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Abstract: This work explores the heterogeneity of aggregation of polyglutamine fusion constructs
in crude extracts of transgenic Caenorhabditis elegans animals. The work takes advantage of the

recent technical advances in fluorescence detection for the analytical ultracentrifuge. Further, new

sedimentation velocity methods, such as the multi-speed method for data capture and wide distri-
bution analysis for data analysis, are applied to improve the resolution of the measures of hetero-

geneity over a wide range of sizes. The focus here is to test the ability to measure sedimentation

of polyglutamine aggregates in complex mixtures as a prelude to future studies that will explore
the effects of genetic manipulation and environment on aggregation and toxicity. Using sedimenta-

tion velocity methods, we can detect a wide range of aggregates, ranging from robust analysis of

the monomer species through an intermediate and quite heterogeneous population of oligomeric
species, and all the way up to detecting species that likely represent intact inclusion bodies based

on comparison to an analysis of fluorescent puncta in living worms by confocal microscopy. Our

results support the hypothesis that misfolding of expanded polyglutamine tracts into insoluble
aggregates involves transitions through a number of stable intermediate structures, a model that

accounts for how an aggregation pathway can lead to intermediates that can have varying toxic or

protective attributes. An understanding of the details of intermediate and large-scale aggregation
for polyglutamine sequences, as found in neurodegenerative diseases such as Huntington’s Dis-
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ease, will help to more precisely identify which aggregated species may be involved in toxicity and

disease.

Keywords: analytical ultracentrifugation; Caenorhabditis elegans; multi-speed method; polyglut-

amine aggregation; sedimentation velocity; wide distribution analysis

Introduction

Recent technical developments in fluorescence detec-

tion for the analytical ultracentrifuge have made

possible the detection of fluorescent protein fusion

constructs in complex mixtures for relevant bio-

chemical and biomedical problems.1,2 One such prob-

lem is understanding the degree of aggregation and

heterogeneity in polyglutamine sequences, which are

found in at least nine human neurodegenerative dis-

eases, with Huntington’s Disease and Machado-

Joseph Disease being well-characterized paradig-

matic model systems.3–5 Proteins in this family that

contain long glutamine repeats (typically >40) can

lead to disease, and the repeats are caused by unsta-

ble repeat expansion at the nucleotide level, result-

ing in insertions of CAG triplets.

Biochemical work from several other laboratories

has provided us with a fairly deep understanding of

the polyQ assembly pathway, which arises from

intrinsic aggregative tendencies due to glutamine-

glutamine side chain and backbone interactions, and

this has been recently reviewed.6,7 Such biochemical

work has led to a detailed understanding of the

importance of stable intermediates (such as oligo-

meric species) in the path to fibril assembly and

inclusion body formation.8–19 In the case of the hun-

tingtin protein, the causal agent in Huntington’s Dis-

ease, this assembly process is regulated by a 17-

residue N-terminal domain, which can transiently

adopt a helical conformation, leading to formation of

nonspecific coiled-coil bundles, or oligomers, which

substantially impact the assembly process.7 Such

oligomers may then form stable higher order aggre-

gates that can be detected by a variety of approaches

taking advantage of fluorescent tags, such as Number

& Brightness microscopy image analysis,20 FRET,21

FRAP,22 FCS,23 and most recently, sedimentation

velocity (SV) with fluorescence detection.24 The major

biomedical goal is to identify which of these species

are primarily responsible for the disease state.

One value of fluorescence detection is that pro-

teins of interest may be tagged and studied in com-

plex mixtures, and even in samples derived from in

vivo systems, using a variety of genetically tractable

animal models. There is a significant body of litera-

ture identifying the presence of species with interme-

diate aggregation (or oligomeric) states for polyQ-

containing proteins in such in vivo model sys-

tems,20,25–33 and this literature has been reviewed

recently.5 Similar intermediate aggregation states

from a wide variety of proteins involved in other neu-

rodegenerative diseases are also thought to be

involved in the disease state.34–39 In cells and tissues,

the fibrils typically become highly entangled, often

sequestering other molecular components, to form

inclusion bodies. While intermediate aggregate states

are now widely thought to be toxic, it has not pre-

cluded the possibility that inclusion bodies are also

involved as cytotoxic components in disease, and such

toxicity has been attributed to either sequestration of

various critical molecular factors, or to inhibition of

the normal protein degradation processes through

the ubiquitin-proteasome system (UPS) or through

autophagy.5 In the case of the huntingtin protein,

both the intact protein and presumed proteolytic frag-

ments of this protein have been shown to form heter-

ogeneous aggregate pools either within the cytoplasm

or the nucleus of the cell.7

We aim to extend the proof of concept for analy-

sis of crude extracts using SV techniques, coupled

with biochemical (SDD-AGE) and microscopy (imag-

ing of puncta and FRAP) methods to validate this

new approach. The advantages of SV methods for

the study of smaller aggregative species are their

superior precision in establishing polydispersity and

defining discrete populations. The focus of the pro-

posed work here is to provide more detailed informa-

tion about the size of the aggregates for polyQ-

containing sequences as formed in transgenic animal

model systems, and to establish the distribution of

aggregated species amongst more diffuse soluble

oligomers, larger aggregates, and inclusion bodies.

Previous work has shown that the fluorescence

detection system in the analytical ultracentrifuge1,2

could be used to study polyQ protein aggregation in

cultured murine neuroblastoma cells.24 In this work,

detailed information was provided about the size

and heterogeneity of the huntingtin (Htt) exon 1

fragment fused to emerald green fluorescent protein,

as expressed in this cell line and extracted as a

crude lysate with minimal fractionation. The

authors showed that they could identify Htt mono-

mers (2.3 S), soluble oligomers (various species cen-

tered around 140 S), and inclusion bodies

(320,000 S) for an Htt variant containing a Q46

insertion. A control, using Q25, did not show meas-

urable aggregation. This new SV methodology

inspired us to apply a similar approach to test

hypotheses of polyQ assembly in C. elegans. C. ele-

gans has been used extensively in the last decade to

understand polyQ aggregation and its implications

for pathogenicity, and several reviews have been
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written on this subject.40–43 Comparison of molecu-

lar and cellular impacts on protein aggregation

across various model systems will certainly offer the

prospect of a general understanding of the mecha-

nism of disease, and provide the ability to study

other important factors, such as aging, tissue speci-

ficity, and mitigation through over-expression of

chaperones, for example. We believe that the work

presented here is the first application of SV method-

ology to the study of protein aggregation in multicel-

lular organisms. In addition, we take advantage of a

relatively new approach in the study of proteins, the

multi-speed method (MSM),44,45 that allows a

broader range of sedimentation coefficients to be

assayed in one experiment.

The range of the observable sedimentation coef-

ficients from an experiment carried out at a single

rotor speed can be severely limited, and use of MSM

can remove such limitations, by starting an ultra-

centrifuge run at low speed so that the largest par-

ticles can be captured, and then increasing the

speed in steps during the run so that the smallest

species have had an opportunity to clear the menis-

cus. Such an approach can accommodate in a single

experiment a wide range of sedimentation coeffi-

cients from about 1.0 S to about 250,000 S.45 Data

from all speeds can be combined into a single contin-

uous distribution function using a wide distribution

analysis (WDA) method developed originally by the

Yphantis group and implemented in Sedanal (v.

6.01).44,45 The combined MSM-WDA approach is

warranted in resolving the wide distribution of

aggregates seen by the use of other methods (e.g.,

SDD-AGE, FRAP).

Results and Discussion

The goal of this work was to ascertain whether the

entire range of polyQ aggregation states, as

expressed as fusions with fluorescent proteins in C.

elegans, could be observed using fluorescence detec-

tion in the analytical ultracentrifuge. Technical vali-

dation was performed by an analysis of

sedimentation behavior of the monomer species. The

upper range of aggregation would involve the par-

ticles that appear as puncta in confocal microscopy

images of transgenic worms, and methodology was

developed to detect these structures using the ana-

lytical ultracentrifuge. Finally, a careful analysis of

intermediate aggregation states was performed

using MSM-WDA; such aggregates are thought by

many to be the toxic species, as described above.

First, expression levels of various polyQn-YFP

constructs in C. elegans crude extracts (using one-

day-old worms) were estimated with Western blots

using a rabbit anti-GFP antibody [Fig. 1(B) and Sup-

porting Information S1A], which cross-reacts with

YFP, in order to determine appropriate cell-loading

concentrations for the analytical ultracentrifuge.

The typical detection limit in Westerns is in the low-

to high-femtomole levels, which puts this in the

same range as the detection limit of the fluorescence

monochromater of �300 femtomoles.46 The approxi-

mate sizes of the proteins were assessed by compar-

ing them to a molecular weight ladder containing

proteins of known size. We detected the presence of

the polyglutamine region using a polyQ antibody, in

C. elegans strains Q24, Q35, Q40, and Q82 [Supporting

Information Fig. S1(B)]. The detection of the polyQ

epitope was coincident with detection using a YFP

antibody for Q24, Q35, Q46, and Q82 [Fig. 1B and

Supporting Information S1A]. Significant differences

in expression were noted when comparing loading of

relatively equal amounts of total protein (Supporting

Information Fig. S1A) to variable loading volumes

with the aim of equalizing the amounts of detected

fusion protein (Fig. 1B). The molecular weights of

Figure 1. A: c(s) distribution for Qn-YFP monomers in c. elegans assessed by sedimentation velocity analysis at high speeds

(50,000 rpm) in 1x lysis buffer (50 mM HEPES, pH 7.3, 100 mM KCl, 2 mM PMSF, 10 mM DTT, 1 mM EGTA, and supplemented

with protease inhibitor 1x PICS) at 208C. The data were fitted using a c(s) continuous size distribution model (Sedfit v. 14.4d),

commonly used to describe the behavior of small diffusing particles. Inset: focus on the 4-9 S range shows a small amount of

slightly aggregated sedimenting material. B: Western blot of Qn-YFP in C. elegans using one-day-old adult worms. Loading con-

centrations have been adjusted to detect YFP in each of the samples. (Note: Supporting Information Figure S1A shows a West-

ern blot of Qn-YFP when the same amount of total protein is loaded per well.)
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the bands were close (within a few kDa) to the pre-

dicted molecular weight calculated based on each pro-

tein sequence. Extracts from Q0 and Q24 migrated at

about 32 kDa, while Q35 migrated around 38 kDa.

Extracts of Q35 were occasionally observed as a dou-

blet with a predominant band at 38 kDa and a lesser

band at 34 kDa. Q40 samples consistently displayed a

doublet at 40 kDa and 38 kDa. Q82 samples migrated

at around 48 kDa, as a single band. The presumed

degradation products were also observed in earlier

work on these strains.47

Monomers
The first question addressed was whether the fusion

construct could be detected in a complex mixture

derived from a worm crude extract, and whether the

size could be established with reasonable fidelity.

Since the monomer size is well defined, this was

used to establish technical feasibility. Detection of

monomeric polyQn-YFP species was attempted using

polyQ lengths of Q0, Q35, Q40, and Q82.

After preparation of crude extracts (with mini-

mal fractionation), total protein loading concentra-

tions were set between 0.5 mg mL21 and 0.25

mg mL21 in order to minimize sedimentation arti-

facts due to crowding effects. The monomer distribu-

tion in these extracts was analyzed in the analytical

ultracentrifuge using a rotor speed of 50,000 rpm. A

well-populated monomer species was detected for all

protein constructs tested, including Q0-YFP, Q35-

YFP, Q40-YFP, and Q82-YFP. These species all sedi-

mented as monodisperse populations with a sedi-

mentation coefficient centered at s20,w 5 2.5 S [Fig.

1(A); the full set of sedimentation profiles are shown

in Supporting Information Fig. S2]. This s-value

compares well with that seen in earlier work for sed-

imentation of a related fluorescent protein either as

a purified component24,46 or in cell extracts.24

Although the experimentally determined frictional

coefficient ratio, f/f0, fell in the range of 1.3 2 1.4,

consistent with that expected for a compact b-barrel

as found in YFP,24,48 it is inappropriate to extract

out molecular weight information. This message is

driven home by the variations in the breadths of the

normalized c(s) distributions for the monomer seen

in Figure 1(A). Such differences might be ascribed to

changes in the compactness of the polyQ domain, as

seen in pure polyQ model systems,49 and in hunting-

tin exon 1 model systems,50 but could also be due to

sedimentation artifacts, and thus should not be

over-interpreted due to the complexity of the mix-

tures being analyzed. All crude extracts showed

minor components with sedimentation coefficients in

the range 4-9 S, which could represent limited oligo-

merization, or possibly, interactions with other com-

ponents in the extracts, since sedimentation in this

range was also seen for Q0-YFP [Fig. 1A, inset].24

Inclusion bodies

Having established technical feasibility for sedimen-

tation analysis of proteins in worm crude extracts,

through characterization of the monomer species for

the protein constructs tested, the next goal was to

establish the range of sizes that could be evaluated.

Work from Hatters’ group showed that sizes in the

range of 320,000 S could be detected, using samples

containing 2 M sucrose, coupled with using low rotor

speeds.24 The sizes, as determined by their SV

method, were consistent with the sizes of the inclu-

sion bodies that they detected in their mammalian

cell line. In an effort to capture such inclusion

bodies in our worm model system, a similar

approach was taken, using 2 M sucrose and a low

speed of 3000 rpm (Fig. 2). As described previ-

ously,47,51 both Q40-YFP and Q82-YFP show evidence

of inclusion bodies by the presence of puncta as

imaged using confocal microscopy (Supporting Infor-

mation Fig. S4A), and data analysis of the puncta

sizes showed a high degree of heterogeneity in size

distribution of 4.3 6 2.7 lm. The smallest punctum

observed was about 0.8 lm in diameter, while the

largest being almost 10 lm. Further evidence that

the puncta contain inclusion bodies was obtained by

photobleaching those puncta whose boundaries were

clearly distinguishable from the surrounding fluores-

cence from all sides. After photobleaching, no recov-

ery was seen for Q40-YFP and Q82-YFP when the

laser was focused on the center of such puncta (Sup-

porting Information Fig. S4B), consistent with

results from previous published work in the Mori-

moto lab.47,51

SV data were collected for crude extracts contain-

ing the various fusion constructs, and were fitted

using an ls-g*(s) size distribution, which gave a dis-

tribution centered at s20,w 5 162,000 S for Q40-YFP

[Fig. 2(A), bottom panel], and at s20,w 5 183,000 S for

Q82-YFP [Fig. 2(B), bottom panel]. The weight-

average s-values were 467,000 S and 520,000 S

respectively for Q40-YFP and Q82-YFP [Fig. 2(A,B),

bottom panels]. Assuming a partial specific volume of

0.73 mL g21, sedimentation coefficients of such val-

ues correspond to particles of radius ranging from

0.91 lm to 6 lm, thus overlapping with that observed

by microscopy. Differences between the size estimates

calculated from SV experiments and confocal micro-

scope measurements may be reconciled by recogniz-

ing that inclusion bodies are likely to be more

asymmetric and less dense, as confocal imaging sug-

gests (Supporting Information Fig. S4A). In contrast,

samples from the Q0-YFP and Q35-YFP strains

showed no boundary formation or boundary move-

ment in the SV experiment (Supporting Information

Fig. S5), suggesting that inclusion bodies are only

seen in the strains with the polyQ length above the

threshold, and their formation being consistent with
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puncta formation (Supporting Information Fig. S4A).

SDD-AGE supports this result since there is no insol-

uble material stuck in the wells for Q0-YFP and Q35-

YFP [Fig. 3(A)]. Furthermore, observation of no sedi-

mentation for Q0-YFP and Q35-YFP in 2 M sucrose

indicates that the sedimentation boundaries observed

for Q40-YFP and Q82-YFP were a reflection of the

inclusion bodies and not an artifact of general protein

aggregation induced by high sucrose concentrations.

Intermediate aggregation states
Evidence for in vivo intermediate aggregate states

for transgenic worms expressing polyQ fusion con-

structs comes from microscopy experiments, apply-

ing FRAP47,51 and FCS,23 methods. FRAP analysis

on the series of polyQ strains suggests such inter-

mediates based on some fluorescence recovery, as

shown in Supporting Information Figure S4B, and is

consistent with the published work on these

strains.47,51 Intermediates have also been detected

in worm crude extracts using SDD-AGE experi-

ments, and such experiments are described below.

Though SDS-PAGE and SDD-AGE experiments can

measure the abundance of the SDS-soluble and

insoluble protein species, they are not able to resolve

the potential heterogeneity within the largest spe-

cies of the insoluble population as a result of aggre-

gates being trapped within the well. Nevertheless,

SDD-AGE may allow intermediate-size aggregates

to enter the gel and as such, a limited comparison

can be made between this method and the SV

method.52,53 Insoluble aggregates were detected for

all strains tested, including Q0-YFP, indicating that

the YFP itself is prone to limited aggregation [Fig.

3(A), and Supporting Information Fig. S3, the latter

figure showing the monomer species]. The aggrega-

tion patterns for Q0-YFP and Q24-YFP are about the

same, with species present that are somewhat

greater than 250 kDa. Q35-YFP and Q40-YFP show

some evidence of yet higher order aggregation

within the resolving power of the gel (�100 kDa–5

mDa).54 The faster migrating band seen for Q40-YFP

Figure 2. Sedimentation velocity experiments containing 2 M sucrose. A: Aggregates of Q40-YFP captured in 1x lysis buffer

supplemented with 2 M sucrose and run at 3000 rpm (top graph represents raw data; middle graph shows residuals from the

fits; and the bottom graph shows the ls-g*(s) distribution). The data were fit using a ls-g(s*) model, which is equivalent to the

distribution g(s*) from dc/dt as a distribution of nondiffusing particles. B: Aggregates of Q82-YFP captured under similar condi-

tions as in Q40-YFP (SV data for Q0-YFP and Q35-YFP samples in 2 M sucrose are shown in Supporting Information Fig. S4).
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likely represents proteolysis, as such proteolysis is

seen in the Western blots (Supporting Information

Fig. S1), although we cannot rule out that this faster

migrating band may represent a more compact or

smaller aggregate state. Both Q40-YFP, and Q82-YFP

also show large scale aggregation, as detected by

material stuck in the wells, and may represent the

same materials observed in the 2 M sucrose SV

experiments and the FRAP experiments, as

described above.

Given the complexity and breadth of the distri-

bution of aggregates as seen by SDD-AGE [Fig.

3(A)], we chose to use MSM-WDA to improve the

capacity to detect the wide range of the size hetero-

geneity of the aggregated protein in the analytical

ultracentrifuge. In general, MSM-WDA provides the

ability to analyze broad aggregate distributions since

data collected at several speeds can be analyzed

simultaneously. For comparison, data for the same

construct, Q40-YFP, were studied using either the

c(s) method for data collected at a single speed, or

MSM-WDA [Fig. 4(A)]. The MSM-WDA reveals a

broader distribution of aggregates than that seen for

the single-speed method, thus presumably providing

a more complete view of the size distributions since

it has access to data covering a wider range of gravi-

tational fields.

MSM data were analyzed using a “wide distri-

bution analysis” (WDA) method incorporated as part

of the dc/dt module in Sedanal v. 6.01.45 The dc/dt

algorithm, based on the time derivative method

developed by Stafford,55 eliminates both the time

independent and radially independent noise, and

results in improved precision. MSM data for Q0-

YFP, Q35-YFP, Q40-YFP, and Q82-YFP strains indi-

cated polydisperse distributions [Fig. 3(B)] once

again confirming the SDD-AGE results [Fig. 3(A)],

with the majority of the protein forming aggregates

[note that the X-axis in Fig. 3(B) is a log scale, thus

compressing the profiles of the larger scale materi-

als]. Since both Q0-YFP and Q82-YFP lysates con-

tained peaks with s-values at around 80 S, we

ascribe such species as arising independently of the

polyQ aggregation, corresponding either to small

oligomers driven by the fluorescent protein itself, or

due to interactions with other cellular components

as mentioned above [Fig. 3(B)]. The 80 S distribution

is not due to problems with autofluorescence since

wild-type worms showed no sedimentation bounda-

ries in this range. In addition to these species, SV

analysis of Q35-YFP and Q40-YFP lysates identified

peaks with s-values in the range of 100-1,000 S [Fig.

3(B)]. These peaks disappear in looking at the s-

value distribution for Q82-YFP, whereas those that

we ascribe due to YFP aggregation do not. There-

fore, we suggest that small nonspecific oligomers in

the 80 S range are not sequestered in the inclusion

bodies, while the ones in the 100 2 1000 S range are.

All strains showed a single dominant peak centered

at an s-value of 2.5 S in the MSM runs, which

Figure 3. Analysis of aggregates by SDD-AGE and SV. A: SDD-AGE experiments. Analysis of Qn-YFP aggregates by electro-

phoresis in 1.5% agarose gel. Samples were prepared in 1x sample buffer containing �1% SDS. Lanes contain protein extracts

from Q0-YFP, Q24-YFP, Q35-YFP, Q45-YFP, and Q82-YFP worms. All samples were run on the same gel, and the separation in

images indicates that a redundant lane was cropped out. B: Aggregate distribution from multi-speed data for Q0-YFP, Q35-YFP,

Q40-YFP, and Q82-YFP. Log plot of s*g (s*) vs. (s*) for 0.5 mg/mL Qn-YFP samples in 1x lysis buffer centrifuged for about 3 h at

10,000 rpm, 30,000 rpm, and continued at 50,000 rpm until the last sedimentation boundary cleared the meniscus. The graph

shows the complete distribution of the intermediate aggregates with s-values ranging from 0.8 to 1,000 S. The inset focuses on

the range 10-1,000 S, to highlight the intermediate aggregates. The MSM data were analyzed using Sedanal v. 6.01 with WDA.
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corresponds to the monomer species as described

above [inset Fig. 3(B); see also Fig. 1(A)].

To validate the accuracy of the distribution, a

variety of conditions was tested. The classic approach

to testing for dynamic equilibrium effects on protein

distribution is to test the concentration dependence of

the distribution of s-values. Due to instrument detec-

tion limits and problems with nonideality at high pro-

tein concentrations, we only tested a two-fold

difference in total protein concentration. The sedi-

mentation profiles collected at 0.5 mg mL21 and 0.25

mg mL21 total protein showed no significant impact

on the sedimentation rate of species as a function of

concentration [Fig. 4(B)], including the monomer at

2.5 S and both populations of oligomers centered

around 100 S and 1000 S. The presence of natural

molecular crowding agents such as nucleic acids can

have a significant impact on sedimentation behavior

due to the excluded volume effect and an increase in

viscosity.56 In addition to the effects on crowding and

viscosity caused by nucleic acids, this macromolecule

can also have an impact: (1) if the ionic strength is

very low (<1 mM), such that nucleic acid becomes a

significant co-ion or counterion; (2) if the nucleic

acids sediment at a rate that fall in the range of s we

are looking at; or (3) if the nucleic acid binds to

aggregates significantly. We can rule out point 1 sim-

ply because the buffer contains a significant salt con-

centration. Points 2 and 3 can be addressed by

testing the effect of breaking down the nucleic acids

into much smaller pieces. We observed no significant

changes in the oligomer distributions of Q40-YFP

lysates after treatment with a universal nuclease.

Both distributions look similar, containing prominent

peaks with s-values centered around 110 2 120 S and

above 1000 S [Fig. 4(C)]. To test for the general

effects of crowding on sedimentation behavior in the

crude extracts, glycerol (a known molecular crowding

agent) was added to Q40-YFP lysates, using the same

buffer as that used for the monomer analysis. The

monomer species appears largely to be gone (Support-

ing Information Fig. S6), suggesting that the glycerol

Figure 4. Analysis of intermediate aggregation of Q40-YFP. A: Aggregate distribution of 0.5 mg/mL Q40-YFP prepared in 1x

lysis buffer, comparing a single speed to MSM. MSM involved centrifugation at 3000 rpm, 10,000 rpm, 30,000 rpm, and contin-

ued at 50,000 rpm until the smallest species cleared the meniscus. The single speed data were analyzed using Sedfit v. 14.4d

while the MSM data were analyzed using Sedanal v. 6.01 using wide distribution analysis (WDA). The graph represents the

complete distribution with s-values ranging from 0.8-4,000 S. B: Protein concentration dependence for the aggregate distribu-

tion of 0.5 mg/mL Q40-YFP. C: Aggregate distribution for Q40-YFP in 1x lysis buffer treated with and without universal nuclease

centrifuged using MSM-WDA. D: Comparison of aggregate distribution of Q40-YFP and Q40 stained with 10 lM DCVJ, in 1x

lysis buffer. The insets show the distribution profiles of intermediate aggregates, with s-values ranging from 10-4,000 S.
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induced further aggregation in the sample. Sedimen-

tation profiles looking at the intermediate range of

aggregation behavior indicated polydisperse popula-

tions (Supporting Information Fig. S6 inset) with the

distribution skewed to smaller s-values, indicative of

large-scale changes in sedimentation behavior. These

results suggest that reagents such as glycerol should

be used with caution in such experiments, probably

owing to non-ideality associated with glycerol concen-

tration boundaries.

A long-standing concern in the field has been the

potential effect of fusion partners on the rate, degree,

and heterogeneity of aggregation. Our SDD-AGE and

MSM results of Q0-YFP suggest that some aggrega-

tion due to the fluorescence protein partner itself

does occur. To assess the effect of the YFP on polyQ

aggregation as observed using SV, we looked at the

sedimentation profiles of Q40-YFP and a Q40 con-

struct with no protein fluorescence partner, fluores-

cently labeled instead with the dye, DCVJ. This dye,

like ThioT,57 binds with high specificity to cross-b-

sheet fibrils,58–60 and has been used in sedimentation

velocity experiments as an effective detection

method.60 We show here that worms will take up this

dye simply by soaking them in a solution of DCVJ for

a short period of time prior to sample preparation.

In order to construct the Q40-expressing transgenic

worms without YFP, a separate marker for following

the expression was required, and mCherry was chosen

because its excitation wavelength is significantly differ-

ent from that of DCVJ. Worms soaked with DCVJ

show puncta that are essentially indistinguishable

from those imaged with the YFP partner present [Fig.

5(A)]. Q40 and mCherry do not co-localize in their

Figure 5. Poly Q inclusions detected with DCVJ. Transgenic strains expressing either Punc-54::Q40 1 Pmyo-3::mCherry

(CL1781) or Pmyo-3::mCherry only (CL6617) were stained in parallel with DCVJ, and DCVJ fluorescence was imaged using

identical exposure settings for the two strains. A: CL1781, overlay of DIC and DCVJ images. B: CL1781, DCVJ and mCherry flu-

orescence. C: CL6617, overlay of DIC and DCVJ images. D: CL6617 DCVJ and mCherry fluorescence. E: Higher magnification

image of single DCVJ-positive inclusion in strain CL1781, single optical section from digitally deconvolved image. F: Same as

(E), mCherry channel only. Note: DCVJ only detects Q40 inclusions. Size bar 5 50 lm, panels A2D; 5 10 lm, panels E and F.

DIC and epifluorescence images were acquired on a Zeiss Axiophot compound microscope equipped with a computer-

controlled Z-drive and software from Intelligent Imaging Innovations. Photoshop software (Adobe) was used to fuse DIC and

epifluorescence images.
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expression, as evidenced in an image highlighting the

fluorescence of both proteins, with mCherry being dif-

fusely expressed [Fig. 5(B)]. As a control, worms only

expressing mCherry showed no DCVJ staining [Fig.

5(C,D)]. Interestingly, Q40 expression seems to actually

exclude co-localization of mCherry, since a zoom on a

single Q40 punctum shows an absence of mCherry fluo-

rescence in that location [Fig. 5(E,F)].

Interestingly, as an aside, the specificity of bind-

ing extends further to certain types of cross-b-sheet

fibrils, as exemplified by the fact that DCVJ does

not bind cross-b-sheet fibrils made up of the Ab pep-

tide (Supporting Information Fig. S7C and D)

whereas, X-34, a dye known to bind cross-b-sheet

fibrils made up of the Ab peptide,61 does not bind to

polyQ cross-b-sheet fibrils (Supporting Information

Fig. S7A and B).

DCVJ-stained worm extracts of Q40 prepared in

the same way as for the Qn-YFP animals were sub-

jected to sedimentation velocity, and the resultant

sedimentation profile in the 100-1,000 S range looks

similar to those seen for Q40-YFP [Fig. 4(D)]. Such a

result suggests that the sedimenting fluorescent

materials in the range of 100-1,000 S are due solely

to polyQ-induced aggregation. It is interesting to

note that the monomer species does not appear, con-

sistent with the understanding that DCVJ (and

other such dyes) does not bind this state. Finally,

while it was initially surprising to note the presence

of an aggregate pool in the 100 S region in the

absence of the YFP component, this may not be

unusual given the presence of such smaller interme-

diate species noted in the biochemical literature. A

careful analysis reveals the presence of a 110 S peak

that is specific to polyQ aggregation (this peak is not

seen for Q0-YFP), and a new peak at about 50 S that

is occluded by the YFP aggregate peak at around

80 S. Such peaks are consistent with limited polyQ

aggregate, or oligomer, sizes as seen in the litera-

ture.19,29,62,63 In particular, work from Legleiter’s

lab62 on both a fragment of the huntingtin protein

and a simplified polyQ peptide sequence, has shown

spheroidal aggregates that fall within the same range

as that which we observed by SDD-AGE and SV,

which over time can then convert to fibrils, thus

depleting the oligomer pools (as we see as well) that

are then ultimately sequestered into inclusion bodies.

In conclusion, we have shown that SV methods

using fluorescence detection can be extended to the

study of polyQ aggregation in transgenic animal

model systems, building on the important work of

the Hatters group in the study of such aggregation

in a tissue culture system.24 An analysis of the

polyQ monomer pool provides proof of principle that

the size of proteins can be extracted with some reli-

ability in complex mixtures. While such a result is

perhaps surprising, it may simply be due to the

degree of dilution of third-component materials in

such extracts. High-density solutions run at low

speed in the analytical ultracentrifuge allow us to

identify species that likely correspond to inclusion

bodies, as the predicted size of such particles is coin-

cident with that measured by confocal microscopy.

Another major advance that we describe is the abil-

ity to use multi-speed methods coupled with wide

distribution analysis to study highly heterogeneous

mixtures in crude extracts. We find that a single-

speed experiment is often insufficient for identifying

the wide distribution of aggregated species, however

the multi-speed method allows one to improve the

ability to detect a wide range of heterogeneous mix-

tures in the 2 2 1000 S size range (and larger). To

our knowledge, this experimental approach has not

been applied before to such complex biological mix-

tures, particularly crude extracts from animal model

systems. Future work is being planned to compare

polyQ aggregation between C. elegans and D. mela-

nogaster to determine to what degree the work is

generalizable, and to begin exploring correlations

between toxicity and aggregate heterogeneity.

Materials and Methods

C. elegans strains and maintenance
Worms were maintained according to standard

methods, at 208 C on nematode growth media

(NGM) with OP50 E. Coli.64 The polyglutamine

strains, expressing different lengths of CAG-repeats

fused with YFP, have been described elsewhere:

wild-type (wt) Bristol strain N2; Q0AM134

(rmls126[Punc-54::Q0::YFP]X; Q24AM138 (rmIs130[-

Punc-54::Q24::YFP]II); Q35AM140 (rmIs132[Punc-

54::Q35::YFP]I; Q40AM141 (rmIs133[Punc-

54::Q40::YFP]X).23,47,51,65 The Q82-YFP strain, har-

boring an integrated extrachromosomal array, was

created in our laboratory using a plasmid donated

from the Morimoto laboratory.66 To construct trans-

genic worms expressing a polyglutamine protein

without a fluorescent fusion partner, the unc-54 pro-

moter/polyQ40::YFP plasmid generated by the Mori-

moto lab was first subjected to in vitro mutagenesis.

Using a Stratagene QuikChange 11 site-directed

mutagenesis kit (cat#200523), a lysine-to-stop (AAG

to TAG) mutation was introduced at the fourth

codon of YFP. After confirmation by sequencing, this

construct was co-injected with Pmyo-3::mCherry),

and a transmitting extrachromosomal line (strain

CL1781) was recovered for our experimental work.

Synchronized populations for crude extracts

were obtained from gravid adults after treatment

with 20% (v/v) alkaline hypochlorite solution

(3.0 mL Bleach, 3.75 mL 1M NaOH, 8.25 mL

ddH2O) for 5 min and allowing eggs to hatch in M9

buffer overnight. On the next day, the synchronized

populations were transferred on fresh NGM plates.
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Worms that did not have the YFP fusion part-

ner were stained with the molecular dye, DCVJ,

which was carried out as follows. Stock solutions of

DCVJ were prepared in a 50 : 50 (v/v) ethanol:water

mixture and stored in the dark at 220 8C. Concen-

trations of DCVJ stock solutions were determined

using an extinction coefficient of 65,900 M21 cm21

at 453 nm.60 Live 4th larval stage transgenic worms

were incubated in a drop of saturated DCVJ solution

(�200 lM in 10 mM Tris-HCl, pH 7.5) for 2 h at 20

8C, then destained by transfer to a seeded NGM

plate and overnight incubation at 16 8C. Worms

were mounted in 100 mM sodium azide and imaged

using a Zeiss Axiophot using FITC and CY3 filter

sets. Digital overlays and brightness adjustments

were done using Photoshop.

Preparation of crude lysates
After synchronization, day-one-old adult worms were

harvested and washed three times with M9 Buffer

(22 mM sodium phosphate, 22 mM potassium phos-

phate, 85 mM NaCl, 1 mM MgSO4). Worms were snap

frozen in liquid nitrogen and kept at 280 8C. After 3

cycles of freezing and thawing, protein was extracted

using lysis buffer (100 mM HEPES, pH 7.3, 200 mM

KCl, 2 mM EGTA, 2 mM PMSF, 2 mM DTT, and 2x

Protease Inhibitor Cocktail (Roche)). Lysis was supple-

mented with 5 cycles of 30 s each of motorized homog-

enization (Kontes), followed by a 5-min incubation on

ice. Sedimentation via gravity was allowed to occur for

30 min, after which the supernatant was removed.

Total protein concentration was calculated using Coo-

massie Plus Protein Assay Reagent (Thermo Scien-

tific). Samples were snap frozen and stored at 280 8C.

Western blot analysis

Sample loading buffer was added for a final concen-

tration of 125 mM Tris-HCl pH 6.8, 1% (v/v) SDS,

10% (v/v) glycerol, 5% (v/v) BME, and bromophenol

blue. Samples were boiled for 5 min and subse-

quently loaded on a 12.5% (v/v) acrylamide gel. Sam-

ples containing 400 ng of total protein were added to

each lane, unless otherwise indicated. After transfer

to nitrocellulose membrane (Thermo Scientific

88018) and blocking using blotto (5% (w/v) nonfat

dry milk in PBS containing 0.001% (v/v) Tween-20),

protein expression was detected using a primary

antibody against GFP (Invitrogen A11122) and goat

anti-rabbit HRP as a secondary antibody (Cell Sig-

naling 7074S). For some experiments, expression

was detected using a primary antibody against the

polyQ sequence itself (Millipore MAB1574) using

anti-mouse HRP as a secondary antibody (Cell Sig-

naling Technology 7076S). An antibody against

gamma tubulin (Abcam ab50721) was used as a

loading control. Membranes were prepared using

Super Signal West Femto Maximum Sensitivity Sub-

strate (Thermo Scientific 34095), and imaged using

a FluorChem HD2 Imager (Alpha Innotech).

SDD-AGE analysis

Sample loading buffer was added to crude lysate for

a final concentration of 125 mM Tris-HCl pH 6.8, 1%

(v/v) SDS, 10% (v/v) glycerol, 5% (v/v) BME, and bro-

mophenol blue and incubated for 5 min at room tem-

perature. A 1.5% horizontal agarose gel containing

0.1% (v/v) SDS (in 1xTAE) (40 mM Tris-HCl, 20 mM

acetic acid, 1 mM EDTA) was loaded with indicated

amounts of total protein. Samples were run at 45 V

in a running buffer containing 0.1% (v/v) SDS (in

1xTAE).52 The amount of protein loaded per lane was

adjusted based on the intensity of bands as seen in

the Western experiments, in order to assure detection

of aggregates. Protein was transferred overnight to

nitrocellulose membrane using capillary action in

1xTBS (50 mM Tris-HCl and 150 mM NaCl). Block-

ing and protein detection followed the same proce-

dure as that used for SDS-PAGE.

Confocal microscopy and fluorescence after
photobleaching (FRAP)

Day-one-old worms were transferred to a 4% (w/v)

agar pad on a glass slide and paralyzed in a drop of

M9 1 20 mM NaN3 solution. Worms were imaged

manually on a Nikon C1 Confocal Microscope using

the 488 nm laser and the 20x objective. Images were

collected at 70% transmission with a gain of 4 (6 for

Q0-YFP) and the pinhole set to large. For FRAP anal-

ysis, a 10 lm2 area was selected and imaged 6 times

every 20 s at 10% transmission and 512x512 step

size to assess prebleach fluorescence intensity. Subse-

quently, a 1 lm2 area at the center of the prebleach

area was bleached at 100% transmission for 15 itera-

tions every 0.8 s with 32 3 32 step size. Then, the

original 10 lm2 area was imaged with the exact same

settings as during prebleach six times every 20 s at

10% transmission. Relative fluorescence intensity

(RFI) was determined in the NIS-Elements based on

the formula RFI 5 Tt/T0, where T0 represents fluores-

cence intensity in the bleached area before bleaching

and Tt fluorescence intensity in the bleached area at

time t after bleaching.23 Since our confocal micro-

scope did not support an automated protocol, it was

not possible to monitor a control unbleached area in

tandem with the bleached area.

Analytical ultracentrifugation
Lysates were prepared in 2x lysis buffer with no

addition of SDS (100 mM HEPES, pH 7.3, 200 mM

KCl, 2 mM PMSF, 2 mM DTT, 2 mM EGTA, and 2x

Protease Inhibitor Cocktail (Roche)) and frozen in

280 8C (see above protocol for more details). Samples

were adjusted to 0.5 or 0.25 mg/mL total protein con-

centration in 1x lysis buffer and supplemented with

20% (v/v) glycerol, or 2 M sucrose. A 3 M sucrose
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stock solution was prepared as previously described.24

Sucrose stock solution concentrations were verified

by density measurement (q 5 0.1257 3 M 1 1.00).67

Samples (350 lL) were loaded into two-channel

quartz window charcoal/Epon sedimentation velocity

cells with 50 lL FC43 fluorinert heavy oil. Cells

were placed in an 8-hole AnTi rotor (Beckman-

Coulter) and equilibrated to 20 8C in an XL-A ana-

lytical ultracentrifuge (Beckman-Coulter) fitted with

a fluorescence detection system. Radial fluorescence

scans were collected continuously at 3000 rpm,

10,000 rpm, 30,000 rpm, and 50,000 rpm using a

488 nm laser for excitation and 520 nm cut off emis-

sion filter using a constant photomultiplier voltage

(voltage: 2234, Gain: 8, Range 4) in all experiments.

The run was continued at 50,000 rpm until it was

obvious that the solution was cleared of the protein

or until the meniscus was depleted.

Samples containing 1x lysis buffer, and 20% (v/

v) glycerol were corrected to s20,w using Sednterp. v

1.09,68 while samples containing 2 M sucrose s20,w

values were corrected using the reported values for

density and viscosity of concentrated sucrose solu-

tions.24,69 Temperature-dependent partial specific

volumes: Q0-YFP 5 0.7315 mL g21; Q35-YFP 5 0.7228

mL g21; Q40-YFP 5 0.7217 mL g21; and Q82-

YFP 5 0.7143 mL g21. Solution densities: 1x lysis

buffer (1.00685 g mL21); 10% glycerol (1.0355

g mL21); 20% glycerol (1.06446 g mL21); and 2 M

sucrose solution (1.250 g mL21). Viscosities: 1x lysis

buffer (1.0322 3 1022 Pa s); 10% glycerol (1.4056 3

1022 Pa s); 20% glycerol (2.0052 3 1022 Pa s); and

2 M sucrose (0.65 3 108 Pa s).

Data were analyzed using Sedfit v. 14.470 (Peter

Schuck, National Institute of Biomedical Imaging

and Bioengineering, NIH), and SedAnal v. 6.0171

(Peter Sherwood and Walter Stafford, Boston Bio-

medical Research Institute, Watertown, MA).

High angular velocity data were fitted using a

c(s) distribution, using the Sedfit program.71 Data

were fitted without radial independent and time

independent noise, baseline floated and with confi-

dence levels (F-ratio) set at 0.95. For samples con-

taining 2 M sucrose, a ls-g*(s) distribution was used

with radial independent and time independent noise

and with confidence level set at 0.95. The meniscus

position was allowed to vary in the fitting procedure

while the bottom positions were fixed.

Multiple-speed data were fitted using dc/dt (con-

centration profile time-derivative analysis),56 with

the wide distribution analysis option selected, in

SedAnal v. 6.01.45 Instead of plotting all of the fluo-

rescence data directly, we chose to plot for radii

every 0.01 cm from a 6.40 to 6.59 cm window, which

gave us data from 20 radial positions to average

thus providing us with a better signal-to-noise ratio.

An additional 5% smoothing algorithm was applied

to the distribution within this window that contains

the data from all speeds.
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