossing and « can vary from 120° to
180° (in red in Figure 2). This variation allows exten-
sion upon stretching from 100 to 250 nm, as observed
experimentally.

(ii) In the absence of LHs and in the presence of Mg?*,
the angle o (and hence the array extension) will also
depend on the applied force. At forces below 4 pN, « can
vary from 60° (corresponding to the crystal structure of
the nucleosome) to 0° with possible rupture of the weak
contacts between DNA and the histones at the SHL 6.5
and -6.5 (in yellow and orange in Figure 2). At higher force
(> 4 pN), the strong DNA /histone contacts at SHL 5.5 and

Figure 1 The two angle model. A and B are two different views of three consecutive nucleosomes in the array. One of the two angles (&) is
formed between entering and exiting DNA linkers and depends (i) on the presence of LHs and Mg?* ions, and (ii) on the pulling force; the other
angle (B) determines the relative orientation of one nucleosome to the next and is fixed by the nucleosomal repeat length (NRL).
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Figure 2 Model for the array stretching under pulling force. (A) Geometrical model of the array predicted from the two angle model for a NRL
of 197 bp for different values of the & angle. For each of the five colors (blue, green, yellow, orange and red), the contacts between DNA and the
histone core are different. A schematic representation of the location of those contacts (SHL) is presented in black. On each colored nucleosome,
SHL are shown in black when there is a physical contact between DNA and the histones and in grey if this contact is disrupted. In blue, the
interaction between DNA and the core histones is disrupted at SHL 6.5, 5.5 and 4.5 (resp. -6.5,-5.5 and -4.5). In green, the interaction between DNA
and the core histones is disrupted at SHL 6.5 and 5.5 (respectively, -6.5 and -5.5). In yellow, the interaction between DNA and the core histones is
disrupted at SHL 6.5 only (respectively, -6.5 ). In orange, no interaction in between DNA and the histones are disrupted. In the red conformation, the
linker histone (represented as a black dot) interacts with the entry and exit DNA linker so that the negative crossing is stabilized. (B) Summary of the
experimental results presented in Kruithof et al. [3]. The extension of the array is plotted as a function of the pulling force. The red curve corresponds
to the H5 containing array. The orange/yellow/green curve corresponds to the array without LH, in the presence of Mg?*. The green/blue curves
show the hysteretic behaviour obtained without LH when magnesium has been depleted. The black arrows indicate the curve obtained while
increasing (respectively, decreasing) the applied force.

-5.5 are progressively disrupted and o can decrease from  unstacking. However, similar changes in extension were
0° to -90°, leading to a dramatic extension of the array (in  reported in the case of single nucleosomes and interpreted
yellow and green in Figure 2). in terms of unwrapping of DNA from the octamer by
(iii) In the absence of both LHs and Mg?*, i.e., when the same authors [11,12]. Other labs have also observed
the electrostatic repulsion between the DNA linkers at DNA unwrapping under low force conditions, both in the
the entry/exit site is high, « is already widely open even fiber context [13] and on individual nucleosomes [14].
at low forces (green in Figure 2). In this case, the con-  We believe that partial unwrapping of DNA in individual
tour length of the fiber is longer than 500 nm, and, upon  nucleosomes in the array is responsible for the observed
stretching, the array can be smoothly extended up to this  stretching behaviour of the fiber.
length following a worm-like chain behaviour. Upon fur-
ther force increase, the DNA/histone contacts at SHL  The stiffness of the nucleosomal array can be explained by
-4.5 and 4.5 are eventually disrupted, resulting in further =~ the DNA mechanical properties
increase of the length up to 700 nm. Kruithof and col- Importantly, our interpretation of the stretching data is
leagues propose that this extension is due to nucleosome in very good quantitative agreement with other measure-
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Figure 3 Values of the array stiffness for different values of the
angle («). In red respectively, green we show the upper respectively,
lower value of k for different « angles. The grey area in between the
two curves therefore represents the possible values for the stiffness .
Results are shown both for (A) the 197 bp NRL and (B) the 167 bp
NRL. Note that the scales of the Y-axis are different in (A) and (B).

ments presented in the Kruithof et al. paper. The stiff-
ness of the array in the linear extension regime can be
estimated as a function of @ according to our former tun-
able spring elasticity model [15] (see Methods). For the
197 bp NRL array with Mg?*, we found that the stiffness
k for @ = 70° is close to 0.015 pN/nm (see Figure 3A).
This value compares well with the experimental measure,
0.02 pN/nm, given in Table 1 of the paper by Kruithof
et al. [3]. As measured by Kruithof et al. the stiffness
is constant in the first regime ((1) on Figure 2B) of the
array stretching. This observation is in agreement with
the fact that & around this value of « is roughly con-
stant. In the case where LHs are absent, when the force
is further increased, the array becomes more extended
and « decreases towards zero according to our geomet-
rical model. As can be seen from our calculations, the
array becomes softer with a k slowly decreasing to 0.008
pN/nm (see Figure 3A). Again this value agrees with the
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progressive change of slope in the force extension curve
that can been seen when the total extension reaches 150
nm ((2) on Figure 2B). For « further decreasing from 0° to
-90°, the progressive rupture of contacts at SHL 5.5 and
-5.5 combined with the softening of the array results in
the ‘force plateau’ in Figure 3B of Kruithof’s paper ((3) on
Figure 2B). In this frame, the energy of interaction they
attribute to nucleosome stacking can be attributed to the
DNA/histone contacts at SHL 5.5 and -5.5. For a more
quantitative estimation of this energy, the reader can refer
to the next section.

Our calculations also confirm the three fold increase in
stiffness measured for a NRL of 167 bp (see Figure 3B),
which is essentially due to the rapid increase of the stretch
modulus with the linker length reduction. The measured
stiffness of the array (k = 0.05pN/nm) is compatible
with an o angle of about 30°, suggesting that the fiber
with shorter NRL has a more open conformation of the
entry/exit linkers. Taken together, all these calculations
strongly suggest that the mechanical properties of the
fiber result from the mechanical properties of the DNA
linkers only and not from nucleosome unstacking.

Extracting the unwrapping energy using our tunable
spring model

In the previous sections, we showed that the spring-
like behaviour of chromatin fibers under tension can be
explained by the mechanical properties of the zig-zag
structure of the nucleosomal array combined with the
nucleosomal DNA unwrapping. We wish now to give
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Figure 4 Fitting our two springs model to the experimental data.
In red the experimental force/extension curve obtained for the 197

bp NRL nucleosomal array, without linker histones and with
magnesium. The black line corresponds to the best fit which can be

obtained using our two states model.
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more quantitative details about the elongation of the fiber
without linker histones in the presence of magnesium.
Our aim is to determine the energies involved in this pro-
cess. In order to do this, we propose a physical model,
similar to the model proposed by Kruithof et al. [3]. In
this model, we assume two states for the nucleosomes: a
crossed or wrapped state, in which « is higher than 20°
(state 1) and an unwrapped state in which « is lower than
20° (state 2). For each value of the force f, there will be n;
nucleosomes in state 1 and ny = N — n7 nucleosomes in
state 2 where N = 25 is the total number of nucleosomes
in the array. The elongation z can then be calculated as:

z(f) = m(H)d1(f) + ma(fda(f)

where d1 (f) and da(f) are the length of the fiber per nucle-
osome respectively in states 1 and 2. Those lengths can be
estimated knowing the spring constants k; and ky of the
fiber respectively in states 1 and 2.

f
K’

On the other hand, #;(f) and ny(f) can be calculated
from the free energies F; (0) and F»(0) of the two states for
f = 0 according to their Boltzmann factors:

ai(f) = d;(0) + i=1,2.

e—Gilksr

ni(f) =N =1,2

e—Gi/ker 1 ¢=Ga/kpr’

where
Gi(f) = F(f) — fd:(f)
= FO) + k(@) — di0)) ~ fd), i=1,2

are the free enthalpies of the two states. Ey = F»(0) —
F1(0) is the energy difference between the two states, or
unwrapping energy.

Fitting the parameters kj, ko, di, dy, and Ep to the
experimental data (see Figure 4) we found that the two
corresponding states were o = 60° for state 1 and o = 0°
for state 2. This correspond to an extension of 8 nm per
nucleosmes between the two states. Finally, the energy dif-
ference between those states was found to be 8kT'. The
exact structural nature of this transition remains to be
determined, but it is tempting to hypothesize that this
energy corresponds to the disruption of the 6.5 and 5.5
SHL and the disruption of the DNA linker crossing which
can be stabilized by the presence of Mg?*.

Conclusion

In conclusion, all the data presented in the Kruithof et al.
paper [3] can be quantitatively explained by the zig-zag
model of fiber morphology. The very high resolution of
the experimental data they achieved using their ingenious
set up can be used together with the model proposed here
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to determine very accurately the physical properties of the
DNA /histones interactions in chromatin.

Methods

The two angle model

To construct our 3D models of the chromatin fiber we
used the two—angle model as defined on Figure 1. The
3D structures were created using Maple (http://www.
maplesoft.com/). In the present analysis we only consid-
ered regular fibers.

Calculation of the fiber’s stiffness

All the details of the calculations used here can be found
in [15]. The relevant elastic constant here is the effective
stretch modulus, since the nicked DNA in the construct
is free to rotate. The stiffness, as measured by Kruithof
and colleagues, is equal to the effective stretch modulus
divided by the array length. The stiffness depends on both
a and B. Since the B angle can change slightly due to
the amount of supercoiling stored into the nucleosome,
we were able only to provide a maximum and a mini-
mum value for k for any given « (allowed values for k are
represented by the grey area on Figure 3).

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
JMV, MB and JM did the analysis. JMV, MB, JZ and JM wrote the manuscript. All
authors read and approved the final manuscript.

Acknowledgements

JM. and J.Z. wish to acknowledge the organizers of the 2009 Albany's
conversation during which this work was initiated. The authors are also very
grateful to J. Van Noort for stimulating discussions.

Author details

!Laboratory for Theoretical Physics of Condensed Matter, UPMC, 75005 Paris,
France. 2Department of Molecular Biology, University of Wyoming, Laramie,
WY 82071, USA.

Received: 10 August 2012 Accepted: 15 November 2012
Published: 27 November 2012

References

1. Lavelle C, Victor JM, Zlatanova J: Chromatin Fiber Dynamics under
Tension and Torsion. Int/ J Mol Sci 2010, 11:1557-1579.

2. Chien FT, van Noort J: 10 years of tension on chromatin: results from
single molecule force spectroscopy. Curr Pharm Biotechnol 2009,
10:474-485.

3. Kruithof M, Chien FT, Routh A, Logie C, Rhodes D, van Noort J:
Single-molecule force spectroscopy reveals a highly compliant
helical folding for the 30-nm chromatin fiber. Nat Struct Mol Biol 2009,
16:534-540.

4. Finch T, Klug A: Solenoidal model for superstructure in chromatin.
Proc Natl Accad Sci USA 1976, 73:1897-1901.

5. Kepper N, Ettig R, Stehr R, Marnach S, Wedemann G, Rippe K: Force
spectroscopy of chromatin fibers: Extracting energetics and
structural information from Monte Carlo simulations. Biopolymers
2011, 95:435-447.

6. Collepardo-Guevara R, Schlick T: Crucial role of dynamic linker histone
binding and divalent ions for DNA accessibility and gene regulation
revealed by mesoscale modeling of oligonucleosomes. Nucleic Acids
Res 2012 Oct 1, 40(18):8803-17 doi:10.1093/nar/gks600. Epub.


http://www.maplesoft.com/
http://www.maplesoft.com/
http://dx.doi.org/10.1093/nar/gks600. Epub

Victor et al. BMC Biophysics 2012, 5:21
http://www.biomedcentral.com/2046-1682/5/21

Robinson P, Fairall L, Huynh V, Rhodes D: EM measurements define the
dimensions of the nm chromatin fiber:evidence for a compact,
interdigitated structure. Proc Natl Accad Sci USA 2006, 103:6506-6511.
Dubochet J, Noll M: Nucleosome Arcs and Helices. Science 1978,
202:285.

Woodcock C, Grigoryev S, Horowitz R, Whitaker N: A chromatin folding
model that incorporates linker variability generates fibers
resembling the native structures. Proc Nat/ Accad Sci USA 1993,
90:9021-5.

Leuba SH, Yang G, Robert C, Samori B, van Holde K, Zlatanova J,
Bustamante C: Three-dimensional structure of extended chromatin
fibers as revealed by tapping-mode scanning force microscopy. Proc
Natl Acad Sci USA 1994, 91(24):11621-5.

Kruithof M, van Noort J: Hidden Markov analysis of nucleosome
unwrapping under force. Biophys J 2009, 96:3708-15.

Koopmans WJA, Buning R, Schmidt T, van Noort J: spFRET Using
Alternating Excitation and FCS Reveals Progressive DNA
Unwrapping in Nucleosomes. Biophys J 2009, 97:195-204.

Gemmen GJ, Sim R, Haushalter KA, Ke PC, Kadonaga JT, Smith DE: Forced
unraveling of nucleosomes assembled on heterogeneous DNA
using core histones, NAP1 and ACF. J Mol Biol 2005, 351:89-99.
Mihardja S, Spakowitz AJ, Zhang Y, Bustamante C: Effect of force on
mononucleosomal dynamics. Proc Natl Accad Sci USA 2006,
103(43):15871-15876.

Ben-Haim E, Lesne A, Victor J: Chromatin: a tunable spring at work
inside chromosomes. Phys Rev E 2001, 64:051921.

doi:10.1186/2046-1682-5-21
Cite this article as: Victor et al: Pulling chromatin apart: Unstacking or
Unwrapping?. BMC Biophysics 2012 5:21.

Page 6 of 6

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

® Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( ) BiolVed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Modelling the fiber extension using the two-angle chromatin fiber model
	The stiffness of the nucleosomal array can be explained by the DNA mechanical properties
	Extracting the unwrapping energy using our tunable spring model

	Conclusion
	Methods
	The two angle model
	Calculation of the fiber's stiffness

	Competing interests
	Authors' contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


