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Abstract: Real-time dynamics of the interaction of two DNA condensates are imaged with atomic force
microscopy under fluid. DNA condensates are formed at the -stiidid interface of aqueous buffer and
chemically modified mica. Atomic force microscopy shows that the DNA condensates and the strands that
compose these condensates interact and are dynamic in fluid. For the first time, images of two closely spaced
condensates show that the strands in one condensate organize commensurately with the nearby strands of the
second condensate. The observed structure may be an intermediate for a multi-condensate toroid. The
implications of this finding are considered.

Introduction Very recently DNA condensates have been observed using
i i 4,710 i
There is great interest in elucidating the mechanisms of atomic force microscopy (AFM: These studies employed

deoxyribonucleic acid (DNA) condensatidacking of DNA chemically modified or cationic-treated surfaces. Agents such
: ( : . 810 , . T

into a condensed form is required for several cellular processes2S Polyamines; glycoprotelns“,aprotamlnei and cationic
One of these is mitosis in eukaryotic cells. Histones and other Mieties at or near the mica surfdeeere used to induce DNA

proteins are employed to compact the DNA into chromatin. In condensation. \(arlous condensate structures such as roqls,
turn, chromatin becomes organized into chromosomes duringflowers, and toroids were observed. These electron and atomic

the metaphase of mitostDNA condensation is also relevant [0fcé microscopy studies all suggested the following: - that
in gene transfet:# In these kinds of cellular processes, the parallel chains form linear structures, and that once thesg Ilngar
change in volume of DNA packed to unpacked may vary over structures are formed, they aggregate to form multimeric
several orders of magnitudé.For example, DNA compaction ~ condensates.
into chromosomes is necessary because the length of DNA may An advantage of AFM over EM is the possibility of observing
vary up to 100 000 times the length of the ellhere is much ~ dynamics in fluid. With the exception of the study by Dunlap
to be learned about the mechanism of these remarkable packinget al.* all of the aforementioned AFM studies took place in
and unraveling processes. air. At best, such studies provided shapshots of reactants,
In the early 1990s, Bloomfielét al5 discovered that it is  intermediates, and products that depended upon reaction time
possible to mimic DNA compactioim zitro using multivalent or conditions. However, potential artifactual effects due to drying
cations. When adsorbed onto a surface, these compactedf the aqueous deposition solution prior to AFM observation
structures are termed DNA condensates and have been imagedannot be ignored entirefi#.%11We are aware of only a few
by electron microscopy (EM)Therefore, thisn vitro system AFM studies of biologically interesting systems that are imaged
can serve as a model for DNA compactionvivo. Cryogenic under fluid. These studies include DNA&Nzyme reactions
electron microscopy by Bottchest al® provides images of  situ by Gutholdet al'? and Bezanillaet al.'* an enzyme
intermediates in spermine/uranyl salt-induced condensates ofsubstrate interaction by Radmachet al,# replication!®
linearized DNA. Spermine and a similar species, spermidine, transcription‘® and the motion of supercoiled DNA on chem-
are polyamines thought to be used in prokaryotes to counteractically modified micat’

the negative charge of DNA’s phosphate groups and facilitate —
m o (7) Allen, M. J.; Bradbury, E. M.; Balhorn, RNucleic Acids Resl997,

compactio 25, 2221-2226 and references therein.
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Figure 1. AFM images of condensate structures typically observed: (a) linear or rod composed of one plasmid, (b) flower, and (c) toroid that
appears to be formed from two or more linear structures.

Another technique that is employed to study the kinetics and proposed that these topological defects and their energies are
dynamics of DNA condensation is fluorescence microscopy. In what determine toroid size. To our knowledge, no theoretical
aqueous solution, this technique was used to image the unconwork on condensates at the setiiquid interface has been
densed (random coil) to condensed (globule) transition as aperformed.
function of multivalent cation concentratidh.Under these Our interest lies in using the dynamics of condensate
conditions, the condensation was found to be reversible. All in formation at the soligtliquid interface as a model for under-
all, the dynamics studies are arguably the most important standing the proces# vivo. This model system closely
because they occur in real time and in an essentially naturalresembles the cellular process in two ways; the experiment
environment. The fluorescence studies are advantageous in thabccurs in water and on a surface. In our experimental design,
no surface is required for aggregation; however, they lack the we observe the dynamics of inter-condensate formation with
spatial resolution of AFM. The model system therefore should high-resolution AFM images obtained under fluid. We present
utilize AFM because it allows the visualization of dynamic the striking result that the strands of a transient state of an inter-
processes under native conditions with high, spatial resolution. condensate structure can self-assemble.

There are recent theoretical investigations of DNA condensa-
tion in the literature. Liu and co-workéfsundertook a study ~ Experimental Method
of the nonpairwi_se additive interactions _am(mgiz_ed bundles Sample and Substrate PreparationA plasmid DNA pBR322 (Life
of polyelectrolytic rods. In other theoretical studies based on a technologies, Grand Island, NY) of 4363 basepairs that is ap-
two-rod modeF® 2 short-range attractions between rods with proximately 90% supercoiled was used as received. The pBR322 was
condensed counterions account for condensate formation. Liudiluted to 0.0004.g/uL with sterile 10 mM Tris HCI, pH 7.6, 1 mM
and co-workers set out to apply a new model torasized EDTA buffer. Ruby and green muscovite mica (Asheville-Schoonmaker
bundle!® They found that an infinite number of rods bundle Mica Company, Newport News, VA) with dimensions of 1/2 ir.
into a condensate due to counterion correlation across thel/2 in. were used as substrates. A flat mica surface was obtained by
bundle. Since these theoretical results contradict experimentalcléavage with adhesive tapde% Wgh one exceplti(tJ_g;itg? Eleavled ruby or
: H H green mica was submergea 1or 2 min in a soluti 0 Dy volume
responaible for inie-sized bundles, One such nonelectiosatie Minopopylethoxysiane (APTES) (89% putty Acros, Ptsburgh,

. . . PA) in HPLC grade methanol (Fisher Scientific, Pittsburgh, PAhe
force that may be important has been determined in another .. sample was rinsed with approximately 20 mL of HPLC grade

theoretical study. Park and co-work&svere interested in  yethanol and kept in a covered Petri dish and allowed to dry.
understanding the size invariance of toroidal condensates formed |mage Collection. All images were collected at room temperature

in solution from a wide range of DNA lengths (4660000 under fluid using an AFM in the tapping mode (Digital Instruments,
base pairs). Using a flexible rod model, they found the size Nanoscope llla). The chemically modified or bare mica substrate was
invariance was due to crossover points (i.e. regions of nonparal-attached to a stainless steel disk and mounted on the microscope. An
lel strands that are necessary to compact the DNA). Baak oxide-sharpened silicon nitride tip (Digital Instruments Inc., Santa
Barbara, CA) or an oxide-sharpened oriented twin tip, each attached
(16) Kasas, S.; Thomson, N. H.; Smith, B. L.; Hansma, H. G.; Zhu, X.; {0 a 100um cantilever with a force constant of 0.32 N/m, was lowered

Si‘étg‘r?é?ﬁig&%‘éit%rgazéel;g&’(oo" E. T Kashlev, M.; Hansma, P. K. {5 the mica sample. Difficulties with attaining high-resolution images
(17) Lyubchenlio Y.L Shlya{khtenko L. Broc. Natl. Acad. Sci. U.S.A. precluded us from using a sealed fluid cell. Instead, we simply imaged

1997 94, 496-501. under a large water bead. As a result, time duration for imaging was
(18) Takahashi, M.; Yoshikawa, K.; Vasilevskaya, V. V.; Khokhlov, A.  reduced because the aqueous solution on the mica eventually evapo-

R.J. Phys. Chem. B997 101, 9396-9401. Melnikov, S. M.; Sergeyev,  rated. The total imaging time varied from 60 to 90 min.

V. G, Yoshikawa K.J. Am. Chem. S0d995 117, 9951-9956. Once the microscope was ready for imaging, the dried, chemically

ggg g?én%gﬁ_lj;uﬁ Sé'nJ'NP hyl\s/lla};{r?l' Ihettj %gé’r%iﬁi}nlg 1&}:0,1?5' elbart. W, Modified, or bare mica substrate was mounted. ARgliquot of the

M. Phys. Re. Lett. 1997, 78, 2477-2480. 0.0004ug/uL aqueous solution of pBR322 (10 ng) was deposited onto
(21) Ray, J.; Manning, G. S.angmuir1994 10, 2450-2461. the mica surface. For Figure 1b only, pBR322 was diluted in the buffer
(22) Barrat, J. L.; Joanny, J. Rdv. Chem. Phys1996 94, 1-66. noted above plus 10 mM Nigknd deposited onto bare mica. After
(23) Ha, B.-Y.; Liu, A. J.Phys. Re. Lett. 1997 79, 1289-1292.

(24) Park, S. Y.; Harries, D.; Gelbart, W. Biophys. J1998 75, 714~ (25) Hu, J.; Wang, M.; Weier, H.-U.; Frantz, P.; Kolbe, W.; Ogletree,

720. D. F.; Salmeron, MLangmuir1996 12, 1697-1700.
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Figure 3i). The image of Figure 3a was collected 2 min
following that of Figure 2, and no significant change has
occurred. In Figure 3b, a noticeable change occurs; a loop
representing part of a strandBfhas dissociated from the toroid
and has arranged itself commensurately with the strands of

In addition, the inter-strand distance of the 4 strandé dfas
increased as compared with Figure 3a. After 5 min, the image
in Figure 3c shows the loop froB moving into the space
betweenA andB. In addition, the end of this strand is molding
itself toward the curvature of the toroid. At the same time, the
crossover point ofA appears to have moved in that same
Figure 2. AFM image of two closely spaced condensates. Condensate direction. Now, condensat® is more 2-dimensional. After 6

A is a linear structure composed of one plasmid. ConderBasea min (Figure 3d), the two strands of tiBloop are curved and

toroidal structure. The arrow indicates the position where a small loop parallel to the strands ok andB. Note here that once again,
of B is close to the crossover point of the two rightmost strand.of the 4 strands oA have compacted.

Yet another significant change occurs at 8 min (Figure 3e).

250 nm

the oscillating cantilever was manually tuned, the DNA-mica surface The strands of the toroid are approximately parallel. evenl
was immediately imaged under aqueous solution. The time delay PP y P ’ y

between DNA deposition and imaging varied from 1 to 3 min. Once SPaced, and organized. In addition, another part oBts&and

the appropriate magnification to observe high-resolution images was Mmoves towardA. There is now a crossover point of this new

achieved, approximately 5 min had elapsed since initial DNA deposi- Piece of theB loop (arrow in Figure 3e) that is arranged close

tion. Images were typically collected at scan rates of 1.5 to 2 Hz in to the crossover point oA (panels f and g in Figure 3). In

height mode (constant cantilever oscillation amplitude). Figures 1a, 1c, panels f and g of Figure 3, the 4 strandsfofdjust positions

2, 3, and 4 were subjected to just one modification; the vertical offset to the new crossover point of tH& loop. Once again, by the

between scan lines was removed. For a given image, this was and of the time series, the strands®and the 4 strands g%

a_lccomplished by s_,ubt_raction of thg average vertical value of the_scan are parallel and nearly equidistant. In addition, the strands of

line from each point in the scan line. Instrument software provided ho g t4rgid are organized and the crossover points @hdA

this modification prc_x;ed_ure. No othe_r modn‘lpatlons to the images Were e in close proximity. The final two images collected in this

performed. No modification was applied to Figures 1b and 5. The height . s . .

contrast was adjusted to 10 nm for all images. series at _23 and 25 min, _respectlvely, are shov_vn in panels h
and i of Figure 3. In these images, further formation of parallel

Results strands on the surface is observed.

The dynamical event is summarized in Figure 4. Panels a
and b in Figure 4 are the images at time zero and time 23 min,
respectively. Over these 23 min, the toroid has lengthened along
its resulting long axis by 1& 0.5 nm. Note that the long axis
of the toroid is approximately parallel with the long axis of the
Yinear structure. The toroid has become increasingly 2-dimen-
sional, with the strands arranged on the surface in an organized
manner. In addition, the 4 proximal strandsfohave increased
their separation and collinearity. We see in Figure 4c a
magnification of Figure 4b. The inter-strand distance near the
crossover point varies from 6:0 0.1 to 7.0+ 0.1 nm. Finally,
we have observed many multi-condensate structures at early
times following deposition. A representative image of such a

Figure 1 displays three representative AFM images of the
condensate structures that we typically observe in aqueous
solution: rod or linear (Figure 1a); flowér(Figure 1b); and
toroid (Figure 1c). These images, displayed in order of decreas-
ing relative frequency of occurrence, are observed at the earlies
times following DNA deposition. (Although Figure 1b was
obtained with Nd*™-treated mica, we observe the flower structure
on APTES-modified mica with approximately the same relative
frequency.) The length of the linear structure in Figure 1a is
measured to be approximately 350 nm, and is most likely
composed of one DNA plasmid. It contains several crossover
points that are image areas of high contrast where DNA strands

ovgrlap or bu.ndle tightly. These crossover points may contain structure is displayed in Figure 5. Here we notice that three or
cationic species as well. Somewhat |ess frequently, we ObserVefour linear structures have formed a roughly circular, multi-
two plasmids in a linear condensate. The flower structure imaged condensate structure '

in Figure 1b is composed of one or two plasmids. The relatively
few toroids observed under these experimental conditions are
typically multimeric, as is the one shown in Figure 1c.

Figure 2 shows two DNA condensates (labetedndB) that In this work, we have observed the dynamics of inter-
are in close proximity to one another. Condengais a linear condensate structure formatiomsitu. For the time series data,
structure composed of one plasmid, similar to that of Figure DNA deposition takes place in solution on APTES-modified
1a, whereas condensdes a toroid and is probably monomeric. mica. On this surface, the cations of the amine-terminated
The arrow in the figure indicates the focal point of subsequent monolayer facilitate condensate formation instead of cations in
dynamics. At the arrow, there are 4 strandshoéind a strand solution. It is proposed that the APTES plays the role of the
of B directed toward a crossover point&f The crossover point  cations in inducing these structures to form by mediating
of A is composed of the two rightmost strands (out of 4 strands) interactions between the negatively charged DNA strdrds.
of A. The 4 strands oA are packed closely and molded toward this sense, the APTES monolayer serves as a useful model to
the crossover point oh. Condensatd\ is largely a 2-dimen-  the spermine/spermidine system, because the terminating amine
sional structure with the strands spread evenly on the surface,group is similar to the basic functional groups of spermine and
whereasB appears 3-dimensional. spermidine. In addition, as pointed out by Allen and co-workers,

From this starting point, we proceeded to collect as many eukaryotic DNA condensation on a surface may more closely
images of this paiin situas the instrument or our experimental approximate the native process becaimse vo the movement
setup allowed. Figure 3 shows a series of images collected overof DNA is limited by a protein scaffold and the nuclear matrix.

a time span of 23 min, (i.e., 25 min elapsed from Figure 2 to We note that prokaryotic DNA has not been observed to undergo

Discussion
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Figure 3. Time series of inter-condensate dynamics. Images collected at (a) 2, (b) 3, (c) 5, (d) 6, (e) 8, (f) 11, (9) 17, (h) 23, and (i) 25 min
following Figure 2. The scale indicated in panel a applies to all images.

250 nm

- 4

S0 nm

Figure 4. Summary of observed dynamics between linear and toroidal condensates: (a) 2 min image, (b) 25 min image, and (c) magnification of
panel b. The scale in panel a applies to panel b.

condensation during cellular reproduction unlike eukaryotic the motion ofB has been much more than thatAafWhile the

DNA during mitosis or meiosis. It is possible that the condensa- crossover point oA has moved somewhat during the experi-

tion we observe is a model of the prokaryotic equivalent. ment and the strands #f have moved considerabl, has been
We can confirm that DNA attached to the surface of relatively mobile. This may be becauBeis largely 3-dimen-

chemically modified mica is mobile. In the past, we have sional, at least initially, and fewer strands are in contact with

observed the movement of supercoiled DNA on a surface in an the surface. The main point is that the motiorBois near and

aqueous environment, as reported previously by Lyubchenkoin response tA. Even in the first acquired image (Figure 2),

and Shlyakhtenké’ This indicates that the DNA is not bound we see indication dB motion where thd loop (near the arrow)

so strongly as to make it immobile. Consequently, we can infer is pointed directly toward the crossover pointAf Likewise,

that the forces that drive condensation are stronger than thoseA responds to motion oB.

that bind DNA and DNA condensates to chemically modified It is important to note that the salt concentration increases

mica, a conclusion drawn by Allérand others. Interestingly,  during the time series of Figure 3. As the aqueous drop on the
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From these EM images, Bottchetral. proposed a mechanism
for condensate formation. First, counterions screen DNA charge.
In our work, the counterion is provided by APTES, as described
by Fang and HoR.Then, parallel strands form followed by
hydrophobicity minimization from the bound protein. Since we
have not introduced an enzyme in our work, we do not expect
to see much 3-dimensional structure. Still, we observe toriods
and other condensate structures. Hydrophobicity may be sup-
plied by the APTES monolayer. It has been suggested that
individual aminopropyltriethoxysilane molecules are mobile at
the surfacé.In addition, these mobile species may be part of
the crossover points that are areas of high contrast in the images.
In any case, the inter-condensate intermediate that we observe
is consistent with the early portion of this proposed mechanism
for toroid formation.

On the basis of the results presented here, together with the
aforementioned investigations, we propose that the observed
inter-condensate structure is likely an early intermediate in
Figure 5. Multi-condensate intermediate structure formed from several multimeric condensate formation. It is plausible that a muilti-
linear structures. meric condensate structure is imminent because we have
observed many images representative of that shown in Figure

surface evaporates during the experiment, the volume of waters, The multi-condensate structure in Figure 5 may be interpreted
decreases. If we assume a linear decrease in volume with tlmEaS |inear' roughly Cy|indrica| structures about to coil into a

and if 20% of the water volume remains at the end of the time toroid. Furthermore, we interpret the toroid of Figure 1c as a

series, then the salt concentration will have increased 5-fold. cojled-linear structure. This hypothesis is suggested by Dunlap

This increased salt concentration is not near physiological ionic et a3 as well.

strength. In addition, although buffer salt concentration increases,

we do not expect the components of the buffer to be particularly Conclusions

efficient at DNA charge screening. Hence, we do not attribute

these dynamics to an increase in a low concentration buffer.
It is clear from Figures 3 and 4 that a level of organization

among the strands has occurred. The strands of Achd B

Atomic force microscopy was used to investigate the dynam-
ics of bacterial plasmid DNA condensates under aqueous buf-
fer. The AFM images provided here represent the first direct

have arranged themselves in a roughly equidistant and parallel€Vidence of condensate interaction at the seliiguid interface

fashion as shown in Figure 4c. It seems unlikely that such an real-time. This interaction results in self-assembly of the
organized structure would be formed from random motion of component DNA strands. We suggest that this intermediate is

the component strands. Intermediates of parallel strands in@ Precursor to alarger condensate. This hypothesis is consistent
condensate formation are found by BloomfiélBunlap? and with those proposed.from previous studies qf intermediate
Allen.” Formation of the crossover point of the pertinent strand SUCtures observegk situby EM and AFM andn situby AFM

of B at 8 min (Figure 3e) indicates quite a perturbation to the (Punlapetal). Many questions remain regarding the dynamics
4 proximal strands of\. In addition, by the end of the time  °f PNA and DNA condensates at the sofiiquid interface.
series, the crossover points AfandB are in close proximity ~ C'Ven that these questions bear on understanding DNA compac-
and the strands ok are parallel, approximately equidistant, tion in ceIIquar processes, AFM studies will continue and may
and commensurate with those ®f This observation indicates ~ N€IP 0 clarlfy_ these mechan_lsms. TOWE.‘rd this e_nd, we are
that these crossover points or topological defects govern andCUTTently working on an experimental design that will allow us
drive multi-condensate formation. These findings are consistent ©© |rr|1age for longer periods of time while maintaining high
with those of Dunlap and co-workets. resolution.

Furthermore, our findings are in qualitative agreement with
the electron microscopy study by Bottcher and co-workers.
Bottcheret al imaged intermediates between linear and toroidal . . .
structuresia cryoelectron microscopy. DNA condensation was Pla_lnm_ng Grant, a_nd Presidential Early C_areer Award for
induced by spermine and uranyl acetate. The extent of conden-sc'en.t'stS and Englneers),_ Dreyfus Foundation, Research Cor-
sation was controlled by the concentration of uranyl salts. At a%rar?g:’l\/lggi:csz;lplr?slf[i’tutoecfg?egaa:alroigl:‘?r?;r;ciglngu tht(a)rtHé)v'\\//lagj
lower salt concentrations, intermediate structures in the forma- . 9 9 . PpOrt. E.M.S.
tion of condensates were imaged. They found connected linear'> gr_ateful to Professor Mfark 0. Mfartln, Department of Biology,
structures of parallel DNA stranas These were followed at Occidental College, for his expertise. We thank Professors Jens
higher salt concentrations by cylindrical bundles. In turn, these P. Eranck and Grace Flsher-Adams, [_)epar'gment of Biology,
bundles were followed at still higher salt concentration by Occidental College, for helpful information. Finally, we thank

toroids. They inferred that the toroids were formed from the gﬂnsd I\I\;IIIL’“ IE:::lea;RdW'\gzl dﬁﬁigrsctc?rl#a Lz;lagz;?;?;ﬁcaesgstance
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