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Abstract

At least nine neurodegenerative diseases that are caused by the aggregation induced by long tracts 

of glutamine sequences have been identified. One such polyglutamine-containing protein is 

huntingtin, which is the primary factor responsible for Huntington’s disease. Sedimentation 

velocity with fluorescence detection is applied to perform a comparative study of the aggregation 

of the huntingtin exon 1 protein fragment upon transgenic expression in Drosophila melanogaster 
and Caenorhabditis elegans. This approach allows the detection of aggregation in complex 

mixtures under physiologically relevant conditions. Complementary methods used to support this 

biophysical approach included fluorescence microscopy and semidenaturing detergent agarose gel 

electrophoresis, as a point of comparison with earlier studies. New analysis tools developed for the 

analytical ultracentrifuge have made it possible to readily identify a wide range of aggregating 

species, including the monomer, a set of intermediate aggregates, and insoluble inclusion bodies. 
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Differences in aggregation in the two animal model systems are noted, possibly because of 

differences in levels of expression of glutamine-rich sequences. An increased level of aggregation 

is shown to correlate with increased toxicity for both animal models. Co-expression of the human 

Hsp70 in D. melanogaster showed some mitigation of aggregation and toxicity, correlating best 

with inclusion body formation. The comparative study emphasizes the value of the analytical 

ultracentrifuge equipped with fluorescence detection as a useful and rigorous tool for in situ 
aggregation analysis to assess commonalities in aggregation across animal model systems.

Graphical abstract

Huntington’s disease (HD) is a human hereditary neurodegenerative disease caused by an 

autosomal dominant mutation involving the expansion of a CAG nucleotide repeat.1 The 

CAG nucleotide repeat encodes a polyglutamine sequence in the huntingtin (Htt) protein. 

Hungtingtin polyglutamine stretches containing ≤35 glutamines typically do not cause 

disease (commonly termed the wild type), whereas the mutant protein contains ≥36 

glutamines, resulting in aggregation and disease. At least eight other human diseases share 

this common disease genotype.1–3 Earlier biochemical studies have elucidated the kinetics 

and morphology of polyglutamine aggregation, ranging from the formation of soluble 

oligomers to mesoscale fibrils, the latter being involved in inclusion body formation.4,5 

While polyglutamine sequences on their own can aggregate to form toxic species, the 

sequences flanking the polyglutamine stretch in the Htt protein, containing a nascent helical 

17-residue N-terminal domain and a proline-rich C-terminal domain, play a profound role in 

potentiating protein aggregation. In particular, the N-terminal domain greatly exacerbates the 

rate of aggregation through the formation of helical bundle intermediates, although the 

mechanism of this effect is still poorly understood.5,6 The range of aggregation, from 

oligomers to inclusion bodies, has been recapitulated in vivo in a variety of model systems, 

using various polyglutamine constructs, although a correlation between the degree of 

aggregation and toxicity remains elusive.7–16 It is likely that toxicity is not simply a 

consequence of a gain of function of the aggregated species and is further complicated by a 

loss of function caused by sequestration and/or mislocalization of other protein factors into 

polyglutamine-containing inclusion bodies.1,5,17,18

Given the complexity of the protein aggregation pathway, it is critical that new methods that 

can more precisely map out the size and heterogeneity of aggregation in in vivo model 

systems be developed. Recent work has shown that the fluorescence detection system in the 

analytical ultracentrifuge19,20 could be applied to characterize the wide range of 

polyglutamine protein aggregation seen in yeast cells,21 in cultured murine neuroblastoma 

cells,22 and in our own work exploring polyglutamine aggregation in Caenorhabditis 
elegans.23 The analytical ultracentrifuge is unique in offering a rigorous physical picture of 

particle size and heterogeneity in solution, and we have recently extended this tool to 
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characterize the range of protein aggregation from 1 to 250000 S, including the application 

of a single experiment that can capture information in the range of 1–3000 S, combining a 

multispeed method (MSM) with wide distribution analysis (WDA).24,25

The idea of capturing data collected at various rotor speeds in a single experiment is not a 

new one and was initially described theoretically some time ago as a gravitational sweep 

approach, in which the rotor speed is increased at a continuous rate.26 However, 

implementation of this approach for data analysis has only recently been developed in 

Sedfit, subsequent to the work described here.27 A similar approach that has been 

implemented in Sedanal some time ago is the MSM approach, which collects data serially 

over a discrete set of rotor speeds,24,25 and is the method that is used in this study. The 

analysis algorithm, WDA, plots the data in the form of s*g(s*) as a function of s*. The basic 

protocol in an MSM approach is to start an ultracentrifuge run at low speed to capture 

information about the largest particles, followed by increases in the speed in steps during the 

run, with the final speed chosen so that the smallest species can clear the meniscus, thus 

accommodating a wide range of sedimentation coefficients from ~1.0 to ~250000 S.

Measuring the sedimentation of fluorescent species in complex mixtures [Biological OnLine 

Tracer Sedimentation (BOLTS)] has only recently gained traction, and we exploit and 

improve this new technology in this work. We report here the characterization of 

polyglutamine aggregation in the context of the Htt exon 1 fragment, using BOLTS 

combined with fluorescence microscopy and semidenaturing detergent agarose gel 

electrophoresis (SDD-AGE). The intact Htt protein has rarely been studied because of its 

size (3144 amino acids in length) and limited expression and solubility in in vivo model 

systems. Instead, a fragment corresponding to just the first exon of the gene has been 

commonly used, which recapitulates the aggregation and toxicity of the full-length protein. 

This truncated construct has been characterized extensively, for example, in neuroblastoma 

cells.28

The focus of the work described here is on the application of the analytical ultracentrifuge 

with fluorescence detection as part of a comparative analysis of wild-type and mutant Htt 

exon 1 aggregation and its effects on toxicity in Drosophila melanogaster29 and C. 
elegans,30 including an analysis of the role of the human Hsp70 chaperone in affecting 

aggregation. The range of glutamine lengths studied includes wild-type lengths (25–28 

residues in length) and mutant lengths (46–97 residues in length). Such a comparative study 

will help to distinguish general versus specific effects of an animal model system on 

aggregate pools within specific size ranges. In addition, the limited ability of Hsp70 to 

mitigate these specific pools of aggregation in D. melanogaster is reported.

Both animal model systems have been used previously to study the effects of polyglutamine 

expansions on aggregation and toxicity. In C. elegans, either polyglutamine sequences31,32 

or the exon 1 fragment of the huntingtin protein30 has been fused to fluorescent proteins and 

expressed in transgenic C. elegans. In both fusion constructs, inclusion bodies are readily 

apparent as fluorescent puncta, as observed in microscopy images. Early work in D. 
melanogaster has been performed by the Bonini laboratory, studying the aggregation and 

toxicity of various polyglutamine-containing proteins,18,33,34 including a set of studies 
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exploring the mitigation of aggregation upon expression of Hsp70.35–38 Several reviews 

describing these findings have been written, along with findings from similar efforts in other 

laboratories.33,39,40 Specific studies in D. melanogaster using both wild-type and mutant Htt 

exon 1 fragments have been performed, addressing toxicity and aggregation behavior.29,40 

Mutant-length Htt has been shown to accumulate in both nuclei and cytoplasm and is toxic 

as measured by degeneration in the D. melanogaster eye photoreceptor neurons.41 Pan-

neuronal expression is largely lethal after eclosion,42 which encouraged us to use larval 

models for our studies of aggregation and toxicity. Nevertheless, fertile adults did survive in 

D. melanogaster expressing various mutant Htt fusion constructs, perhaps reflecting lower 

expression levels for the pan-tissue driver than for the neuronal drivers, or through 

mitigating effects of toxicity of the fluorescent protein fusion partner.43 With the genetic 

power of the D. melanogaster model system, candidate genes (either native genes or human 

transgenes) can be easily tested for their ability to reduce the level of aggregation and 

toxicity. For example, as suggested above, Hsp70 overexpression in a D. melanogaster 
model has been shown to reduce the level of polyglutamine-induced aggregation and 

toxicity.35,44 In addition, the ability of Hsp70 to reduce the level of mutant Htt aggregation 

has been tested directly in a cellular model of Huntington’s disease.45 While mitigation of 

aggregation by Hsp70 is not universal in transgenic systems, such results encouraged us to 

test the effects of human Hsp70 on Htt aggregation as studied using analytical 

ultracentrifugation with fluorescence detection.

MATERIALS AND METHODS

D. melanogaster Lines, Maintenance, and Sample Preparation

D. melanogaster lines were maintained on standard medium and grown at room temperature. 

General D. melanogaster lines were obtained from the Bloomington Drosophila Stock 

Center. Transgenic lines expressing the Htt exon 1 fragments with lengths of glutamine 

repeats of 25, 46, 72, and 97 residues each, and fused to green fluorescent protein for 

detection (UAS-Htt exon1 Qp25-eGFP, UAS-Htt exon1 Qp46-eGFP, UAS-Htt exon1 Qp72-
eGFP, and UAS-Htt exon1 Qp97-eGFP), were provided by N. Perrimon.29 The original 

transgenic line, Qp103-eGFP, was sequenced, and we renamed it Qp97-eGFP, after it was 

determined to contain 97 sequential glutamines. D. melanogaster lines containing Htt exon 1 

constructs with varying length glutamine stretches were crossed with a fly line containing a 

pan-tissue-expressing promoter (da-Gal4 driver or da-Gal4 GeneSwitch driver). The progeny 

from this cross were grown at room temperature, and third-instar larvae were collected for 

each genotype. The GeneSwitch (GS) driver was used to anticipate the co-expression of the 

HTTQn-eGFP fusion proteins with Hsp70, as this chaperone transgene resides on 

chromosome 2, making the logistics of the crosses less complex. All experiments were 

performed using the da-Gal4 constitutive driver unless stated otherwise. Flies involving 

crosses using the GS system were placed in vials containing approximately 20 μg/mL 

mifepristone in the medium to induce expression in the larvae immediately upon feeding. 

Third-instar larvae were collected for analysis, washed briefly, and thrice frozen in liquid 

nitrogen and thrice thawed on ice to assist in cell lysis. Larvae were then homogenized on 

ice with a 1 mL glass homogenizer in 2× lysis buffer, containing 100 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.3), 200 mM KCl, 2 mM 
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ethylene glycol tetraacetic acid (EGTA), 2 mM phenylmethanesulfonyl fluoride (PMSF), 2 

mM dithiothreitol (DTT), and 2× protease inhibitor (Roche). Samples were allowed to settle 

on the bench for 1 h, and the supernatant was removed, aliquoted, and flash-frozen in liquid 

nitrogen. Before the samples were flash-frozen, the total protein concentration was 

determined using the Coomassie Plus Protein Assay Reagent (Thermo Scientific) in 

preparation for the various experimental methods used here.

C. elegans Strains, Maintenance, and Sample Preparation

C. elegans were maintained according to standard methods, at 20 °C on nematode growth 

medium (NGM) seeded with OP50 Escherichia coli.46 The polyglutamine strains 

[(unc-54)GFP::HttQ28 and (unc-54)GFP::HttQ74], expressing different CAG repeat lengths 

and fused with green fluorescent protein (GFP) at the N-terminus, have been described 

elsewhere.30

Synchronized populations for crude extracts were obtained from gravid adults after 

treatment with a 20% alkaline hypochlorite solution (3.0 mL of bleach, 3.75 mL of 1 M 

NaOH, and 8.25 mL of doubly distilled H2O) for 5 min and eggs being allowed to hatch in 

M9 buffer overnight. The next day, the synchronized populations were transferred to fresh 

NGM plates.

Synchronized 1-day-old adult C. elegans were harvested and washed with M9 buffer (22 

mM sodium phosphate, 22 mM potassium phosphate, 85 mM NaCl, and 1 mM MgSO4). 

Samples were flash-frozen in liquid nitrogen and stored at −80 °C. Protein was extracted 

after three cycles of freezing and thawing in lysis buffer (same as that used for D. 
melanogaster). Samples were homogenized in five cycles of 30 s each using a motorized 

homogenizer (Kontes) followed by a 5 min incubation on ice. Samples were allowed to 

settle for 1 h on ice, after which the supernatant was removed, flash-frozen, and stored at 

−80 °C. The total protein concentration was calculated using the Coomassie Plus Protein 

Assay Reagent (Thermo Scientific).

Western Blot Analysis

Protein extracts were combined with sodium dodecyl sulfate (SDS) sample buffer [125 mM 

Tris-HCl (pH 6.8), 1% SDS, 10% glycerol, 5% β-mercaptoethanol, and bromophenol blue]. 

Samples were incubated at 100 °C for 5 min, separated using SDS–PAGE, transferred to 

nitrocellulose membrane (Thermo Scientific 88018), and blocked with 5% nonfat dry milk 

in PBS containing 0.001% Tween 20. Membranes were probed with a primary antibody 

against GFP (Invitrogen A11122) followed by anti-rabbit HRP as a secondary antibody (Cell 

Signaling 7074S). β-Actin was used as a loading control and was probed with an anti-β-

actin antibody (Abcam ab8227). Chemiluminescence was detected using Super SignalWest 

Femto Maximum Sensitivity Substrate (Thermo Scientific 34095) and imaged using a 

FluorChem HD2 Imager (Alpha Innotech).

SDD-AGE Analysis

Protein extracts were diluted in SDS sample buffer, incubated at room temperature for 5 

min, and loaded onto a 1.5% agarose gel containing 0.1% SDS [in 1× Tris-acetate-EDTA 
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(TAE)]. Using 1× Tris-buffered saline (TBS), capillary action was used to transfer the 

protein to a nitrocellulose membrane overnight. Blocking and protein detection followed the 

same procedures that were used for Western blotting.

Analytical Ultracentrifugation

Lysates were prepared in 2× lysis buffer and frozen at −80 °C. For the multispeed method 

(MSM) runs, samples were adjusted to a total protein concentration of 0.5 mg/mL in 1× lysis 

buffer. To capture inclusion bodies, SV experiments were performed in a 2 M sucrose 

solution. A 3 M sucrose stock solution was prepared as previously described.22 Sucrose 

stock solution concentrations were verified by density measurement (ρ = 0.1257M + 1.00).47

The partial specific volume, density, and viscosity of solutions were calculated using 

Sednterp version 1.09.48 The temperature-corrected solution densities are 1.00685 g mL−1 

for lysis buffer and 1.250 g mL−1 for the 2 M sucrose solution. The viscosities of the 

solutions are 1.0322 × 10−2 Pa s for the lysis buffer and 0.65 Pa s for 2 M sucrose.

Samples (350 μL each) were loaded into two-channel quartz window charcoal/Epon 

sedimentation velocity cells with 50 μL of FC43 Fluorinert heavy oil. Cells were placed in 

an eight-hole AnTi rotor (Beckman-Coulter) and equilibrated to 20 °C in an XL-A analytical 

ultracentrifuge (Beckman-Coulter) fitted with a fluorescence detection system. For MSM 

experiments, radial fluorescence scans were collected successively at 3000, 6000, 10000, 

20000, 30000, and 50000 rpm using a 488 nm laser for excitation and 520 nm cutoff 

emission, with a radial step size of 20 μm, and using a constant photomultiplier voltage 

(voltage of 2193 V, gain of 1, range of 4) in all experiments. The run was continued at 50000 

rpm until it was obvious that the meniscus was cleared of the protein.

Data collected from high-speed experiments (in lysis buffer) and low-speed experiments 

(with 2 M sucrose) were analyzed using Sedfit version 144 (P. Schuck, National Institute of 

Biomedical Imaging and Bioengineering, National Institutes of Health, Bethesda, MD).49 

MSM data were analyzed using SedAnal version 6.01 (P. Sherwood and W. Stafford, Boston 

Biomedical Research Institute, Watertown, MA).50

High-angular velocity data were fitted using a c(s) distribution. This analytical tool is useful 

when studying less complex boundaries, as it provides information about the frictional 

coefficient, thus allowing one to obtain estimates of molar mass.49 In addition, c(s) analysis 

allows for the removal of systemic time-invariant and radial-invariant noise contributions; 

this was done using confidence levels (F ratio) set at 0.95. For samples containing 2 M 

sucrose, an ls-g*(s) distribution was used. This tool allows us to assume a nondiffusing 

species, which is particularly appropriate for very large particles. The data were also fit 

including parameters for radial- and time-independent noise, and with the confidence level 

set at 0.95. The meniscus position was allowed to vary in the fitting procedure while the 

bottom position was fixed. Sedimentation coefficients for both samples containing lysis 

buffer and sucrose were corrected to s20, w using Gussi version 1.1.0 (Brautigam C.A. 

2015).48 The s20, w values determined from samples containing 2 M sucrose were corrected 

using the reported values for the density and viscosity of concentrated sucrose solutions 

using Gussi version 1.1.0.22,51 Data collected using MSM were fitted using dc/dt 
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(concentration profile time-derivative analysis) with the wide distribution analysis option 

selected, implemented in SedAnal version 6.01.50 To improve the signal-to-noise ratio, data 

were chosen from 6.40 to 6.59 cm with a step size of 0.01 cm, which gave data from 20 

radial positions. An additional 2% smoothing was applied to the distribution.

Confocal Microscopy

Third-instar larvae were isolated from vials and placed on microscope slides in drops of a 

70% glycerol solution. Slides were placed on a heating block at 70 °C for 15–20 s to heat 

kill the larvae. Using a light microscope to visualize the position of the larvae, larvae were 

placed dorsal side up and topped with cover slides. Larvae were viewed using a Nikon 

Eclipse 80i confocal microscope, and eGFP-tagged Htt constructs were imaged to obtain Z-

stacks (step size of 1.50 μm, medium pinhole size). The gain was adjusted until puncta and 

diffuse fluorescence were visible with minimal background fluorescence.

One-day-old adult C. elegans were washed three or four times with M9 buffer and placed in 

a 20 mM levamisole solution. The solution containing the paralyzed worm was then 

transferred to a 4% (w/v) agar pad on a glass slide. Samples were imaged manually on a 

Nikon C1 confocal microscope using a 514 nm laser and a 20× objective lens. Images were 

collected at 70% transmission with a gain set to 4 and a large pinhole.

Quantification of Puncta

Z-Stacks of larval sections were collapsed into single images using ImageJ (version 1.47), 

and the collapsed images of the four larval sections were opened in Adobe Photoshop. The 

anterior, precentral, postcentral, and posterior images were pieced together to form a single 

larva image by cropping out any overlapping sections. To obtain a count of puncta, each 

larval image was opened in ImageJ (Figure S12A). The image was converted into eight-bit 

gray scale (Figure S12B), and the threshold was adjusted until each punctum was clearly 

defined from the background (Figure S12C). The threshold was applied to make the image 

binary [everything that was determined to be a punctum was turned black, and everything 

determined to be a part of the background was turned white (Figure S12D)]. In HttQ97 

larvae, puncta were distinct enough from the black background to easily determine a 

threshold value. The high level of diffuse fluorescence in HttQ46 and HttQ72 larvae made 

the distinction between the larvae and background less clear. To resolve this problem, a high 

threshold was set to include all puncta, and the threshold was applied to make the image 

binary. Any background fluorescence that was also included due to the high threshold was 

manually deleted to prevent ImageJ from counting them as puncta. Once all puncta were 

successfully separated from the background, the “watershed” function was used to separate 

any puncta that might have merged together (Figure S12E). Lastly, the “analyze particles” 

function was used to count the number of black puncta in the binary image, which indicated 

the total number of aggregates in the larval image. Average counts of puncta were based on 

three trials (three larvae per trial).

Larval Crawling Assay (D. melanogaster)

The larval crawling assay was adapted from work published by the Littleton laboratory.52 

Wandering third-instar larvae grown at room temperature were collected, briefly washed in 
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distilled water, and placed in the middle of a 0.8% agarose 15 cm dish. Larvae were allowed 

to acclimate for 1 min, and then larval crawling was recorded for 2.5 min. Recordings were 

taken with a digital camera and analyzed using the MTrack2 plugin for ImageJ, where the 

distance and time were measured, and the speed was calculated by dividing the distance 

traveled by the time of recording. At least 20 larvae per genotype were analyzed and 

compared with a D. melanogaster line containing either the da-Gal4 or daGal4(GS) driver 

fly line alone as a negative control.

Thrashing Assay (C. elegans)

Synchronized 1-day-old adult C. elegans from strains grown at room temperature were 

washed briefly in 1× M9 buffer, followed by a 1 min acclimation period. The movement of 

C. elegans in M9 buffer was recorded with a digital camera on a Nikon Stereoscope 

(SMZ1500) using NIS Elements software for 1 min. The number of thrashes was counted 

and analyzed. At least 45 samples per strain were analyzed and compared to N2 C. elegans.

RESULTS

Htt Exon 1 Fragment Expression and Aggregation Assessed Using Western Blotting and 
SDD-AGE

In preparation for the biophysical analysis of Htt aggregation, Western analysis was 

performed to determine overall levels of expression, because expression levels themselves 

can influence the degree of aggregation (Figure S1). The expression levels are similar, when 

compared to that of β-actin as a standard, even across C. elegans and D. melanogaster model 

systems, and expression levels for the C. elegans shown here are consistent with that 

previously reported.29,30 Additional bands for some of these protein fusions have been 

reported in the literature, presumably because of limited degradation, such as that seen here 

for HttQ25.29

A more conventional approach used for the analysis of protein aggregation in cell biology is 

SDD-AGE, a biochemical assay that fractionates protein aggregation by agarose gel 

electrophoresis using a semidenaturing solution condition. This was performed to make the 

comparison to the sedimentation velocity experiments, described below. SDD-AGE was 

performed on the same samples used for Western analysis. At best, only a crude estimate of 

aggregation is possible using this method. Three categories of aggregates are observed, a 

tight distribution of lower-molecular weight species, smears representing higher-molecular 

weight materials, and large-scale aggregates that are caught up in the wells. No evidence of 

bands running at the molecular weight expected for the monomers is seen in the Htt fusion 

constructs. For three of the constructs (C. elegans HttQ28, D. melanogaster HttQ25, and D. 
melanogaster HttQ46), a fairly tight band is seen near the bottom of the gel, in the range of 

75–300 kDa, suggesting a minimal structural unit that is resistant to SDS denaturation 

(Figure 1).

This presumed limited aggregation may be due to aggregation of the GFP itself within the 

fusion construct, as has been noted in the literature,13,20,23,53–55 or alternatively, 

sequestration of other factors (see Discussion). Our previous work, studying polyglutamine 
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aggregation in a worm model, showed evidence of significant aggregation of GFP by itself, 

in both SDD-AGE (~400 kDa) and SV experiments (running at ~80 S), with the 

sedimentation boundary being present even in the polyglutamine fusion constructs.23 

Interestingly, if the discrete bands shown at the bottom of the gel in Figure 1 are indeed due 

to limited GFP aggregation, the apparent smaller size (when compared to the earlier 

published work) and increase in size as a function of polyglutamine length may be related to 

effects of the Htt N-terminal domain. This hypothesis is described below more fully when 

discussing a similar effect observed in the SV experiments for material sedimenting in the 

range of 3–5 S.

Absolute magnitudes of individual aggregate bands or smears present cannot be compared 

across samples, as these intensities can reflect differences in loading amounts. Some 

smearing is present in the midrange of the gel for both D. melanogaster HttQ25 and HttQ46 

samples, suggesting higher-order aggregation. The presence of both the low-molecular 

weight bands and the higher-molecular weight smearing in these samples likely represents a 

dynamic partitioning between molecular levels of SDS sensitivity.56 As expected, much 

more extensive aggregation is seen for the protein fusions with longer polyglutamine 

sequences (C. elegans HttQ74, D. melanogaster HttQ72, and D. melanogaster HttQ97), 

including varying degrees of protein caught up in the wells. In these same samples, the lower 

oligomeric species appear to be absent. On the basis of our previous work,23 the materials in 

the wells are consistent with inclusion body formation. These results are compared to 

sedimentation behavior in the SV experiments described below.

Sedimentation Behavior of the Htt Exon 1 Fragment Monomer

Crude extracts for all transgenic animals were prepared in the absence of detergents or 

denaturants and with no fractionation to minimize solubilization of in vivo aggregation. 

Appropriate dilutions of crude extracts were loaded into cells to be analyzed by 

sedimentation velocity methods using an analytical ultracentrifuge equipped with 

fluorescence detection. Fluorescence detection was enabled through the fusion of the 

proteins of interest to various fluorescence protein partners as described in Materials and 

Methods.

In earlier work, characterization of the monomer pool was used to validate the accuracy of 

the reported s values in crude extracts.23 This validation approach was also performed here. 

To detect a putative monomer population, data were collected at 50000 rpm and analyzed 

using a continuous distribution function, c(s) (Figure 2). For all of the D. melanogaster 
samples, a well-defined distribution is seen in the range of 2.1–2.4 S, consistent with the s 
value measured for similar fusion constructs in other model systems (Figure 2A, with 

boundary data shown in Figure S2).22,23 The two C. elegans samples had similar s values, 

ranging from 2.5 to 2.8 S (Figure 2B, with boundary data shown in Figure S3). Interestingly, 

in contrast to our previously published results for polyQn-GFP fusions in C. elegans,23 

which lacked the Htt exon 1 fragment flanking sequences, some evidence was observed for a 

small oligomer pool in the range of 3.7–5.5 S for all samples, which may represent 

intermediates involving flanking sequence interactions, as observed in in vitro biochemical 

model systems.6,57–59 We also note the apparent increase in the D. melanogaster oligomer in 
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the range of 3.7–5.5 S as a function of polyglutamine length, which could be due to several 

possibilities: (1) the inhibition of polyglutamine oligomerization or GFP oligomerization 

through interactions with the N-terminal flanking sequence (these interactions have been 

suggested to be dependent on polyglutamine length),60 (2) the increased probability of 

sequestration of other molecular components in the cell,22 or (3) a sedimentation artifact due 

to Johnston–Ogston drag due to slower-migrating particles.61 The fact that we see this effect 

in SDD-AGE experiments more strongly supports the first two possibilities. The ability to 

detect this detailed level of aggregation suggests that experiments could be designed to test 

for inhibitors or enhancers of flanking sequence interactions.

Characterization of the Htt Exon 1 Fragment Aggregate Pool

To capture the bulk of the aggregates in a single sedimentation velocity experiment, the 

recently developed multispeed method (MSM) was applied in conjunction with wide 

distribution analysis (WDA),23,50 identifying species falling in the range of 1–2000 S 

(Figure 3). A prominent monomer peak is evident for all samples. A sense of the 

experimental error in loading concentrations can be established from the Western blot results 

shown in Figure S1, indicating a fairly similar level of expressed recombinant protein in 

each of the various transgenic animals used. There is a significant decrease in the heights of 

the monomeric peaks relative to the aggregate distributions for all samples with Htt 

polyglutamine sequences longer than 28 residues, suggesting an increase in the level of 

relative aggregation with increasing polyglutamine length. This finding can be quantified by 

integration under the s*g(s*) distribution curves separately for the 1–20 S pool and the 20–

20000 S pool, confirming that the amounts of material in the aggregated pools are indeed 

significantly larger than that represented in the monomer pool (Table 1). The apparent 

decrease in the percent aggregate for the D. melanogaster HttQ97 sample may reflect a 

transfer of material from the aggregate pool into inclusion bodies, as suggested in the SDD-

AGE experiment (Figure 1). Such an effect could result in depletion of material in the 

aggregate pool relative to the monomer pool. This solution experiment provides a unique 

opportunity to quantify relative amounts of aggregate pools that have not been possible with 

other biochemical methods.

The insets in Figure 3 show an expansion of the range at which intermediate aggregation is 

present. In the D. melanogaster samples (Figure 3A), while two major pools of aggregation 

are quantified here (1–20 and 20–20000 S), recent SV analysis of Htt aggregation in yeast 

suggests a total of four distinct aggregate pools might be defined on the basis of differential 

behavior. In yeast, Xi et al.21 show evidence for two differently behaving pools in the range 

of 20–80 S and above 100 S. They noted a stronger correlation between the level of 

aggregation and toxicity for the smaller range than for the >100 S range. Thus, the other two 

pools that we note in our work would encompass the 1–20 S range and a range of >500 S, 

outside the window of observation of Xi et al. While these pools are empirically defined, 

they are reproducible, with slight collective x-axis shifts of the pools because of uncertainty 

in the position of the sample meniscus (compare Figure 3 with the distributions from 

separate experiments shown in Figure 7). Nevertheless, as suggested above, from a 

quantitative perspective, we treat all aggregation beyond 20 S as a single intermediate 

aggregate pool, as presented in Table 1. In addition, this coarser partitioning allows us to 
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demonstrate the reproducibility of the aggregation profiles across samples, and data 

commingled across samples show a tight distribution of the fraction of monomer and 

aggregate that is calculated (in Table 1, see the bottom four rows, and see Figure S11). We 

note that aggregation heterogeneity within each pool is quite complex, with the 20 S pool 

defined as having the narrowest range. It would be premature to attempt a detailed analysis 

of this intrapool heterogeneity, although experiments to address this by using multiple 

fluorescent tags as a way of identifying other molecules that might be contributing to the 

sedimentation are being developed.

The MSM–WDA experiment revealed a significant difference in the distribution of the 

aggregate pools for the HttQ28 and HttQ74 C. elegans samples (Figure 3B). The single 

major peak in Q28 (Figure 3B, inset), centered on 45 S, likely reflects GFP aggregation as 

observed in our previously published work.23 This peak is also seen as a shoulder in the 

distribution profile for the HttQ74 sample and is likely the same sedimenting species 

observed in the Drosophila samples consistently seen either as a peak (Q72 and Q97) or as a 

shoulder (Q25 and Q46) at ~45 S (Figure 3A). However, in contrast to Htt28, the HttQ74 

sample has two additional aggregate pools centered around 150 and 450 S, similar in size to 

the pools seen for the D. melanogaster samples.

Characterization of Htt Exon 1 Fragment Inclusion Bodies

The largest anticipated aggregates would likely be components of inclusion bodies, detected 

as fluorescent puncta in microscopy images (Figures 4 and S4 for D. melanogaster and 

Figure 5 for C. elegans). The extent of polyglutamine aggregation in vivo is known to be 

dependent on glutamine length (as demonstrated in Table 1 for intermediate aggregates) and 

is characterized here as a general increase in the number of fluorescent puncta for transgenic 

animals that contain mutant Htt polyglutamine sequences fused to fluorescent proteins. A 

quantitative analysis of the count of puncta from the D. melanogaster images shown in 

Figure S4 is provided in Figure 4C and reveals no puncta for HttQ25, a sparse number of 

puncta for HttQ46 and HttQ72, and a dramatic increase in the number of puncta for HttQ97. 

A similar increase in the extent of formation of puncta in 1-day-old C. elegans is observed, 

as expressed in muscle cells (Figure 5), mirroring the findings from the Monteiro laboratory, 

from where we received these transgenic animals.30

To look for evidence of such large-scale aggregates in sedimentation velocity experiments, 

samples were run at 3000 rpm in the presence of 2 M sucrose. These sample conditions have 

been shown to be appropriate for revealing inclusion body aggregates.22,23 Three samples 

were prepared and analyzed by SV: HttQ97 (Figure 6A, B) from D. melanogaster and 

HttQ74 (Figure 6C, D) and HttQ28 (Figure S5) from C. elegans. The boundary data (Figure 

6A, C) show quite a bit of noise, which can be contrasted to that shown in Figures 2 and 3, 

as is anticipated from Mie scattering effects.27 These effects are similar to the haziness of 

samples seen by eye for very large particles. Nevertheless, the data are of sufficient quality 

to extract a set of peaks in a model-free continuous sedimentation distribution, ls-g*(s), 

resulting in random residuals derived from the fitting of the data. The absence of a clear 

boundary with a similar rate of movement for the HttQ28 sample (Figure S5) validates the 

ability to extract meaningful data in the presence of the Mie scattering effect. The 
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aggregation profiles and the weight averages for the ls-g*(s) distributions are very similar to 

one another for both the D. melanogaster and C. elegans experiments, suggesting that the 

inclusion bodies are likely to be similar in size. An average of the weighted s values for D. 
melanogaster HttQ97 is 439120 S, while in C. elegans HttQ74, it is 403900 S. Simple size 

calculations based on the range of s values reported suggest that they are similar in size to 

that of the puncta in the corresponding microscopy images (Figures 4 and 5), assuming a 

spheroidal shape.23

Correlation of Htt Exon 1 Fragment Aggregation with Toxicity

One of the motivations for this work is to correlate data on protein aggregate profiles with 

toxicity, as measured using behavioral assays. Motility assays were used to assess behavioral 

effects, using C. elegans thrashing assays (may be compared to results from the work on 

these animals by the Monteiro laboratory30), and third-instar crawling assays. Our C. 
elegans thrashing results (Figure S6) show a significant decrease in the number of thrashes 

per minute with an increase in polyglutamine length. This result is fully consistent with the 

C. elegans bending assay performed by the Monteiro laboratory.30 We have also 

recapitulated the result showing a significant impact on movement upon comparison of wild-

type N2 C. elegans with HttQ28 C. elegans. The effect on thrashing (or bending) for HttQ28 

probably reflects the presence of puncta, albeit limited in number, in these animals (Figure 

5).

The larval crawling motility assay that we used, measuring the speed of travel, is a variant of 

a behavioral assay studying HttQn constructs published previously,62 and results are shown 

in Figure 7. The data shown here have been normalized against larval crawling measured 

using a fly line containing only the da-Gal4 driver as a control. For HttQ46, HttQ72, and 

HttQ97, larval crawling appears to be equally impaired relative to the HttQ25 larval 

crawling behavior. In a careful analysis of the videos recorded for the crawling assay (data 

not presented), the impaired crawling speed is characterized by increased numbers of 

pausing and turning behaviors. In fact, frames showing such behaviors were counted for 

each D. melanogaster line, and a histogram of these data recapitulates the results shown in 

Figure 7. The results from the thrashing assay and the larval crawling assay are compared to 

the results of protein aggregation in the Discussion.

Effects of Hsp70 on Htt Exon 1 Fragment Aggregation

Having explored the general aggregate profiles of wild-type and mutant Htt constructs in 

both D. melanogaster and C. elegans, we can now address the question of how specific 

aggregate pools might respond to potential mitigating factors such as chaperones, 

particularly as measured by SV methods. We chose to study the effect of Hsp70 on HttQn 
aggregation. Earlier work from our laboratory showed that human Hsp70 has toxic effects in 

C. elegans. Furthermore, work from Morimoto’s group showed that yeast Hsp70, when co-

expressed with polyglutamine-GFP fusion constructs, showed no effect on aggregation.32 

Therefore, no efforts were made to look at crosses of transgenic C. elegans containing 

Hsp70 and various Htt-containing constructs.
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The effects of Hsp70 on aggregation were tested by crossing HttQn D. melanogaster lines 

with a second line expressing human Hsp70. Because the Hsp70 line and the four HttQn 
lines all harbor the genes on chromosome 3, we switched to using the Da-Gal4(GS) driver 

for expression, which resides on chromosome 2. We confirmed Da-Gal4(GS)-driven co- 

expression of Hsp70 when crossed with two of the four D. melanogaster lines by Western 

blotting (Figure S7). Aggregation profiles as measured using the MSM SV approach showed 

no difference regardless of whether the Da-Gal4 or Da-Gal4(GS) drivers were used, as 

shown for both HttQ25 and HttQ97 (Figure S8 and Tables 1 and 2). Also, no significant 

difference in overall expression or aggregation was seen upon comparison of SDD-AGE 

results using the Da-Gal4 driver (Figure 1) and the Da-Gal4(GS) driver (Figure S9, lanes 

labeled “-Hsp70”).

Observing no significant difference in aggregation profiles using the two different D. 
melanogaster drivers to express the Htt protein constructs, we analyzed the MSM and SDD-

AGE experiments to see if the expression of Hsp70 might affect the intermediate aggregate 

pools. Samples were prepared for MSM analysis expressing both the HttQn proteins and 

human Hsp70, and the results are presented in Figure S10 comparing HttQn expression 

alone (Figure S10A) with that also expressing Hsp70 (Figure S10B). There is no obvious 

systematic difference in the gross features of the aggregate pools (note insets in Figure S10), 

suggesting that there is little or no impact of Hsp70 expression on the intermediate aggregate 

pools. A quantitative treatment of these data shows that the distribution between percent 

monomer and percent aggregate remains largely the same (Table 2 and Figure S11).

The SDD-AGE analysis of the HttQn D. melanogaster lines was also compared with and 

without Hsp70 expression (Figure S9). Within the normal variation in signal intensity seen 

in SDD-AGE, there appears to be little or no impact of Hsp70 on intermediate aggregates 

with the MSM–WDA analysis. Therefore, the slight, if statistically insignificant, mitigation 

of toxicity as measured in our crawling assay does not appear to correlate with intermediate 

aggregate formation.

In contrast to the lack of an impact on intermediate aggregates, co-expression of Hsp70 with 

the four Htt D. melanogaster lines results in a small decrease in the number of puncta 

(Figure 4). Such a decrease appears to correlate with a slight increase in crawling speed 

upon Hsp70 co-expression, as shown in Figure 7 (see also controls in Figure S12; note that 

Hsp70 itself has an effect on the crawling assay, so the lines co-expressing Hsp70 with the 

HttQn constructs were normalized against the Hsp70-expressing line to account for this 

effect).

DISCUSSION

This comparative study takes advantage of technical advances in analytical 

ultracentrifugation that we employed in recently published work23 and shows that the 

selective fluorescence detection of individual proteins in crude extracts (BOLTS)19,20,63 can 

be applied across multiple genetic model systems.
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Consistent with the literature, three major Htt exon 1 protein structural subtypes have been 

identified, using a combination of SV with fluorescence detection and SDD-AGE: (1) 

monomers, (2) intermediate aggregates, and (3) large particles of the size of inclusion 

bodies. Furthermore, the intermediate aggregates might be further partitioned among pools 

determined through SV experiments by us and others,21 encompassing s values of 5–30 S, 

40–500 S (with subpartitions of 40–100 and 100–500 S21), and >500 S. Such 

subpartitioning, while not well-defined in our crude extracts, has been noted recently in SV 

work on partially purified extracts in yeast, with pool sizes of <100 and >100 S exhibiting 

different characteristics.21 The latter two pools (40–500 and >500 S) are predicted to have 

variable SDS sensitivity as judged by the migration of these intermediate pools in the SDD-

AGE experiments and may be a reflection of the degree of compaction.64

The low end of the 5–30 S pool (focusing on the shoulder on the right-hand side of the 

monomer peak), seen most prominently for the D. melanogaster HttQ25 and C. elegans 
HttQ28 profiles (Figure 2), is particularly intriguing because this is not seen in fusion 

constructs without the Htt flanking sequences.23 It has been shown by several different 

groups that the N-terminal flanking sequence of Htt induces limited aggregation (4–12 

subunits) through helical pairing interactions in in vitro experiments5 and may be the 

explanation for this feature in the MSM–WDA experiments. The distinction between the 

upper end of the 5–30 S pool and the 40–500 S pool is less well-defined, and as suggested in 

the Results, some of this aggregation may be due to intrinsic aggregation of the fluorescent 

proteins themselves, as described in our earlier work and as suggested by the low-molecular 

weight species in the SDD-AGE experiment (Figure 1).23 Above the 40 S limit, the pools 

seen for both D. melanogaster and C. elegans are similar, suggesting that the properties 

driving aggregation are intrinsic to the Htt protein fragment, and limitations to clearing of 

such aggregates could be related to cellular housekeeping principles (e.g., chaperone activity 

and protein turnover). This general conclusion is further buttressed by noting that the 

expression in C. elegans is muscle-specific, whereas expression in D. melanogaster larvae is 

driven by the Da-Ga4 driver, a pan-tissue driver of expression. Both D. melanogaster and C. 
elegans show significant aggregation in the size range consistent with inclusion body 

formation.

It is intriguing to note that there are no aggregation pools for the C. elegans HttQ28 sample 

beyond 50 S in size, whereas the D. melanogaster HttQ25 sample shows aggregation pools 

not all that dissimilar from those of Htt samples with polyglutamine sequences that are >36 

amino acids in length. It has been shown that polyglutamine aggregation can result in 

sequestration of other proteins,18 particularly those containing polyglut-amine-rich 

sequences.65 Five percent of the D. melanogaster genome encodes polyglutamine-containing 

proteins, whereas both humans and C. elegans encode only 0.4%.66 It is worth speculating 

that the 40–500 S pools in the D. melanogaster HttQ25 sample could involve significant 

sequestration of other proteins because of this difference. A similar observation has been 

made in yeast, where aggregates for an HttQ25-GFP fusion construct are noted in the 50–

200 S size range;21 yeast also has a higher percentage of polyglutamine-containing proteins, 

in the 1.0–1.3% range.66
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Behavioral assays were performed to look for correlations in toxicity with aggregate pools. 

For both D. melanogaster and C. elegans, an increase in the level of aggregation and toxicity 

is seen for polyglutamine lengths above the 36-amino acid threshold. This correlation is 

observed as monitored either by the ratio of monomer to intermediate aggregate (MSM–

WDA experiments) or the number of puncta (confocal images). Our results in the C. elegans 
experiments mirror the results published by the Morimoto laboratory.67 In the D. 
melanogaster experiments, there is no apparent glutamine-length dependence of toxicity, 

which is inconsistent with the clear length dependence for the number of puncta formed. 

One suggestion is that the toxicity tracks better with the intermediate aggregate pool, which 

may be more insensitive to glutamine-length dependence.

Finally, mitigation of aggregation and toxicity in D. melanogaster was tested using Hsp70, a 

chaperone that has been shown in the past to reduce the number of polyglutamine-induced 

phenotypes in D. melanogaster.35,36 Expression of Hsp70 had only marginal effects on 

intermediate aggregation relative to the monomer population, as noted in the MSM–WDA 

(Figure S10 and quantified in Table 2) and SDD-AGE (Figure S9) experiments. In contrast, 

expression of Hsp70 resulted in a moderate if significant decrease in the number of puncta 

(Figure 4). This decrease in the number of puncta appears to correlate best with toxicity, 

which shows some mitigation of crawling speed (Figure 7), albeit with borderline statistical 

significance.

This work has helped to showcase the power of SV approaches, biophysical technology 

representing a true solution method, for measuring protein aggregation in complex 

macromolecular milieus (BOLTS). Technical hurdles for such studies, using fluorescence 

detection in the analytical ultra-centrifuge, have been discussed in earlier work from our 

laboratory23 and another.22 The research described here advances the use of this method, in 

complementation with other biochemical and microscopy methods, to offer a comparative 

study of polyglutamine aggregation using two different model systems. We believe that this 

work sets the stage for broader application of BOLTS to other interesting biological and 

biomedical applications, with particular emphasis on our part on other important protein 

aggregative diseases implicated in a variety of human neurodegenerative diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BOLTS biological online tracer sedimentation

DIC differential interference contrast

DTT dithiothreitol

eGFP enhanced green fluorescent protein

EGTA ethylene glycol tetraacetic acid

GFP green fluorescent protein

HD Huntington’s disease

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

HRP horseradish peroxidase

Htt huntingtin

MSM multispeed method

NGM nematode growth medium

PMSF phenylmethanesulfonyl fluoride

polyQ polyglutamine

SDD-AGE semidenaturating detergent agarose gel electrophoresis

SDS–PAGE sodium dodecyl sulfate–polyacrylamide gel electrophoresis

SV sedimentation velocity

TAE Tris-acetate-EDTA

TBS Tris-buffered saline

WDA wide distribution analysis

YFP yellow fluorescent protein
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Figure 1. 
Analysis of protein aggregation using SDD-AGE. Protein from 1-day-old adult C. elegans 
expressing GFP-HttQ28 and GFP-HttQ74 and third-instar D. melanogaster larvae expressing 

HttQ25-eGFP, HttQ46-eGFP, HttQ72-eGFP, and HttQ97-eGFP were electrophoresed on an 

SDD-AGE gel and detected using an anti-GFP antibody. Sample loading is based on total 

protein determination: 5 μg for HttQ28, 2 μg for HttQ74, and 2 μg each for HttQ25, HttQ46, 

HttQ72, and HttQ97.
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Figure 2. 
Sedimentation velocity monomer analysis. c(s) sedimentation coefficient distributions in (A) 

D. melanogaster and (B) C. elegans showing a distinct peak corresponding to the main 

boundary component. Boundary data used for this analysis are shown in Figures S2 and S3. 

Data were collected at 50000 rpm.
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Figure 3. 
MSM–WDA analysis of (A) HttQ25-eGFP, HttQ46-eGFP, HttQ72-eGFP, and HttQ97-eGFP 

in D. melanogaster and (B) GFP-HttQ28 and GFP-HttQ74 in C. elegans. All samples 

prepared in lysis buffer were centrifuged at 3000, 6000, 10000, 20000, 30000, and 50000 

rpm until the meniscus was cleared. The log plot of s*g(s*) vs s* shows the complete 

distribution of s values ranging from 0.8 to 3000 S, and the inset focuses on the 20–3000 S 

region to better highlight the distribution of the intermediate aggregates.
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Figure 4. 
Fluorescence images and analysis of D. melanogaster third-instar larvae. Images showing 

the expression of polyglutamine expansions in the midsection of third-instar larvae for (A) 

HttQ46-eGFP and (B) HttQ97-eGFP. (C) Quantitation of puncta in the entire larva with or 

without Hsp70 expression using the images shown in Figure S4. Image analysis for counts 

of puncta is described in Materials and Methods (see also Figure S12). The scale bar is 0.1 

mm. Statistical analysis was performed using a one-way analysis of variance. *P < 0.05; **P 
< 0.01. n.s., not significant.

Kim et al. Page 24

Biochemistry. Author manuscript; available in PMC 2018 September 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Fluorescence images of C. elegans: (A) GFP-HttQ28 and (B) GFP-HttQ74. Images show the 

expression of polyglutamine expansions in the body wall of young adult C. elegans. The 

scale bar is 0.05 mm. Note the increased level of GFP aggregate accumulation in GFP-

HttQ74.
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Figure 6. 
SV analysis in 2 M sucrose. Experimental data and the corresponding ls-g*(s) sedimentation 

coefficient distributions of (A and B) HttQ97-eGFP in D. melanogaster and (C and D) GFP-

HttQ74 in C. elegans. Both time-invariant and radial-invariant noise contributions were 

removed from the data for the sake of clarity. The weighted s value for HttQ97-EGFP 

expressed in D. melanogaster is 439120 S, and the weighted s value for GFP-HttQ74 

expressed in C. elegans is 403900 S. Data were collected at 3000 rpm.
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Figure 7. 
Larval crawling behavior in HttQn-expressing lines with and without expression of Hsp70. 

HttQ25-eGFP, HttQ46-eGFP, Htt72-eGFP, and Htt97-eGFP average speeds [expressed using 

the da-Gal4(GS) line] were normalized against the Da-Gal4(GS) driver alone. HttQn-eGFP 

D. melanogaster lines co-expressed with Hsp70 were normalized against a line expressing 

Hsp70 alone. Average speeds of Da-Gal4(GS), HttQ25-eGFP with or without Hsp70, and 

Hsp70 are shown in Figure S10 to make transparent the effects of the normalization 

calculations. Statistical analysis was performed using a one-way analysis of variance. *P < 

0.05; **P < 0.01. n.s., not significant.
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Table 1

Analysis of Aggregation Based on the Integration of s* Distributionsa for C. elegans and D. Melanogaster 

HttQn Samples

sample % monomerb % aggregatesc

C. elegans HttQ28 30 70

C. elegans HttQ74   3 97

D. melanogaster HttQ25 34 66

D. melanogaster HttQ46 24 76

D. melanogaster HttQ72   7 93

D. melanogaster HttQ97 18 82

D. melanogaster HttQ25d 35.3 ± 0.8 64.7 ± 0.8

D. melanogaster HttQ46d 16.8 ± 4.8 83.2 ± 4.8

D. melanogaster HttQ72d   6.7 ± 1.7 93.3 ± 1.7

D. melanogaster HttQ97d 14.7 ± 1.9 85.6 ± 1.9

a
Expressed as a percentage of the complete integrated areas from 1 to 1000 S in Figure 3.

b
Based on integration of the 1–20 S area.

c
Based on integration of the 20–1000 S area.

d
Average monomer/aggregate percentages, combining all SV runs for each particular HttQn line, including different drivers and levels of Hsp70 

expression (see Table 2) because these did not significantly change the distributions.
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Table 2

Analysis of Aggregation Based on Integration of s* Distributionsa for D. melanogaster HttQn Samples Using 

the Da-Gal4(GS) Driver with or without Hsp70 Expression

sample % monomerb % aggregatesc

Da-Gal4(GS)/HttQ25 35 65

Da-Gal4(GS)/HttQ46 21 79

Da-Gal4(GS)/HttQ72 10 90

Da-Gal4(GS)/HttQ97 14 86

Da-Gal4(GS)/HttQ25/Hsp70 38 62

Da-Gal4(GS)/HttQ46/Hsp70 22 78

Da-Gal4(GS)/HttQ97/Hsp70   9 91

a
Expressed as a percentage of the complete integrated areas from 1 to 1000 S in Figure S10.

b
Based on integration of the 1–20 S area.

c
Based on integration of the 20–1000 S area.
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