
Article
Solution Structure of C. elegans UNC-6: A Nematode
Paralogue of the Axon Guidance Protein Netrin-1
Natalie Krahn,1 Markus Meier,2 Raphael Reuten,3 Manuel Koch,4,5 Joerg Stetefeld,2,6,* and Trushar R. Patel7,8,9,*
1Department of Molecular Biophysics and Biochemistry, Yale University, New Haven, Connecticut; 2Department of Chemistry, University of
Manitoba, Winnipeg, Manitoba, Canada; 3Biotech Research and Innovation Centre, University of Copenhagen, Copenhagen, Denmark;
4Institute for Dental Research and Oral Musculoskeletal Biology, Medical Faculty and 5Center for Biochemistry, Medical Faculty, University of
Cologne, Cologne, Germany; 6Biochemistry and Medical Genetics, University of Manitoba, Winnipeg, Manitoba, Canada; 7Alberta RNA
Research and Training Institute, Department of Chemistry and Biochemistry, University of Lethbridge, Lethbridge, Alberta, Canada;
8Department of Microbiology, Immunology and Infectious Diseases, Cumming School of Medicine, University of Calgary, Calgary, Alberta,
Canada; and 9DiscoveryLab and Li Ka Shing Institute of Virology, University of Alberta, Edmonton, Alberta, Canada
ABSTRACT UNCoordinated-6 (UNC-6) was the first member of the netrin family to be discovered in Caenorhabditis elegans.
With homology to human netrin-1, it is a key signaling molecule involved in directing axon migration in nematodes. Similar to
netrin-1, UNC-6 interacts with multiple receptors (UNC-5 and UNC-40, specifically) to guide axon migration in development.
As a result of the distinct evolutionary path of UNC-6 compared to vertebrate netrins, we decided to employ an integrated
approach to study its solution behavior and compare it to the high-resolution structure we previously published on vertebrate
netrins. Dynamic light scattering and analytical ultracentrifugation on UNC-6 (with and without its C-domain) solubilized in a
low-ionic strength buffer suggested that UNC-6 forms high-order oligomers. An increase in the buffer ionic strength resulted
in a more homogeneous preparation of UNC-6, that was used for subsequent solution x-ray scattering experiments. Our bio-
physical analysis of UNC-6 DC solubilized in a high-ionic strength buffer suggested that it maintains a similar head-to-stalk
arrangement as netrins �1 and �4. This phenomenon is thought to play a role in the signaling behavior of UNC-6 and its ability
to move throughout the extracellular matrix.
INTRODUCTION
Netrins are a class of proteins involved in axon guidance and
therefore suitably named after the Sanskritword ‘‘netr,’’ which
means ‘‘onewho guides.’’ Inmammals, the family of netrins is
composed of both secreted (netrin-1, -2, -3, -4, and -5) and
membrane-bound proteins through glycosylphosphatidylino-
sitol linkages (netrin-G1 and -G2) (1). Structurally, they all
comprise an N-terminal domain (VI) followed by several
epidermal growth factor-like domains (V-1, V-2, etc.) and a
positively charged C-terminal domain (2). TheN-terminal do-
mains (Vand VI) of netrin-1, -2, -3, and -5 are homologous to
the domains present in lamining1,whereas theN-terminal do-
mains of netrin-4, -G1, and -G2 are homologous to the do-
mains present in laminin b1. The basic C-terminal domain
(C-domain) (also known as the netrin-like domain) is not
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homologous to any laminin domains but exhibits sequence
similarity to tissue inhibitor of metalloproteinases (3).

Netrin-1 is by far the most studied protein in the netrin
family since its discovery in 1994. It was originally discov-
ered for its role in guidance of commissural axons in the
development of the vertebrate central nervous system (4).
Since then, netrin-1 has been found to play pivotal roles in
cell migration as well as in angiogenesis and morphogenesis
of organs (5). Netrin-1 is an extracellular matrix protein
secreted from floor plate cells and neural progenitor cells
(4,6). High levels of netrin-1 produced from neural progen-
itor cells extend from the ventricular zone to the basal lam-
ina to attract commissural axons of the embryonic brain and
spinal column. The role of netrin-1 secreted from floor plate
cells is still unclear. It is hypothesized that as the commis-
sural axons grow, they create a netrin-1–filled pathway for
other axons to follow (6). As a result of the captured ne-
trin-1, the axon growth pathway is netrin-1–driven through
attraction (via Deleted in Colorectal Cancer or Neogenin re-
ceptors) or repulsion (UNCoordinated-5 [UNC-5]) of its re-
ceptors (3).
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UNC-6 was the first reported member of the netrin family
from Caenorhabditis elegans (3). It was identified in 1990 to
be present as a gradient along the entire length of the nem-
atode body wall guiding diverse migrations (7). Specifically,
UNC-6 was found to be a signaling molecule that guides the
circumferential migration of pioneer axons and mesodermal
cells on the nematode body wall through interactions with
its receptors. Interactions with UNC-40 attract ventrally
directed axons and interactions with UNC-5 repulse dorsally
directed axons (8,9). In vertebrates UNC-40 is closely
related to Deleted in Colorectal Cancer and Neogenin,
whereas UNC-5 has been further characterized to have
four orthologs UNC-5A, UNC-5B, UNC-5C, and UNC-
5D. Upon sequence alignment with other vertebrate and
invertebrate netrins, UNC-6 only has 40–50% similarity to
netrins from human, mouse, chicken or drosophila
(Fig. S1). Phylogenetic analysis shown in Fig. 1 depicts
that netrin from invertebrates branch off quickly from verte-
brates suggesting that UNC-6 might possess different prop-
erties than vertebrate netrin-1.

From the netrin family, we have already determined the
high resolution crystal structure of netrin-1 DC (10) and ne-
trin-4 DC (11). Both proteins form a head-to-stalk arrange-
ment ranging from 150 to 175 Å for netrin-1 DC and -4 DC,
respectively, with a globular N-terminal domain and a pro-
tein stalk formed from the laminin-type epidermal growth
factor-like (LE) domains. The laminin N-terminal (LN)
domain forms a b-sandwich jelly roll motif with single
Ca2þ binding motif. The LE domains adopt irregular coil
structures in a linear extended structure. Both proteins are
stabilized through multiple conserved disulfide bridges
and have electron density for three N-linked glycosylation
sites. However, the positioning of the N-glycosylation dif-
fers between the two netrins. In netrin-1 DC, the N-glyco-
sylation sites are displayed on the dorsal face of the
FIGURE 1 Phylogenetic tree of netrins from different species with the

highest log likelihood tree shown. The tree is drawn to scale with branch

lengths measured in the number of substitutions per site. All positions con-

taining gaps and missing data were eliminated. Evolutionary analyses were

conducted in MEGA7 (46) and inferred using the Maximum Likelihood

method based on JTT matrix-based model (14).
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protein, which is not true for netrin-4 DC. Additionally,
they also differ because of the extensive contact between
the N-terminal domain of netrin-4 and its LE1 domain,
which may limit the rotational freedom of the LN domain
when compared to other netrins (11).

In this study, we are the first to investigate the solution
structure and hydrodynamics of C. elegans UNC-6 using
an integrated approach involving dynamic light scattering
(DLS), analytical ultracentrifuge (AUC), and small angle
x-ray scattering (SAXS) techniques. We determined that
its oligomeric state in solution depends on the ionic
strength, with low-ionic strength conditions inducing aggre-
gation of UNC-6 (with and without the C-domain), espe-
cially at high concentrations. However, in high-ionic
strength conditions, we found UNC-6 (with and without
the C-domain) to have a more homogeneous solution
behavior across all concentrations of protein. This property
could aid in its ability to move throughout the extracellular
matrix (12).
MATERIALS AND METHODS

Phylogenetic analysis

Sequence alignment of theMus musculus Netrin-1 (mNetrin-1; Uniprot ID:

O09118), Homo sapiens Netrin-1 (hNetrin-1, Uniprot ID: O95631), Gallus

gallus Netrin-1 (chNetrin-1, Uniprot ID: Q90922), C. elegans UNC-6 (Uni-

prot ID: P34710), Drosophila melanogaster Netrin-a (dpNetrin-a, Uniprot

ID: Q24567) was performed by using Clustal W (13). From this alignment,

evolutionary historywas inferred by using theMaximumLikelihoodmethod

based on the JTTmatrix-basedmodel (14) using theMEGA-Xprogram (15).

Initial tree(s), which were used for the heuristic search were obtained auto-

matically by applying Neighbor-Join and BioNJ algorithms to a matrix of

pairwise distances estimated using a JTT model before selecting the topol-

ogy with superior log likelihood.
Protein expression and purification

C. elegansUNC-6 without its C-terminal domain (UNC-6DC, residues 18–

487, Uniprot ID: P34710) and full-length UNC-6 (UNC-6 FL, residues 18–

612, Uniprot ID: P34710) both containing a thrombin cleavable C-terminal

(UNC-6DC) or N-terminal (UNC-6 FL) double Strep II-tag were expressed

using the inducible Sleeping Beauty transposon system in human embry-

onic kidney 293T cells (16). Cells were grown to confluency in Dulbecco’s

Modified Eagle’s Medium supplemented with 10% fetal bovine serum

before being transferred into TripleFlask cell culture vessels (Nunclon;

Thermo Fisher Scientific, Waltham, MA) for expression. Protein expression

was induced with 0.5 mg/mL doxycycline after cells reached confluency and

spent media were collected following 0.2 mm filtration four times every

2 days. With UNC-6 FL only, 1 IU/mL heparin sodium salt (Pan Reac

AppliChem, 200 IU/mg) was added to the media from the time of induction

onwards. Collections were applied to a 4 mL Strep-Tactin column (IBA

Lifesciences, Göttingen, Germany) equilibrated with 50 mM tris, pH 8,

200 mM NaCl (I ¼ 234 mM). After washing the bound protein with a

high-ionic strength buffer (50 mM tris, pH 8, 1000 mM NaCl [I ¼
1035 mM]), both UNC-6 versions were eluted with 50 mM tris, pH 8,

200 mM (I ¼ 234 mM) containing 0.053% (w/v) d-desthiobiotin. UNC-6

DC was incubated with 0.5 U thrombin/mg protein in combination with

dialysis into 50 mM tris, pH 8.0, 1000 mM NaCl, 2.5 mM CaCl2 (I ¼
1042 mM) overnight to remove the Strep-tag. The final purification step

involved passing cleaved UNC-6 DC over a size exclusion chromatography
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(SEC) Superdex 200 column (GE Healthcare, Fairfield, CT) using the

ÄKTA FPLC system in 50 mM tris, pH 8.0, 1000 mM NaCl (I ¼
1035 mM). After tag-cleavage and purification, an N-terminal sequence

extension before residue 18 and a C-terminal extension after residue 487

(DYKDDDDKGSLVPR) remained on the protein in comparison to the

UniProt sequence. UNC-6 FL was polished on a Superdex 200 increase col-

umn in 50 mM tris, pH 7.5, 500 mM NaCl and 500 mM (NH4)2SO4, before

dialyzing it into the analysis buffer (50 mM tris, pH 7.5, 200 mM or

1000 mM NaCl). No thrombin cleavage was performed. Compared to the

UniProt sequence, the N-terminus contained the following extension:

APLESWSHPQFEKGGGSGGGSGGGSWSHPQFEKSGLVPRGSAS.
TABLE 1 Analysis of SAXS Data for UNC-6 DC in High-Ionic

Strength Buffer

Methods Parameters Values

Guinier Rg (nm) 4.28 5 0.03

q.Rg 0.46–1.29

I(0) 0.0140 5 0.0001

Points used 11–81
Hydrodynamic characterization

The solution behavior of UNC-6 was analyzed using DLS and sedimenta-

tion velocity (SV) AUC in 50 mM tris, pH 7.5, 200 mMNaCl (I¼ 244 mM,

low-ionic strength) and 50 mM tris, pH 7.5, 1000 mM NaCl (I¼ 1044 mM,

high-ionic strength) buffers. For DLS analysis, SEC-purified samples from

peak 1 (13 mL in the case of UNC-6 DC and 12 mL in the case of UNC-6

FL, Fig. S2 A and C) were concentrated and subjected to 0.1 mm filtration

followed by equilibration at 20.0�C for 5 min in the Nano-S Zetasizer (Mal-

vern, Toronto, ON, Canada). The hydrodynamic radius (Rh) distributions

were obtained for each buffer condition at concentrations between 0.5

and 8.0 mg/mL (UNC-6 DC) and 0.3–0.9 mg/mL (UNC-6 FL) with

methods described previously (17–20). SV experiments were performed

as previously described (18,20,21) using a ProteomeLab XL-I AUC and

an An50Ti 8-cell rotor (Beckman Coulter, Mississauga, ON, Canada). Stan-

dard 12 mm double-sector cells were filled with 400 mL of buffer and

400 mL of sample with a concentration range of 0.19–1.90 mg/mL

(UNC-6 DC) and 0.31–0.88 mg/mL (UNC-6 FL) for each buffer condition.

After a temperature equilibration of at least 2 h at rest and under vacuum,

the sedimenting samples were measured at rotors speeds of first 30,000 rpm

and in a second experiment at 25,000 rpm for 24 h. Both absorbance and

interference data were collected. Two-dimensional distributions c(s, fr) of

sedimentation coefficient s and frictional ratio fr were calculated using

the SEDFIT program as previously described (21–24). The c(s, fr) distribu-

tion deconvolutes diffusion (in form of fr) and sedimentation (as sedimen-

tation constant s) and provides a detailed map of all populations of particles

in solution. Since both diffusion and sedimentation constants are obtained,

the distribution can be converted to show the molecular mass distribution

c(s, M). The c(s, fr) distribution can be collapsed along the fr axis to obtain

the one-dimensional c(s, *) distribution, which looks similar to the tradi-

tional c(s) distribution but without the incorrect assumption of a common

fr value for all species. After calculating the map, species analysis

(23,25) was performed to obtain more accurate values for M and s for

each population. For the stationary species (monomer), the values of mul-

tiple concentrations were linearly extrapolated to infinite dilution. Values

for larger particles were averaged. All obtained parameters were corrected

to standard solvent conditions (pure water at 20�C).
GNOM Rg (nm) 4.41 5 0.01

I(0) 0.0130 5 0.0001

Dmax (nm) 14.3

Points used 26–1374

DAMMIN Ab initio

modeling

Models calculated 12

X2̂ 1.4

NSD 0.82

error NSD 0.01

HYDROPRO Rg (nm) 4.44 5 0.04

Dmax (nm) 15.6 5 0.01

Rh (nm) 4.26 5 0.02

s20,w (S) 2.65 5 0.01

Experimental Rh (nm) - SEC 4.7 5 0.2

Rh (nm) - AUC 4.44 [3.14–7.61]

s20,w (S) - AUC 3.3 5 0.7
SAXS

Synchrotron HPLC-SAXS data was collected at the Diamond Light Source

(Didcot, UK) using the B21 beamline in-line with an Agilent 1200 (Agilent

Technologies, Stockport, UK) HPLC system connected to a temperature-

controlled quartz cell capillary. Data were collected for UNC-6 DC in

low- (2.01 mg/mL protein concentration) and high-ionic (9.2 mg/mL pro-

tein concentration) strength buffer using the Superdex 200 SEC column.

Each frame was exposed for 3 s, and the frames in the sample peak region

were integrated and buffer subtracted using the program scÅtter (26) and

further processed using the GNOM program (27) to obtain radius of gyra-

tion (Rg) and maximum particle dimension (Dmax), as described previously

(17,20,21). The ab initio structures for UNC-6 DC in high-ionic strength

buffer were calculated using the program DAMMIN (28), and each model
was verified for quality by the goodness of fit parameter (c value). The

ab initio models were then rotated and averaged using the program

DAMAVER (29), resulting in the final low-resolution model.
Calculation of hydrodynamic parameters from ab
initio models

The hydrodynamic properties of UNC-6DCwere calculated for each model

using the program HYDROPRO (30), as described previously (18,31,32)

(Table 1). The density (1.040120 g/mL) and viscosity (0.011131 Poise)

of the high-ionic strength buffer were calculated using SEDNTERP

(24,33). The molecular mass (Mw) and partial specific volume for UNC-6

DC (58.65 kDa, 0.70662 cm3/g) and UNC-6 FL (76.49 kDa,

0.71101 cm3/g) were calculated based on amino acid sequence and glycans

present using SEDNTERP (24,33) (Tables S1 B, S2 B and S3 B).
Figure preparation

The figures were prepared using the computer software GUSSI (34)

(http://biophysics.swmed.edu/MBR/software.html), QTIPLOT (https://www.

qtiplot.com), PRO FIT (https://www.quansoft.com), and Matplotlib (35).
RESULTS

Evolutionary and domain analysis of netrins

Phylogeny analysis using the maximum likelihood method
suggested that netrins from vertebrates are more closely
related than netrins from invertebrates. The branch length
in Fig. 1 represents the number of amino acid substitutions
(i.e. length of time) that has occurred to reach the current
protein sequence. Starting at the root, dpNetrin-a branches
off from the other netrin species followed by UNC-6. Gen-
erations later, chNetrin-1 branches off from the vertebrate
netrins with mNetrin-1 and hNetrin-1 being the most closely
related (99.2% identical).
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Macromolecular state of UNC-6 as a function of
ionic strength

UNC-6 was purified using affinity chromatography followed
by dialysis in buffers containing low- and high-ionic
strengths (244 and 1044 mM, respectively). The isoelectric
point calculated with ProtParam (36) tool using the protein
sequence is 8.5 for theDCmutant and 8.7 for the FL version;
therefore, we chose to work in 50 mM tris/tris-HCl, pH 7.5
containing 200 or 100 mM NaCl, respectively, to keep the
protein soluble. In order to study the macromolecular state
of UNC-6 DC in solution, it was first analyzed using SEC
in the appropriate buffer conditions (low- and high-ionic
strengths, Fig. S2, A and B). The SEC elution profile for
UNC-6DC in low-ionic strength buffer (Fig. S2 A,magenta)
exhibits a comparably broad distribution eluting from�12 to
�15 mL (single peak 1 at 13.09 mL). In contrast, UNC-6DC
elutes with a major peak (peak 1) at 12.94 mL and a minor
peak at 10.71 mL in high-ionic strength buffer (Fig. S2 A,
light blue, peak 2). The elution peaks correspond to hydrody-
namic radii Rh of 4.7 5 0.2 nm (peak 1 in high-ionic
strength), 4.6 5 0.2 nm (peak 1 in low-ionic strength), and
6.5 5 0.3 nm (peak 2 in high-ionic strength) as derived
2124 Biophysical Journal 116, 2121–2130, June 4, 2019
from our calibration with protein standards of known Rh

(Fig. S2 B; Table S1). UNC-6 DC recovery from the FPLC
run on the Superdex 200 column was significantly lower in
low-ionic strength buffer (�40%) compared to high-ionic
strength buffer (60–70%). Nevertheless, the purified peaks
under both conditions (peak 1) were concentrated to further
study the homogeneity using DLS. The SEC elution profile
of UNC-6 FL in high-ionic strength looks very similar to
the one of UNC-6 DC, eluting with a major peak 1 at
12.00 mL and a minor peak at 9.63 mL, which corresponds
to hydrodynamic radii of 5.1 5 0.2 nm (peak 1) and 7.6 5
0.3 nm (peak 2) (Fig. S2,C andD). Due to its strong tendency
to aggregate in low-ionic strength, we did not perform SEC in
this buffer.

We observed that the UNC-6 DC preparation in high-
ionic strength buffer could be concentrated up to 6 mg/mL
without affecting its Rh, which was not the case for the prep-
aration in low-ionic strength buffer. Although the protein
samples used had been previously purified by SEC, further
concentration was required for the DLS experiment which
induced additional aggregation. The heterogeneity of the
volume weighted Rh distributions in Fig. 2 A suggests that
FIGURE 2 (A) Volume weighted hydrodynamic

radii Rh distributions of UNC-6 DC at 3.0 mg/mL

in low- (magenta) and high-ionic (light blue)

strength. At least five measurements are shown.

The larger size of UNC-6 DC in 0.20 M NaCl is

obvious. The heterogeneity of the distributions sug-

gests the presence of multiple species. (B) Extrap-

olation (solid line) of the hydrodynamic radii

obtained at UNC-6 DC concentrations from 0.5 to

7.5 mg/mL to infinite dilution. The obtained Rh

are 7.4 5 0.4 nm in high-ionic strength (light

blue) and 12.5 5 1.0 nm at low ionic-strength

(magenta). 95% confidence intervals of the extrap-

olation are given by stippled lines. The peak

position of each measured size distribution is indi-

cated by an Andrew cross. (C) Volume weighted

hydrodynamic radii Rh distributions of UNC-6 FL

at 0.8 mg/mL in low-ionic (magenta) and high-

ionic (light blue) strength. At least 10 measure-

ments are shown. UNC-6 FL also has a larger Rh

in 0.20 M NaCl than in 1.00 M NaCl. The hetero-

geneity of the distributions suggests the presence

of multiple species in high-ionic strength. At low-

ionic strength, the distribution is surprisingly

homogeneous, suggesting their monodispersed

nature. However, this finding is not supported by

our SV results. (D) Extrapolation (solid line) of

the hydrodynamic radii obtained at UNC-6 DC

concentrations from 0.3 to 0.9 mg/mL to infinite

dilution. The obtained Rh are 10.3 5 1.1 nm

in high-ionic strength (light blue) and 14.4 5

0.4 nm at low-ionic strength (magenta), reflecting

the larger size of the FL protein variant. 95% con-

fidence intervals of the extrapolation are given by

stippled lines. The peak position of each measured

size distribution is indicated by an Andrew cross.

To see this figure in color, go online.
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more than one species is present and the obtained Rh is too
large for a monomer. DLS analysis of UNC-6 DC prepared
in low-ionic strength buffer suggested much higher values
of Rh compared to the ones obtained under high-ionic
strength conditions. Clearly, at low-ionic strength, the pro-
tein assumes higher oligomeric states of self-association
with an Rh of 12.5 5 1.0 nm, which is further confirmed
by a strong increase of Rh (up to 17 nm) with increasing pro-
tein concentration (Fig. 2 B). Extrapolation of the results ob-
tained at individual concentrations to infinite dilution
provided an Rh of 7.45 0.4 nm for UNC-6DC in high-ionic
strength buffer (Fig. 2 B ).

The DLS results for UNC-6 FL are similar to that of
UNC-6 DC, but we could only explore the concentrations
range of 0.3–0.9 mg/mL because we observed that it aggre-
gates in low-ionic strength buffer (stronger than the UNC-6
DC) and the solubility is limited to �1 mg/mL. However, in
high-ionic strength buffer conditions, we were able to attain
concentrations up to 5 mg/mL without any sign of precipi-
tation or light scattering in the absorbance spectrum. In
high-ionic strength, the volume-weighted Rh distributions
are heterogenous like UNC-6 DC, suggesting the presence
of more than one species (Fig. 2 C). However, in low-ionic
strength, the Rh distributions presented a single peak, sug-
gesting a homogeneous preparation. The Rh extrapolated
to infinite dilution yielded values of 10.3 5 1.1 nm in
high-ionic strength and 14.45 0.4 nm in low-ionic strength
buffers (Fig. 2 D). However, DLS is very limited in resolu-
tion and gives a disproportionate large weight to larger spe-
cies, because they dominate the light scattering. The results
can therefore be misleading.

To obtain more detailed insight into the hydrodynamics of
UNC-6, we performed SV-AUC using loading concentra-
tions from 0.19 to 1.90 mg/mL of UNC-6 DC and 0.31–
0.88 mg/mL of UNC-6 FL in both, low- and high-ionic
strength buffers. We applied the 2-dimensional c(s, fr) anal-
ysis (37) to the data, which produces an accurate map of all
sedimenting particles separated by the sedimentation coeffi-
cient (s) on the abscissa and the frictional coefficient (fr) on
the ordinate. Figs. 3 and S3 show the c(s, M) distributions
obtained from the interference and absorbance data, respec-
tively, of both versions of UNC-6 in 0.20 M NaCl and
1.00 M NaCl close to 1 mg/mL loading concentration.
Fig. S4 and S5 show the one-dimensional c(s, *) distribu-
tions of all measured loading concentrations obtained by
collapsing the c(s, fr) distribution along the fr-axis to a single
dimension. The complete analysis of each individual data
sets and each loading concentration for both absorbance
FIGURE 3 Two-dimensional c(s, M) distribu-

tions obtained from the interference data of (A)

C. elegans UNC-6 DC in low-ionic strength buffer,

(B) C. elegans UNC-6 DC in high-ionic strength

buffer, (C) C. elegans UNC-6 FL in low-ionic

strength buffer, and (D) C. elegans UNC-6 FL in

high-ionic strength buffer at concentrations close

to 1 mg/mL. In low-ionic strength, the protein

forms assemblies of high molecular mass in the

range of 1–2 MDa. At high-ionic strength, the for-

mation of these assemblies is suppressed, and the

distributions suggest populations of monomers, di-

mers, and multimers in the case of the DC trunca-

tion and a monomer/dimer equilibrium (plus a

small amount of a larger species) in the case of

the FL version. Interestingly, in low-ionic strength,

the assemblies of the FL protein have sedimenta-

tion coefficients twice as large as the truncated

protein; however, their masses are similar. This

suggests that the shapes of the assemblies differ be-

tween the two protein versions. To see this figure in

color, go online.
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and interference optics measured at a rotor speed of
30,000 rpm can be found in Fig. S9 (UNC-6 DC in
0.20 M NaCl), Fig. S10 (UNC-6 DC in 1.00 M NaCl),
Fig. S11 (UNC-6 FL in 0.20 M NaCl), and Fig. S12
(UNC-6 FL in 1.00 M NaCl). The fit to the data together
with the residuals are shown there as well. To save space,
we did not include the data collected at 25,000 rpm in the
supporting material, but the results are identical.

The difference in the behavior of the protein in the two
buffers is striking. In low-ionic strength, we observe a large
population of assembled material with molecular masses of
1–2 MDa at all investigated concentrations (Figs. 3, A and C
and S3, A and C). In high-ionic strength, the formation of the
assemblies is suppressed, and we observe only two major
populations of particle sizes (Figs. 3, B and D and S3,
B and D). For UNC-6 FL, the suppression is complete,
and we were able to fit the two major populations and one
small third population with the pure noninteracting species
model in SEDPHAT (Fig. S8; Table S3). The first popula-
tion has a sedimentation coefficient of 3.8 5 0.6 S and a
FIGURE 4 (A and D) Sedimentation coefficients (A) and molecular masses (D

mined by separately fitting a hybrid model of a continuous c(s) distribution and

centration. (B and E) Sedimentation coefficients (B) and molecular masses (E

determined by separately fitting a noninteracting discrete species model with tw

tration. (C and F) Sedimentation coefficients (C) and molecular masses (F) of m

by separately fitting a noninteracting discrete species model with three discrete s

tical error bars indicate the 95.4% confidence interval of the respective paramete

weighting) to infinite dilution (black line) to account for protein-buffer interactio

dotted lines. To see this figure in color, go online.
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molecular mass of 70 5 10 kDa (Fig. 4, C and F;
Fig. S8, A and D), which can be attributed to a UNC-6 FL
monomer (sequence mass 76.49 kDa). Sedimentation coef-
ficient and mass remain stationary or slightly decrease with
increasing loading concentration. This stationary behavior
is commonly observed for the smallest species in a self-in-
teracting system. The second population corresponds to an
effective (or apparent) particle that has contributions from
real monomers and dimers undergoing active self-interac-
tion during the time scale of the sedimentation experiment
(24 h). Its sedimentation coefficient and molecular mass is
therefore intermediate between monomers and dimers
with increasing contribution of the dimer as the loading con-
centration increased (Fig. S8, B and E). We obtained a sedi-
mentation coefficient of 5.0 5 0.3 S and a molecular mass
of 106 5 12 kDa. We averaged the values from all loading
concentrations, and they underestimate the true values of the
dimer. The third population is very small (Fig. S8 G) and
contributes less than 3% of the total signal in the investi-
gated concentration range. Its hydrodynamic parameters
) of monomeric UNC-6 DC (species 1) in low-ionic strength buffer as deter-

two discrete species to the SV data measured at each protein loading con-

) of monomeric UNC-6 DC (species 1) in high-ionic strength buffer as

o discrete species to the SV data measured at each protein loading concen-

onomeric UNC-6 FL (species 1) in high-ionic strength buffer as determined

pecies to the SV data measured at each protein loading concentration. Ver-

r at each loading concentration. The parameters were extrapolated (without

ns. The 95.4% confidence intervals of the extrapolation are shown by black
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are therefore not very well defined (Fig. S8, C and F), and its
contribution to the effective particle is negligible.

In the case of UNC-6 DC, we also observe two major
populations in 1.00 M NaCl (Fig. 3 B; Fig. S10) and we
could robustly fit those with the pure noninteracting species
model in SEDPHAT. The first population is again the mono-
meric species (Fig. 4, B and E) with a sedimentation coeffi-
cient of 3.3 5 0.7 nm and a molecular mass of 615 9 kDa
(sequence mass 58.65 kDa, Table S2). The second species is
again an effective particle containing contributions from
self-interacting real particles. It is apparent, however, espe-
cially at higher concentrations, that the presence of 1.00 M
NaCl does not completely suppress higher oligomeric states
and various populations of them are still present in a signif-
icant amount. Their contribution prevented a meaningful
interpretation of the sedimentation coefficient and molecu-
lar mass of the effective particle (Fig. S7, C and D).

In low-ionic strength, UNC-6 DC still has a stable pool of
monomers in solution (Fig. S9). We fitted these together
with a second species using the Hybrid Continuous Distri-
bution and Discrete Species Model SEDPHAT, where we
modeled the high mass assemblies using the continuous dis-
tribution (Fig. 4, A and B; Figs. S6 and S9). We obtained
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values of 3.4 5 0.1 nm for the sedimentation coefficient
of the monomer and 63 5 8 kDa for its mass, matching
those obtained at high-ionic strength. The second species
was required to obtain a robust fit and is an effective particle
but cannot be meaningfully interpreted due to the presence
of the high-mass assemblies.
Solution structure of UNC-6 DC

We employed the method of SAXS to study the low-resolu-
tion structure of UNC-6 DC. Here, we prepared UNC-6 DC
in low- and high-ionic strength buffers as described above,
followed by synchrotron data collection using an HPLC-
SAXS (Fig. 5). This method was necessary to separate out
the larger aggregates in the protein sample and obtain accu-
rate solution information. Data were collected for UNC-6
DC in low- and high-ionic strength buffers (2 mg/mL) in
which the sample peaks were integrated and buffer sub-
tracted before further processing. The Kratky analysis for
UNC-6 DC solubilized in both buffer systems suggested
that both proteins are well-folded. The P(r) distribution of
UNC-6 DC differed with the ionic strength of the buffer.
In low-ionic strength, the P(r) distribution peaked at
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�15 nm and had an extended tail up to a Dmax of 37 nm
while at high-ionic strength the P(r) distribution peaked at
�4 nm and contained an extended tail with a Dmax of
14.3 nm (Fig. 5 D). Both P(r) distributions are indicative
of elongated proteins, with the Dmax varying depending on
the ionic strength of the buffer.

Using DAMMIN analysis of UNC-6 DC in high-ionic
strength (28), 12 models were generated and averaged to
obtain a low-resolution structure (Fig. 6) with a c2 of 1.4
and a normalized spatial discrepancy (NSD) of 0.82 5
0.01 (Table 1). This indicates that the individually calcu-
lated models agree well with the data and to each other,
respectively. Through this low-resolution model we ob-
served that in high-ionic strength buffer, UNC-6 DC is an
elongated molecule that is monomeric in solution with an
Rg ¼ 4.41 5 0.01 nm. Superimposing the low-resolution
UNC-6 DC structure with a high-resolution structure of mu-
rine Netrin-1 DC (PDB: 4OVE) (10) (Fig. 6), we are able to
visualize that UNC-6DC has a similar overall shape to that
of Netrin-1 DC.
DISCUSSION

UNC-6 has a distinct evolutionary path, being the first of the
entire family of netrins to be discovered in 1990 (3). The LN
and LE domains of UNC-6 are somewhat conserved (52–
58% identical) among other netrins, specifically drosophila,
human, mouse, and chicken, whereas the C-domain (Netrin-
like) is more diverse (25–31% identical). This information
alone suggests that it is the N-terminal portion (LN and
LE domains) that is necessary for the functional role of ne-
trins. This has been experimentally confirmed, determining
that the N-terminal domain plays a role of axon guidance in
the aforementioned species. A recent study discussed that it
FIGURE 6 Ab initio model of UNC-6 DC in high-ionic strength buffer

(light blue) compared to crystal structure of murine Netrin-1 DC (PDB:

4OVE) (red) shows that monomeric UNC-6 DC has a similar shape in

solution as murine Netrin-1 DC. To see this figure in color, go online.
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is the truncated Netrin-1 DC, which is the active protein in
cells, modulating vascular permeability in conjunction with
the UNC-5B receptor (38). In addition to axon guidance,
UNC-6 has been found to not only guide axons but also
identified to play a role in cell invasion of basement mem-
branes. Its additional roles include aiding in distal tip migra-
tion and neuronal regionalization, neuromuscular junction
formation, and polarization of neuron cells (39).

A detailed investigation of the function of each domain in
UNC-6 determined that the axon guidance roles of the nem-
atode are domain-specific. Specifically, the VI, V-2, and V-3
domains are involved in dorsal cell and axon guidance, but
only the VI domain is additionally involved in ventral cell
and axon guidance. In terms of neuronal cell migration, the
VI and V-3 domain are essential for its function; however,
the V-2 and C-domain only play an influential role in migra-
tion (40). However, as we have elucidated to earlier, the
C-domain of UNC-6 is much more diverse compared to the
other netrins, but the actual function of this domain remains
to be determined. Experiments involving UNC-6 conclude
that the C-domain is involved in preventing axon-guidance
branching (40). More specifically, a study determined that
the calcium/calmodulin protein-kinase and diacylglycerol-
dependent axon branching is inhibited by the C-domain of
UNC-6 (41). Other hypotheses suggest that the basic
C-domain is required to tether UNC-6 to other molecules
for display on the cell surface or other matrix sites (42).
Furthermore, it is believed that the positive charges in this
domain are required for its interaction with heparin sulfates
(43). Due to the�70% sequence difference in the C-domain
of UNC-6 with respect to other species, its shape and overall
function could be completely species specific.

In our study, we have deduced that the ionic strength of
the buffer conditions dramatically affects the solution
behavior of UNC-6 (both in presence and absence of the
C-domain). At low-ionic strength, the protein forms high
molecular weight assemblies with a mass of 1–2 MDa as
evidenced by the c(s, M) distributions in Fig. 3. These aggre-
gates are partially (UNC-6 DC) or totally (UNC-6 FL) sup-
pressed in high-ionic strength. This is further corroborated
by DLS where we noticed a larger Rh of UNC-6 in low-ionic
strength buffer than in high-ionic strength buffer. Also the
SEC-SAXS data demonstrated greater than a 50% increase
in the Dmax of UNC-6 DC in low-ionic strength compared to
high-ionic strength. There is still a significant pool of mono-
meric UNC-6 DC at both low- and high-ionic strength
(Tables S1 and S2), and the monomer maintains a similar
head-to-stalk arrangement of its domains as previously pub-
lished Netrin-1 DC and Netrin-4 DC crystal structures
(10,11,44,45). UNC-6 FL is clearly a monomer/dimer equi-
librium in high-ionic strength at the investigated concentra-
tion range (0.3–0.9 mg/mL) with a tiny population (<3%) of
a larger species. Our data are compatible with a pool of 27–
63% monomers (Table S3). It is probable that the UNC-6
DC version also forms a certain amount of dimeric species
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at this ionic strength, but due to the still significant presence
of populations with larger masses, we could not determine
this with absolute certainty.

In a low-ionic strength environment, both UNC-6 ver-
sions are present in an aggregated state, and we have shown
that they disassemble in the case of UNC-6 FL into mono-
mers and dimers or in the case of UNC6 DC into monomers
and undetermined larger species, most likely also a dimer,
when the ionic strength of the environment increases. The
kinetics of the self-association are fast enough that we could
observe it during the time course of the sedimentation
experiment (24 h) but slow enough that we could isolate
the monomeric species by SEC during the SEC-SAXS
experiment. Studies of the extracellular matrix have deter-
mined that high-ionic strength contributes to the release of
molecules, which are trapped or stored in their hydrogel, al-
lowing them to form electrostatically neutral complexes for
transport (12). These transport mediators include heparin,
which binds to UNC-6 (presumably the C-domain), allow-
ing it to be carried to commissural axons to guide in their
growth (43). Furthermore, the ability of UNC-6 to change
its aggregation state could play a major role in its bifunc-
tional axon guidance activity, with some receptors having
a higher binding affinity when UNC-6 is in a monomeric
state rather than aggregated. With this information, we
begin to understand that UNC-6 behavior in solution is
not simple and has an added layer of complexity when it
comes to understanding its signaling pathway.
CONCLUSIONS

Our work demonstrates the effect that ionic strength has on
the solution behavior of C. elegans UNC-6. AUC and DLS
determined that UNC-6 solubilized in low-ionic strength
buffer is present in an aggregated state, whereas in a high-
ionic strength buffer it disassembles into monomers and di-
mers. SAXS data confirm this aggregated nature of UNC-6
DC while also concluding that in high-ionic strength buffer
it maintains a similar head-to-stalk arrangement as Netrin-1
and Netrin-4. This unique behavior of UNC-6 allows it to be
transported through the extracellular matrix and could play a
major role in its bifunctional axon guidance activity.
SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
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Figure S1: Sequence alignment of the amino acid sequences of various netrins performed using Clustal W. The domains 

(LN, LE and C) are outlined above the protein sequence with a heat map depicting the conservation of the amino acids 

(red  is highly conserved; blue  is not conserved). This alignment  reveals  that  the LN and LE domains have multiple  re‐

gions that are highly conserved whereas the C­domain is not well conserved.
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Figure S2: (A) UV trace of C. elegans UNC­6 ΔC eluting from a Superdex 200 10/30 GL column in 0.05 M tris, pH 7.5, 

1.00 M NaCl (cyan) and 0.20 M NaCl (magenta). In high­ionic strength the protein elutes with two peaks (major peak 1 at 

12.94 ml and minor peak 2 at 10.71 ml), but  in  low­ionic strength only as a single peak  (at 13.09 ml).  (B) The elution 

peaks correspond to hydrodynamic radii Rh of 4.7 ± 0.2 nm (peak 1 in high­ionic strength), 4.6 ± 0.2 nm (peak 1 in low­

ionic strength) and 6.5 ± 0.3 nm (peak 2 in high­ionic strength) as derived from our calibration. (C) UV trace of C. elegans 

UNC­6 FL eluting  from  the Superdex 200  increase 10/300 GL  (GE Healthcare) column. The protein elutes as a major 

peak at  12.00 ml  (peak 1)  and a minor  peak at  9.63 ml  (peak 2).  (D) According  to  our  column calibration,  the hydro‐

dynamic radii Rh of the eluting species are 5.1 ± 0.2 nm (peak 1) and 7.6 ± 0.3 nm (peak 2). The values are based on the 

elution volumes (Ve) obtained from four runs.

The Superdex 200 10/30 GL column was calibrated  (1) with aprotinin  from bovine  lung  (1.35 nm), cytochrome C  from 

equine heart (1.77 nm), carbonic anhydrase from bovine erythrocytes (2.35 nm), ovalbumin from chicken egg (2.98 nm), 

conalbumin from chicken egg (3.64 nm), alcohol deydrogenase from Saccharomyces cerevisiae (4.50 nm), aldolase from 

rabbit muscle (4.77 nm), catalase from bovine liver (5.22 nm), ferritin from horse spleen (6.71 nm) and thyroglobulin from 

bovine thyroid (8.58 nm). The Superdex 200 increase 10/300 GL was calibrated (1) with carbonic anhydrase from bovine 

erythrocytes (2.35 nm), ovalbumin  from chicken egg (2.98 nm), albumin  from bovine serum (3.56 nm), alcohol deydro‐

genase  (4.50 nm)  from Saccharomyces cerevisiae,  β­amylase  from sweet potato  (5.30 nm),  ferritin  from horse spleen 

(6.71 nm) and thyroglobulin from bovine thyroid (8.58 nm).
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Figure S3: 2­dimensional c(s, M) distributions (2) obtained from the absorbance optics of (A) C. elegans UNC­6 ΔC in 

low­ionic strength buffer, (B) C. elegans UNC­6 ΔC in high­ionic strength solvent, (C) C. elegans UNC­6 FL in low­ionic 

strength buffer and (D) C. elegans UNC­6 FL in high­ionic strength solvent at concentrations close to 1 mg/ml. In low­ion‐

ic strength,  the protein  forms assemblies of high molecular mass  in  the range of 1 ­ 2 MDa. At high­ionic strength,  the 

formation of  these assemblies  is suppressed and  the distributions suggest populations of monomers, dimers and mul‐

timers in the case of the ΔC truncation and a monomer/dimer equilibrium (plus a small amount of a larger species) in the 

case of the full­length version. Interestingly, in low salt, the assemblies of the full­length protein have sedimentation coef‐

ficents  twice as  large as  the  truncated protein, however  their masses are similar. This suggests  that  the shapes of  the 

assemblies differ between the two protein versions.
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Figure S4: c(s, *) distributions (2) at different loading concentrations obtained from data recorded by the absorbance op‐

tics. (A) C. elegans UNC­6 ΔC in 0.05 M tris, pH 7.5, 0.20 M NaCl. For clarity, the distributions were normalized such that 

the maximum value is equal to 1.0. (B) C. elegans UNC­6 ΔC in 0.05 M tris, pH 7.5, 1.00 M NaCl. The distributions were 

normalized such that the maximum value is equal to 1.0. (C) C. elegans UNC­6 FL in 0.05 M tris, pH 7.5, 0.20 M NaCl. 

The distributions are shown at original scale. (D) C. elegans UNC­6 FL in 0.05 M tris, pH 7.5, 1.00 M NaCl. The distribu‐

tions are shown at original scale.
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Figure S5: c(s, *) distributions (2) at different loading concentrations obtained from data recorded by the interference op‐

tics. (A) C. elegans UNC­6 ΔC in 0.05 M tris, pH 7.5, 0.20 M NaCl. For clarity, the distributions were normalized such that 

the maximum value is equal to 1.0. (B) C. elegans UNC­6 ΔC in 0.05 M tris, pH 7.5, 1.00 M NaCl. The distributions were 

normalized such that the maximum value is equal to 1.0. (C) C. elegans UNC­6 FL in 0.05 M tris, pH 7.5, 0.20 M NaCl. 

The distributions are shown at original scale. (D) C. elegans UNC­6 FL in 0.05 M tris, pH 7.5, 1.00 M NaCl. The distribu‐

tions are shown at original scale.
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Figure S6: Sedimentation velocity data at different loading concentrations of C. elegans UNC­6 ΔC in 0.05 M tris, pH 7.5, 

0.20 M NaCl with each loading concentration fitted independently to a hybrid continuous c(s) distribution model (3) with 

two discrete species. (A and B): Sedimentation coefficients (A) and molecular masses (B) of the stationary species which 

represents the monomeric C. elegans UNC­6 ΔC. The parameters were extrapolated to  infinite dilution (black line) with 

the 95.4% confidence intervals of the extrapolation indicated by dotted lines. (C and D): The second species is an effect‐

ive particle  representing a  time­average of  interacting particles and  therefore  its apparent sedimentation coefficient  (C) 

and molecular mass (D)  increase with  loading concentration. The vertical error bars represent 95.4 % confidence inter‐

vals of each fitted parameter. The data were measured using the absorbance optics.
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A

B

Absorbance optics

Species analysis ­ extrapolation to infinite dilution

Tag­free C. elegans UNC­6 ΔC in 0.20 M NaCl

Table S1: (A): Experimental hydrodynamic parameters of monomeric C. elegans UNC­6 ΔC (species 1) in 0.05 M tris, pH 

7.5, 0.20 M NaCl, as obtained from extrapolating the fitted parameters from the hybrid continuous c(s) distribution model 

(3) with two discrete species at each loading concentration to infinite dilution (see Figure S6). (B) Buffer and protein prop‐

erties were calculated by the program SEDNTERP (6).
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Figure S7: Sedimentation velocity data at different loading concentrations of C. elegans UNC­6 ΔC in 0.05 M tris, pH 7.5, 

1.00 M NaCl with each loading concentration fitted independently to a non­interacting species model (4, 5) with two dis‐

crete species. (A and B): Sedimentation coefficients (A) and molecular masses (B) of the stationary species which rep‐

resents the monomeric C. elegans UNC­6 ΔC. The parameters were extrapolated to infinite dilution (black line) with the 

95.4% confidence intervals of the extrapolation indicated by dotted lines. (C and D): The second species is an effective 

particle representing a time­average of interacting particles and therefore its apparent sedimentation coefficient (C) and 

molecular mass (D) are expected to increase with loading concentration. The vertical error bars represent 95.4 % confid‐

ence intervals of each fitted parameter. The data were measured using the absorbance optics.
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Tag­free C. elegans UNC­6 ΔC in 1.00 M NaCl

Absorbance optics

Species analysis ­ extrapolation to infinite dilution

A

B

Table S2: (A): Experimental hydrodynamic parameters of monomeric C. elegans UNC­6 ΔC (species 1) in 0.05 M tris, pH 

7.5, 1.00 M NaCl, as obtained from extrapolating the fitted parameters from the non­interacting species model (4, 5) with 

two discrete species at each  loading concentration to  infinite dilution (see Figure S7). (B) Buffer and protein properties 

were calculated by the program SEDNTERP (6).
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Figure S8: Sedimentation velocity data at different loading concentrations of C. 

elegans UNC­6 FL in 0.05 M tris, pH 7.5, 1.00 M NaCl with each loading concen‐

tration  fitted  independently  to a non­interacting species model  (4, 5) with  three 

discrete  species.  (A, D): Sedimentation  coefficients  (A)  and molecular masses 

(D) of the stationary species which represents the monomeric C. elegans UNC­6 

FL.  The  parameters  were  extrapolated  to  infinite  dilution  (black  line)  with  the 

95.4% confidence intervals of the extrapolation indicated by dotted lines. (B and 

E): The second species is an effective particle representing a time­average of in‐

teracting  real  particles  and  therefore  its  apparent  sedimentation  coefficient  (B) 

and molecular mass (E) are expected to increase with loading concentration. (C 

and F): Less than 3% of the total signal contributes to the largest species (spe‐

cies  3),  and  therefore  its  mass  and  sedimentation  coefficient  are  not  well 

defined. Due to the insignificant contribution of species 3 to the signal, the  para‐

meters  of  species  2  can  be  averaged  to  yield  underestimated  values  for  the 

UNC­6 FL dimer (Table S3). The data were measured using the absorbance op‐

tics at rotor speeds of 30000 and 25000 rpm.
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2x STREPII­tagged C. elegans UNC­6 FL in 1.00 NaCl

A

Absorbance optics

Species analysis

B

Table S3: (A): Experimental hydrodynamic parameters of C. elegans UNC­6 FL in 0.05 M tris, pH 7.5, 1.00 M NaCl ob‐

tained from fitting them to the data of each loading concentration to the non­interacting species model (4, 5) with three 

discrete species (see Figure S8). Species 1 is stationary and represents monomers. The parameters were extrapolated 

to infinite dilution. Species 2 is an effective particle containing contributions from interacting monomers and dimers with 

increasing weight from dimers at higher concentrations. Since we only measured a limited concentration range, we aver‐

aged the values. They underestimate the true value of the dimer. The parameters of species 3 are not well defined and 

are not shown. (B) Buffer and protein properties were calculated by the program SEDNTERP (6).
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Figures S9:

Individual sedimentation velocity datasets of C. elegans UNC­6 ΔC

in 0.05 M tris, pH 7.5, 0.20 M NaCl

Figures were prepared using the computer software GUSSI (7) and Matplotlib (8).
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M vs. sData, fit and residuals fr vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.1629737 [0.004037]

M vs. s

Absorbance optics @ 30000 rpm

0.19 mg/ml tag­free C. elegans UNC­6 ΔC in 0.20 M NaCl

Data, fit and residuals Species and distribution

Figure S9A

Hybrid model with continuous distribution and two discrete species (absorbance optics @ 30000 rpm)

c(s, fr) analysis

M vs. sData, fit and residuals fr vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.2090318 [0.004572]

M vs. s

Interference optics @ 30000 rpm
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.4094720 [0.006399]

M vs. s

Absorbance optics @ 30000 rpm

0.57 mg/ml tag­free C. elegans UNC­6 ΔC in 0.20 M NaCl

Data, fit and residuals Species and distribution

Hybrid model with continuous distribution and two discrete species (absorbance optics @ 30000 rpm)

c(s, fr) analysis

Interference optics @ 30000 rpm

M vs. s

M
 (
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s20°C, b (S) s20°C, b (S)

M
 (
kD
a)

s20°C, b (S) s20°C, b (S) s20°C, b (S)

Data, fit and residuals fr vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.1605605 [0.004007]

M vs. s

Figure S9B

s20°C, b (S)

s20°C, b (S)
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.2461152 [0.004961]

M vs. s

 0.95 mg/ml tag­free C. elegans UNC­6 ΔC in 0.20 M NaCl

Data, fit and residuals Species and distribution

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Hybrid model with continuous distribution and two discrete species (absorbance optics @ 30000 rpm)

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.1690032 [0.004111]

M vs. s

Figure S9C
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.2155745 [0.004643]

M vs. s

 1.90 mg/ml tag­free C. elegans UNC­6 ΔC in 0.20 M NaCl

Data, fit and residuals Species and distribution

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Hybrid model with continuous distribution and two discrete species (absorbance optics @ 30000 rpm)

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.483025 [0.006950]

M vs. s

Figure S9D

M vs. s
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Figures S10:

Individual sedimentation velocity datasets of C. elegans UNC­6 ΔC

in 0.05 M tris, pH 7.5, 1.00 M NaCl

Figures were prepared using the computer software GUSSI (7) and Matplotlib (8).
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.2324204 [0.004821]

Absorbance optics @ 30000 rpm

c(s, fr) analysis

Data, fit and residuals

Species analysis (absorbance optics @ 30000 rpm)

0.19 mg/ml tag­free C. elegans UNC­6 ΔC in 1.00 M NaCl

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.5041000 [0.007100]

Interference optics @ 30000 rpm

Figure S10A

s20°C, b (S)
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s20°C, b (S)
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.2216526 [0.004708]

0.57 mg/ml tag­free C. elegans UNC­6 ΔC in 1.00 M NaCl

Data, fit and residuals

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Species analysis (absorbance optics @ 30000 rpm)

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.8691833 [0.009323]

Figure S10B
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.2281018 [0.004776]

 0.95 mg/ml tag­free C. elegans UNC­6 ΔC in 1.00 M NaCl

Data, fit and residuals

Figure S10C

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Species analysis (absorbance optics @ 30000 rpm)

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.1921069 [0.004383]
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s20°C, b (S) s20°C, b (S)
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.1394276 [0.003734]

 1.90 mg/ml tag­free C. elegans UNC­6 ΔC in 1.00 M NaCl

Data, fit and residuals

Figure S10D

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Species analysis (absorbance optics @ 30000 rpm)

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.4769284 [0.006906]
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s20°C, b (S) s20°C, b (S)
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Figures were prepared using the computer software GUSSI (7) and Matplotlib (8).

Figures S11:

Individual sedimentation velocity datasets of C. elegans UNC­6 FL

in 0.05 M tris, pH 7.5, 0.20 M NaCl
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.4693620 [0.006851]

M vs. s

Absorbance optics @ 30000 rpm

c(s, fr) analysis

0.33 mg/ml 2x STREPII­tagged C. elegans UNC­6 FL in 0.20 NaCl

M vs. sData, fit and residuals fr vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.0730621 [0.002703]

M vs. s

Interference optics @ 30000 rpm

Figure S11A

s20°C, b (S)
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s20°C, b (S) s20°C, b (S)
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Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.2897669 [0.005383]

M vs. s

M vs. sData, fit and residuals fr vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.0964724 [0.003106]

M vs. s

0.59 mg/ml 2x STREPII­tagged C. elegans UNC­6 FL in 0.20 NaCl
c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Figure S11B
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0.77 mg/ml 2x STREPII­tagged C. elegans UNC­6 FL in 0.20 NaCl

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.3469210 [0.005890]

M vs. s

M vs. sData, fit and residuals fr vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.1293841 [0.003597]

M vs. s

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Figure S11C
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Figures S12:

 Individual sedimentation velocity datasets of C. elegans UNC­6 FL

in 0.05 M tris, pH 7.5, 1.00 M NaCl

Figures were prepared using the computer software GUSSI (7) and Matplotlib (8).
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0.31 mg/ml 2x STREPII­tagged C. elegans UNC­6 FL in 1.00 NaCl

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.2775182 [0.005268]

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.6760128 [0.008222]

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Figure S12A
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0.61 mg/ml 2x STREPII­tagged C. elegans UNC­6 FL in 1.00 NaCl

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.3343152 [0.005782]

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.214369 [0.004630]

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Figure S12B
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0.88 mg/ml 2x STREPII­tagged C. elegans UNC­6 FL in 1.00 NaCl

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.4215905 [0.006493]

Data, fit and residuals fr vs. s M vs. s 1D distributions

Reduced χ2 [r.m.s.d]: 0.163216 [0.004040]

c(s, fr) analysis

Absorbance optics @ 30000 rpm

Interference optics @ 30000 rpm

Figure S12C
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