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Structure-function relationship of biological gels revealed by multiple-particle tracking and
differential interference contrast microscopy: The case of human lamin networks
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Lamin B1 filaments organize into a thin dense meshwork underlying the nucleoplasmic side of the nuclear
envelope. Recent experimeritsvivo suggest that lamiB1 plays a key structural role in the nuclear envelope,
but the intrinsic mechanical properties of lanmBd networks remain unknown. To assess the potential me-
chanical contribution of lamiB1 in maintaining the integrity and providing structural support to the nucleus,
we measured the micromechanical properties and examined the ultrastructural distribution oBlanei
works in vitro using particle tracking methods and differential interference con{i€X) microscopy. We
exploit various surface chemistries of the probe microsph@aboxylated, polyethylene glycol-coated, and
amine-modifiegito differentiate lamin-rich from lamin-poor regions and to rigorously extract local viscoelastic
moduli from the mean-squared displacements of noninteracting particles. Our results show that human lamin
B1 can, even in the absence of auxiliary proteins, form stiff and yet extremely porous networks that are well
suited to provide structural strength to the nuclear lamina. Combining DIC microscopy and particle tracking
allows us to relate directly the local organization of a material to its local mechanical properties, a general
methodology that can be extended to living cells.
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[. INTRODUCTION bly, lamin B1 localizes to the nuclear periphery and quickly
establishes high-order polymers, whereas lafgxists as a
Yower-order structure and is only gradually incorporated into
the lamina[15,1§. The failure ofB-type lamin assembly at

Erlmlary Icomponents of \;h_e nucl?jz_ar Iafr_rluna ?ée Lammsthe end of mitosis is linked to apoptosis, suggesting that the
uclear lamins are type-V intermediate llamexis) t at proper assembly of nucle&-type lamin is essential for cell
share structural features with those of cytoplasmic 'Fvitality [17]

Nuclear lamins are divided into two categoriéstype or
B-type, based on their original genes. In human cells
through gene splicingA-type lamins are broken down into
lamin A, C, and ANLA isotypes;B-type lamins are broken
down into laminB1 andB2 isotypes. Nuclear lamins feature

a,rﬁd'Shﬁpfd "iilomair? clonsioscting OT hlegtad repe{a}:]s flagk ample, deletion of the rod domain of lamin B1 had been
with nonhelicalN-terminal andC-terminal domains. The rod o0 19 produce irregular nuclear shape in tissue culture

domain plays a critical role in lamin-lamin interactions, both cell [19]. These experiment® vivo suggest that lamifB1

N d.'mer.s and. hlgher—orf:ier lamin assgmt_@lg/s]. Nuclear plays a key structural role in the nuclear envel§pg], but

lamins, in partlcular !amerl, are const|tut_|vely expressed the intrinsic mechanical properties of lan#¥ networks re-

[4'?’ and |n|volved in ht,hf] struct:,lral malr;ftelggnce IOff themain unknown. Electron microscopy of chemically fixed nu-

an:c ear en\ée opgs, 7], which may play a scaffolding role for o reveals that lamin filaments form extremely heteroge-

¢ rlomz_itm[ . blv of lamins has b died Vel neous network§l]. Therefore, a traditional bulk rheological
Invitro assembly of lamins has been studied extensively, ¢, rement of the mechanical properties of lamin networks

using proteins purified from either animal tissues or recomsg inadequate

binant lamin[1,2,9-12. Lamin monomers form parallel, un- In this study, we used particle tracking methods and dif-

staggered, two-stranded dimers via the association of thg, oia| interference contra€bIC) microscopy to examine

heptad repeats of the rod domain. These dimers assembls icromechanical response and the ultrastructural distri-

into head-to-tail polym_ers via overlap of their rod end S€0pution of laminB1 networksin vitro. Our results show that
ments(2,3,9,13,14. During nuclear assemblg- andB-type lamin B1 can, even in the absence of auxiliary proteins, form

Ia_lmins have different spatial distributions throqgh dis;tinCtstiff, solidlike, and yet extremely porous structures that are
signal pathway$15,18. In the early stages of lamina assem-\yell suited to provide structural strength to the nuclear

lamina. To determine the local variations in lamin density in
the network and to rigorously extract local viscoelastic
*Corresponding author. Email address: yiider@jhu.edu moduli from the mean-squared displacement profiles of non-

The nuclear lamina is a filamentous meshwork underlyin
the nucleoplasmic side of the nuclear membr@te The

Mutagenesis studies have shown that laBinis essential
to maintain nuclear shape. Defective larBih causes irregu-
lar nuclear shape, which is directly linked to changes in the
heterotypic interactions of lamiB1 with other lamins and
lamin B1 associated proteins within the lamife8—20. For
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interacting particles, we exploit various surface chemistriewvith a 100-X oil-immersion lens(N.A. 1.3) (Nikon,
of the probe microspheres. These include amineMelville, NY) [23,24. The intensity-weighted centroid of
modification, carboxylation, and polyethylene glycol- each microsphere was tracked wittb nm resolution, as de-
modification of the microsphere surface. Combining DIC mi-termined by immobilizing similar microspheres on a glass
croscopy and particle tracking microrheology allows us tocoverslip using a strong adhesive and tracking their apparent
relate the local organization of a material to its local me-displacement$23]. Fields of view were selected randomly
chanical properties. within each specimen and, for each tested lamin concentra-
tion, trajectories of 150-200 microspheres were recorded.
Images of the microspheres were captured at a frequency
of 30 frame/s for 20 s using a custom routine incorporated to
Lamin B1 purification and assembly the image-acquisition system Metamor@bniversal Imag-

Unless specified otherwise, all reagents are purchasejag Corp., West Chester, BA25]. From the time-dependent

from Sigma(St. Louis, MO. Human laminB1 cDNA was a coordinates of the microspheres centrofdgt), y(t)], time-
generous gift from Dr. E.C. SchirméfFhe Scripps Research averagedz mean-squared d|52placem€(M§D) zwere calqu-
Institute, San Diego, CA Lamin B1 purification follows lated, (Ar (T)>_:<[X(t+7)__x(t)] -_f[y(t+7-)—y(t)]_>, wheret is
protocols described in Ref§12,19. In brief, human lamin the élapsed time and is the time scale or time lag. MSD
B1 cDNA construct was transformed intg. coli strain  Profiles were then transformed into effective viscoelastic
BL21/DE3(Stratagene, La Jolla, Qf4nd the transformeg. ~ Moduli as describe26,27. The distribution of MSD pro-
coli was grown at 37 °C in SOB medium supplemented withfiles qf ~150 microspheres was statlgtlcally gharacter!zed as
50 pg/mL kanamycin. Expression was induced with 1 mM described by Tsengt al. [28]. All multiple-particle tracking
isopropyl3-D-thiogalactopyranoside(IPTG) at O.Dsgys Measurements were conducted at 25 °C.

about 0.7 fo 4 h at 37 °C.Cells were lysed by sonication in

phosphate  buffer saline (PBS with 1.5 mM Preparation of PEGylated microspheres
B-mercaptoethanol and protease inhibitor. After a 7-min cen-
trifugation at 10 000 g, the pellet was washed with 0.2%
Triton X-100 and resuspended in 20 mM Tris, pH 8.0, 300
mM NaCl, 8 M urea, 3 mM B-mercaptoethanol, 0.2 mM
phenylmethyl sulphonyl fluoridéPMSB. The solution was
then incubated with Ni-NTA resinQiagen, Gaithersburg,
MD) for 45 min and eluted in fractions with the same buffer
containing a 0—-200 mM imidazole gradient. The eluate wa
dialyzed in 20 mM Tris, pH 808 M urea, 3 mM
B-mercaptoethanol, 0.2 mM PMSF and was applied to
mono-Q columnBio-Rad, Hercules, CA eluted with NaCl
gradient from 0 to 1 M. The lamin-rich fraction was exam-
ined by SDS-PAGE and further dialyzed into 20 mM Tris,
pH 8.0, 8 M urea, 2 mM DTT, 0.2 mM PMSF for storage.
Protein purity was verified to be-99% by SDS-PAGE fol-
lowing densitometry.

For filament assembly, lamimi8 M urea at 1 mg/mL was
dialyzed against 20 mM Tris, pH 8.8, 1 mM EDTA, 1 mM
DTT, 0.2 mM PMSF[19] for 16 h at 4 °C. Prior to the Differential-interference-contrast microscopy
experiment, 150 mM NaCl was added to the solution 10 - pjgerential-interference-contragDIC) microscopy (Ni-
duce lamin assembly. Alternatively, dialysis in steps, whichy,n) \vas used to visualize large polymer microstructures
is, for instance, requwgd for keratji22], did not affect the [29]. Images were acquired by a charged-coupled-device
structural and mechanical outcomes of lan@ih networks (CCD) camera(Orca I, Hammamatsu, Bridgewater, \NJ
(data not shown which was controlled by the Metamorph/Metaview imaging

system. Approximately 100-206L of 3 mg/mL lamin B1
Network heterogeneity and microrheology assessed by solution was used in a 50@- well to obtain clear images of
multiple-particle tracking lamin networks.

IIl. METHODS AND MATERIALS

To probe the local micromechanical properties of lamin
gels from MSD profiles, we used polyethylene gly¢BEG
coated (PEGylated microspheres. 5 mg/mL amine-
terminated PEGdiamino-PEG, average MW 34pQShear-
water, Huntsville, Al) in 50 mM MES, pH 6.0 was mixed at

1:1 ratio with a 2% w/v aqueous suspension of
carboxylated-modified PS microspher@dolecular Probes,
?Eugene, ORand incubated for 15 min at room temperature.
a1-ethy|-3(3—dimethylaminopropylcarbodiimide (EDAC)
was then added to a final concentration of 4 mg/mL and the
pH of the solution was adjusted to 6.5. The solution was then
incubated overnight. To quench the reaction, 100 mM gly-
cine was added; the mixture was incubated for 30 min at
room temperature. PEGylated microspheres were collected
by centrifugation(3300 g for 15 min and washed three
times with PBS. The suspension was stored at 4 °C.

We probed the micromechanical properties and heteroge-

neity of laminB1 networks using multiple-particle tracking . RESULTS
microrheology first introduced by Apgat al. [23]. The tra-
jectories of lum-diam polystyrengPS), fluorescent micro-
spheregMolecular Probes, Eugene, @Rnbedded in lamin To relate structure to mechanical function, largih net-

B1 solutions were recorded using a silicon-intensified transworks were visualized by DIC microscopy and their local
mitter (SIT) camera (Dage-MTI, Michigan City, IN mechanical properties were probed by multiple-particle
mounted on an inverted fluorescence microscope equippddacking microrheology. Similarly to IF keratin and vimentin

Microstructure of lamin B1 networks
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set§. The spontaneous thermally excited motion of micro-
spheregdiameter lum) embedded in lamin-rich regions was
e T : monitored in real time with 33-ms temporal resolution and
Do 5-nm spatial resolution using the multiple-particle tracking
: ; approach[23]. From the trajectories of the microspheres’
centroids[Figs. 4a) and 2b)], mean-squared displacements
(MSD) were computedFigs. 2¢)-2(e)]. A minority of car-
boxylated and amine-modified microspheres showed unre-
stricted motion[Fig. 2(@] with an MSD growing linearly
with time [top curves in Figs. @) and 2d)], indicative of
x viscous diffusion. However, the motion of the majority of
) amine-modified and carboxylated microspheres was ex-
NH tremely restrictedFig. 2b)], e.g., the microspheres’ trans-
* 32 port was mostly subdiffusive with an MSD growing much
more slowly than timg¢bottom curves in Figs.(2) and 2d)].
. 3 These results suggest that most microspheres were trapped in
b A the laminB1 network, possibly due to entropice., sterig¢
- S R, ) caging by the overlapping lamin filaments and/or nonsteric
SNy interactions between the microspheres and lamin.

The proportion of carboxylated and amine-modified mi-
crospheres showing restricted motion was much higher than
those undergoing viscous diffusidirig. 3@)]. Therefore,
lamin B1 networks organize into heterogeneous networks
containing lamin-rich regions and lamin-poor regions.

COOH networks suspensioffigs. Xa) and Ib) and respective in-

Local and global heterogeneity of laminB1 networks

To reduce interactions between microspheres and lamin
filaments and probe the local mechanical properties of lamin
B1 gels, we functionalized fim-diam PS microspheres with
polyethylene glyco(PEG), a hydrophilic polymer known to
interact little with proteingsee Sec. )l PEG-coatedor PE-
Gylated microspheres dispersed throughout the laBih
suspensions, in regions rich and depleted in laBin as
assessed by combining DIC microscopy of the lamin gels
and fluorescence microscopy of the microsph¢Faeg. 1(c)
and insel Unlike amine-modified and carboxylated micro-

FIG. 1. Microstructure of lamirB1 suspensions marked with spheres, we observed no enrichment of PEGylated micro-
fluorescent amine-modified and cqrbo.xylated microspheres. Lamigpheres in lamin-rich regiorf&ig. 1(c) and inseL The pro-

B1 networks(3 mg/mL) in polymerization buffer at 25 °C. Scale o tion of PEGylated microspheres in lamin-rich and lamin-
bar, 10um. (a) Carboxylated microsphered) Amine-modified mi- oor regions was similgiFig. 3a)].
crospheres(c) PEGylated microspheres. Microspheres embeddeé) The random movements of hundreds of individual PEGy-

n 'am'n'r.'Ch regions remain in focus, while m'crOSphere.S n Iam!n'la'[ed microspheres were monitored and statistically analyzed
poor regions are somewhat fuzzy because of Brownian motlon,[.0 uantify the network’s degree of heterogeneity and its
Panels(a)—(c) are differential interference contraddIC) micro- d 9 9 y

graphsinsetsin panels(a)—(c) are micrographs of the fluorescently microrheology(see Sec. )l The MSD profiles of PEGylated

labeled microspheres embedded in those ladisuspensions. The microspheres can b? orgamzed Into two d.ISthF familiep
microspheres have a diameter ofih. and bottom curves in Fig.(8)]. MSD profiles either grew

linearly with time [top curves in Fig. @)], a signature of
suspensions exposed to high pH or high NaCl concentrationgscous diffusion, or grew much more slowly than tifffet-
[29,30, DIC microscopy detected the formation of large tom curves in Fig. &)], a signature of viscoelastic trapping
lamin B1 aggregates and bundl€sig. 1) surrounded with  of the microspheres by the surrounding network. Accord-
regions seemingly depleted in lamin. By adjusting the focaingly, the distribution of MSD values at a fixed time scale
plane, these bundles were often seen as three-dimension@l1 9 displayed two maximgFig. 3(c) and inse}, corre-
arrays that extended beyond 1@, implying that they arise  sponding to the groupings of MSD profiles into low and high
from association of lamin filamen{49]. values.

Fluorescence microscopy combined with DIC microscopy To quantify the global heterogeneity of the network as
revealed that amine-modified and carboxylated PS microwell as the local heterogeneity of lamin-rich and lamin-poor
spheres primarily colocalized with the regions rich in laminregions, MSD valuegn=250 were rank-ordered and the
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i FIG. 2. Tracking the spontane-
3 ous movements of amine-
y modified and PEGylated micro-
1 spheres in laminB1 networks.
3 Lamin B1 networks(3 mg/mL) in

% polymerization buffer at 25 °C for
==y 3 60 min. (a) Typical trajectory of a

" ] freely moving amine-modified mi-
crosphere in a lamin-poor region
of the network.(b) Typical trajec-
tory of an amine-modified micro-
sphere embedded in a lamin-rich
region of the network(c) Typical
MSD profiles, (Ar?(7)) vs 7, of
amine-modified microspheres in
lamin B1. (d) Typical MSD pro-
files of carboxylated micro-
spheres(e) Typical MSD profiles

i m"w of PEGylated microspheres. All

0.001 L . .
microspheres have a diameter of
0.0001 [ il Lt 1Hm
0.1 1 1
(d) Time lag (s) (e) Time lag (s)

(a) (b)

MSD (um?)

10%, 25%, and 50% highest values were compared to thevorks. Combining DIC microscopy and nanotracking of
mean MSD. These markers should exactly be equal to 1092 EGylated microspheres directly relates the microstructure
25%, and 50% for a perfectly homogeneous material, foiof a biological material to its local density and mechanical
which all MSD should be similar, a result indeed verified to properties. LaminB1 polymers form remarkably solidlike
hold for glycerol[Fig. 3(b)] [31]. As expected from the ap- Structures. DIC microscopy and particle tracking reveal that
parent heterogeneity of lamB1 gels(Fig. 1), the values of lamin B1 gels form heterogeneous microstructures that fea-
these markers for the entire network were much higher thagHre lamin-poor pores of interstitial viscosity twice that of a
the homogeneous values of 10%, 25%, and 36g. 3b)]. ~ buffer. . _ _ .
Accordingly, these heterogeneity markers were consistently DPIC and fluorescence microscopy combined with particle
high for the lamin-rich regions while those for lamin-poor tracking reveal the presence of lamin-rich and lamin-poor
regions were low and close to those of the homogeneou€dions within lamin gels. This combined microscopy reveals

liquid glycerol [Fig. 3(b)]. that laminB1 gels are extremely porous:~60% of PEGy-
lated microspheres move subdiffusively within lamin-rich re-
Micromechanical properties of lamin B1 networks using gions. ~40% of PEGylated microspheres move diffusively
noninteracting microspheres within lamin-poor regions, regions that are significantly

Local, frequency-dependent viscoelastic moduli of laminsofter than the bulk stiffness of the gel.
B1 networks were directly computed from time-dependent Because the MSD of the probe PEGylated microspheres is
MSD profiles following Masoret al.[32]. The elastic modu- Proportional to time in those lamin-poor regiorgyr*(r))
lus calculated from the linear MSD profiles corresponding to~ 7, the effective viscosity can be obtained directly from the
lamin-poor regiongtop curves in Fig. @&)] was too small to  Stokes-Einstein relatiof83], which relates the diffusion co-
be calculated. However, the viscous modulus was measuefficient to the size of the microsphere and to the viscosity of
able and increase@lmos) linearly with frequency(data not the suspending fluid. Here{Ar%(7))=4D7, where D
shown, a signature of purely viscous liquidlike behavior. =kgT/67raz is the constant diffusion coefficient of PEGy-
The corresponding dynamic viscosityy’=G"/w) was ~2  lated microspheres in lamin-poor regions of the del,
X 1073 Pa s(2 centiPoisg which is approximately twice as is Boltzmann’s constant, is the absolute temperature, aad
high as the viscosity of buffer. In contrast, the elastic modudis the radius of the microsphere. We find a diffusion coef-
lus calculated from subdiffusive MSD profiles correspondingficient of ~0.21um?/s, corresponding to a viscosity of
to lamin-rich regions was much higher than the viscous~2X 107 Pas(1 Pas=10 PoiggFig. 5. The diffusion co-
modulus, a signature of solidlike behavigfig. 4b)]. Me-  efficient of the same Lm-diam microspheres in watévis-
chanical properties measured using PEGylated microspheressity 1x 1072 Pa s or 1 centiPoigés ~0.44 um?/s.

were verified to be independent of the microsphere size. The diffusion coefficient of micron- and submicron-sized
microspheres in a fluid is by definition the ratiD
IV. DISCUSSION =(Ar?(7))/47 in two dimensions. This diffusion coefficient

Using particle-tracking methods, we measured the microD is a constant independent of time when the microspheres
mechanical and ultrastructural properties of larBih net- are immersed in purely viscous liquido elasticity. This is
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FIG. 4. Ensemble-averaged MSD of microspheres embedded in
LU o o o o o lamin B1 suspensions and apparent microelastic moduli from MSD
- “ N profiles. LaminB1 networks(3 mg/mL) in polymerization buffer at
= 5 ® Restricted 1 25 °C for 60 min.(a) Ensemble-averaged MSD profiles for different
< 40 Resmdedg E types of microspheres embedded in lamin-rich regions of a 3
°8’ / § ® 1 mg/mL lamin B1 network.(b) Frequency-dependent elastic modu-
o 30 ¥ g 10 3 lus, G'(w), of lamin B1 networks calculated from the ensemble-
e - . .
3 20 . averaged MSD of the PEGylated microspheres embedded in the
S Free-moving °o e i E lamin-rich regions of the gel. The mathematical transformation of
10 E g E MSD profiles intoG’(w) is detailed in Refs[27,32.
g 0 003 006 009 012 0415 018 stiff rubber. Each time a microsphere moves in a direction,
(©) MSD values (um?) due to its kinetic energy imparted by the thermal endgg,

that microsphere is subject to a restoring fo(ne dissipa-

FIG. 3. LaminB1 network heterogeneity assessed by trackingtion) created by the surrounding elastic medium. This restor-
the spontaneous movements of individual carboxylated and PEGy-
lated microspheres. LamiBl networks(3 mg/mb) in polymeriza- 1 T
tion buffer at 25 °C for 60 min(a) Proportions of restricted and
free-moving microspheres for amine-modified, carboxylated, and
PEGylated microspheres & 3 mg/mL laminB1 solution.(b) De-
gree of heterogeneity for alrestricted and free-movingmicro-
spheres. These parameters are close to 10%, 25%, and 50% for a
homogeneous material like glycerol and progressively higher than
those values for more heterogeneous materia)sDistribution of
MSD’s of PEGylated microspheres & 3 mg/mL lamirB1 network
at a time scale of 0.1 $nset: MSD distribution of the microspheres
undergoing restricted motion. All microspheres have a diameter of
1 um. 0.0001

Free-moving

=4
e

0.001

Diffusion coefficient (umz/s)

PEG Restricted
T AR T B AN R

0.1 1 10
the case of 1um PEGylated microspheres diffusing in lamin- Time (s)
poor regiongFig. 5, top curvg it is also the case of PEGy-
lated microspheres diffusing in water or glycerol. However, FIG. 5. Diffusion coefficient of PEGylated microspheres embed-
the diffusion coefficient of microspheres imbedded in a vis-ded in laminB1 gels. Mean diffusion coefficient of jim-diam
coelastic fluid is not a constant. To understand this effectPEGylated PS microspheres suspended in lamin-poor regions of the
consider first the case of a perfectly elastic material like agel (top curvg and embedded in lamin-rich regio(tsottom curve.

o
o
pucy
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ing force takes the microsphere back to its original positionfilament-rich regions in lamirB1 gels is almost as high as

The MSD of such microspheres is a constdnt;?(7))=C,
and therefore the diffusion coefficienD=(Ar%(7))/4r

that obtained by combining all particle tracking data. The
degree of heterogeneity of lamB1 gels is also much higher

=Cl/r, is inversely proportional to time. For a viscoelastic than observed in concentrated solutions~edctin networks
medium, which is both viscous and elastic, such as thavithout F-actin crosslinker¢35], but as high as irF-actin

filament-rich regions of a lamiB1 gel, D adopts an inter-
mediate temporal profile, wher@ is neither constant nor
inversely proportional ta- (Fig. 5, bottom curve

The viscosity experienced by the microspheres in the

networks in the presence of tReactin crosslinking/bundling
proteinsa-actinin [25,28,36—39 fascin[23,4(, and filamin
[41].

Combining DIC microscopy and particle tracking mi-

lamin-poor region is higher than that of the buffer crorheometry allows us to relatérectly the local organiza-
(~1 centiPoisg This result suggests that the pores contain gion of a material to its local mechanical properties. Since its
non-negligible concentration of lamin. One can label this vis-Ntroduction [32,42, particle tracking microrheology has

cosity as an ‘“interstitial” viscosity34] that describes the

viscosity of the lamin-poor region, which interdigitates into

thick and elastic lamin-rich regions. The Stokes-Einstei

diffusion coefficient is not a constant, and Masenal’s

analysis[32], which takes into account the partial elastic

been used extensively to probe the local viscoelasticity of
reconstituted cytoskeleton netwon&b,30,42—45and DNA
solutions[31,32, the nucleug21] and cytoplasni26,4q of

analysis described above does not hold in lamin-rich regior:gIng cells, and the micromechanics of complex materials

of the gel because the MSD does not scale linearly with time
For PEGylated microspheres embedded on those regions, t f

2,43,47,48 This paper has introduced an analysis that es-
ablishes the structure-function of a complex material in a
gle experiment. The same method can now be extended to
living cells. Here, particle tracking of fluorescently labeled
particles of one color is to be combined with fluorescence

trapping of the microsphere, is required to extract local elasmjcroscopy of subcellular structures or proteins labeled with

ticity and viscosity.

another fluorescent dye. For instance, lamin organization in

Despite the lamin-rich and lamin-poor regions definingthe interphase nucleus and associated microrheology would
the heterogeneity of the lamin gels, further statistical analysige obtained with GFP-lamin and PEGylated red fluorescent
of particle tracking data in these two subgroups shows thaticrosphere$21].

the high degree of heterogeneity of lamin networks stems

from the lamin-rich regions. The degree of heterogeneity of
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