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A B S T R A C T   

The roles of ISL1 and LHX3 in the development of spinal motor neurons have been well established. Whereas 
LHX3 triggers differentiation into interneurons, the additional expression of ISL1 in developing neuronal cells is 
sufficient to redirect their developmental trajectory towards spinal motor neurons. However, the underlying 
mechanism of this action by these transcription factors is less well understood. Here, we used electrophoretic 
mobility shift assays (EMSAs) and surface plasmon resonance (SPR) to probe the different DNA-binding be-
haviours of these two proteins, both alone and in complexes mimicking those found in developing neurons, and 
found that ISL1 shows markedly different binding properties to LHX3. We used small angle X-ray scattering 
(SAXS) to structurally characterise DNA-bound species containing ISL1 and LHX3. Taken together, these results 
have allowed us to develop a model of how these two DNA-binding modules coordinate to regulate gene 
expression and direct development of spinal motor neurons.   

1. Introduction 

Interneurons provide the connection between sensory neurons, 
which are activated by sensory input from the environment, and 
motorneurons, which transmit signals from the spinal cord to skeletal 
and smooth muscles. During embryonic development, the differentia-
tion of spinal motor neurons and interneurons, which arise from the 
same precursor cells, is controlled by the actions of transcriptional 
complexes that contain LIM-homeodomain transcription factors (Hunter 
and Rhodes, 2005; Srivastava et al., 2010). In those cells destined to 
become V2 interneurons, the LIM-homeodomain protein LIM homeobox 
protein 3 (LHX3) is expressed alongside the protein co-factor LIM 
domain binding protein 1 (LDB1) (Sharma et al., 1998; Zhadanov et al., 
1995). The additional expression of the LIM-homeodomain protein Islet 
1 (ISL1) in a neighbouring band of cells triggers a transcriptional switch 
that directs these cells to become spinal motor neurons (Lee et al., 2012; 
Pfaff et al., 1996). This switch of cell fate is achieved through altered 
DNA binding preferences of the complexes containing these transcrip-
tion factors (Lee et al., 2008). The assembly of these different complexes 
occurs through protein LIM:LIM interaction domain (LID) interactions, 

in combination with LDB1 self-association (Fig. 1) (Bhati et al., 2008b; 
Lee et al., 2008; Matthews and Visvader, 2003). While there is a plethora 
of structural information available on the individual domains present in 
this system (Berger et al., 2008; Bhati et al., 2008a, 2008b; Gadd et al., 
2011; Ippel et al., 1999; Yin et al., 2017), the interplay of the homeo-
domains from LHX3 and ISL1 in determining the specificity of the motor 
neuron complex has not been fully elucidated. 

Electrophoretic mobility shift assay (EMSA) and systematic evolu-
tion of ligands by exponential enrichment (SELEX) studies have shown 
that LHX3HD has a strong preference for binding TAATTA sites on DNA 
(Bridwell et al., 2001; Lee et al., 2008; Roberson et al., 1994). This 
sequence is very similar to parts of the consensus sequence that has been 
determined for the motor neuron complex, CATTAXXXAATTA (Lee 
et al., 2008). Two separate consensus sequences have been proposed for 
ISL1HD, TAATAT from EMSA studies and CATTAG from SELEX (Behra-
van et al., 1997; Lee et al., 2008). It has also been suggested that ISL1HD 
may bind DNA sequences in a manner that is dependent on its protein 
binding partners (Mazzoni et al., 2013). 

It was previously shown that fusion proteins containing both the ISL1 
and LHX3 homeodomains bind to a sequence found in the promoters of 
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motorneuron specific genes that is not bound strongly by either indi-
vidual homeodomain (Lee et al., 2008, 2012; Robertson et al., 2018), 
suggesting that they collaborate in some manner – perhaps through 
direct interaction or cooperative binding to DNA. However, it has been 
demonstrated that the isolated homeodomains do not cooperatively 
bind DNA containing the cognate binding site (Robertson et al., 2018). 
Thus, the mechanism by which ternary ISL1-LHX3-DNA complex is 
formed remains unclear. 

Here, we further investigated the DNA-binding behaviour of the 
homeodomains from ISL1 and LHX3, both individually and in combi-
nation, in order to refine our knowledge of their DNA-binding behav-
iour, including how it is modulated by the presence of additional DNA- 
binding motifs. We also probed the structures of LHX3 and ISL1 in 
complex with DNA and with each other. Our results indicate that ISL1 
does not bind DNA with high affinity in isolation. Rather, it acts to in-
fluence the specificity of LHX3, potentially through transient in-
teractions with DNA made possible by proximity effects from LHX3 
binding to DNA, shedding new light on how ISL1 can influence gene 
expression without itself being able to bind DNA with high affinity. 

2. Materials and methods 

2.1. Protein expression and purification 

Uniprot codes for the mouse protein sequences used are: LHX3 - 
P50481 (isoform 1), and ISL1- P61372 (isoform 1). Protein encoding 
constructs are detailed in the Supplemental Information and were 
expressed from a modified pET-DUET plasmid that encodes an N-ter-
minal GST tag with an HRV 3C protease cleavage site between the tag 
and the protein. All proteins were expressed using BL21 (DE3) E. coli 
strains, using induction by 0.4 mM IPTG. GST-tagged ISL1HD, LHX3HD, 
and 2HD proteins were each expressed for 3 h at 37 ◦C. For all other 
constructs, proteins were expressed for 20 h at 25 ◦C. Proteins were 
purified using glutathione affinity chromatography followed by HRV-3C 
cleavage and cation exchange chromatography, as described in 

(Robertson et al., 2018). 

2.2. EMSAs 

Oligonucleotides were designed to mimic in vivo promoters that bind 
either ISL1HD or LHX3HD alone, or both homeodomains simultaneously 
(Table 1). Varying concentrations of protein (≤5 μM) were incubated 
with a fixed concentration of fluorescein-labelled oligonucleotide (1 nM 
M100; 5 nM ISL1GA/LHX3GSU/HDC). Samples were incubated in 
EMSA reaction buffer (10 mM HEPES, pH 7.7, 50 mM KCl, 2.5 mM 
MgCl2, 10 mM DTT, 67 μg/mL acetylated BSA, 4% (v/v) Ficoll) for 45 
min at 4 ◦C and run on 8% (w/v) acrylamide gels at 110 V for 3 h at room 
temperature in TBE buffer (2.5 mM Tris (pH 7.8), 4.5 mM boric acid, 
0.13 mM EDTA). Gels were imaged using a Typhoon FLA 9500 scanner 
(GE Healthcare). 

2.3. Surface plasmon resonance (SPR) 

SPR was performed on a Biacore T200. Biotinylated versions of the 
oligonucleotides used for EMSAs were synthesised by IDT (Integrated 
DNA Technologies; Coralville, IA). Oligonucleotides (4 nM) were 
immobilised at 25 ◦C on a Series S SA Biacore Sensor Chip (GE 
Healthcare; Chicago, IL) to a level that would achieve a maximal 

Fig. 1. Schematic of the ISL1/LHX3/LDB1 DNA-binding system. A Domain structure of ISL1 (yellow), LHX3 (blue), and LDB1 (red), showing LIM (derived from 
family members Lin11, Isl1, Mec3) domains, homeodomains (HDs), LIM interaction domains (LIDs), and self-association domains (SA). B Schematic of the motor 
neuron developmental complex. C Schematic of the interneuron developmental complex. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Table 1 
Sequences used for EMSA binding studies. A fluorescein moiety was present at 
the 5′ end of each sequence. All oligonucleotides were double-stranded. Putative 
homeodomain binding sites are shown in bold.  

Name Oligonucleotide sequence Binding target 

ISL1GA ACCGCGTAATATCTG ISL1 (Behravan et al., 1997) 
LHX3GSU ACTTAGCTAATTAAATGTG LHX3 (Meier et al., 1999; 

Roberson et al., 1994) 
M100 CGGCCATTAGCCAAATTACGGC ISL1/LHX3 in complex (Lee et al., 

2008) 
HDC CACGTGCCGTCAGCGGTAC Negative control  
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response of 80 RU upon titration of the binding partner. Purified 
homeodomain proteins (0.03 nM – 1 µM in a 1:2 serial dilution) in 
running buffer (20 mM HEPES, pH 7.4, 150 mM or 250 mM KCl) were 
injected for 75 sec at a flow rate of 60 µL/min, at 20 ◦C, over the 
immobilised oligonucleotides. 1 M NaCl was injected for 60 s between 
each protein injection to regenerate the surface back to baseline. 

Interaction affinities were fitted by a 1:1 specific binding model 
(Graphpad Prism 8.2.0), using the response intensities at equilibrium. 
Interaction kinetics were estimated using global fits of association and 
dissociation (Biacore Insight Evaluation Software). 

2.4. Size exclusion chromatography with multi angle laser light scattering 
(SEC-MALLS) 

Protein (2HDLL) and DNA (M100) were dialysed into an appropriate 
buffer (20 mM sodium phosphate, pH 7.4, 100 mM NaCl, 1 mM DTT). 
The protein and DNA were then combined in a 1:1 M ratio before being 
injected onto a Superose 12 10/300 GL column (GE Healthcare) on an 
Äkta Basic (GE Healthcare) system at 0.5 mL/min in the same buffer. An 
in-line MiniDAWN™ TREOS multi angle light scattering detector (Wyatt 
Technology) coupled with an Optilab T-rEX differential refractive index 
detector (Wyatt Technology) was used to collect data, which was ana-
lysed using ASTRA 6.1 software (Wyatt Technology). 

Fig. 2. SPR binding data for LHX3HD and ISL1HD. A-F Titrations of LHX3HD (A-C, G-I) and ISL1HD (D-F) against the oligonucleotides LHX3GSU (A, D, G), ISL1GA (B, 
E, H), and HDC (C, F, I), at 250 mM KCl (A-F). G Equilibrium binding data for LHX3HD and ISL1HD against the oligonucleotides LHX3GSU, ISL1GA, and HDC, at 250 
mM KCl. H Comparison of equilibrium binding data between 150 mM KCl and 250 mM KCl for LHX3HD binding. 0.03 nM-500 nM protein was used for experiments in 
250 mM KCl; 1.75 nM-625 nM protein was used for experiments in 150 mM KCl. I-K Titrations of LHX3HD against the oligonucleotides LHX3GSU (I), ISL1GA (J), and 
HDC (K), at 150 mM KCl. 
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2.5. Small angle X-ray scattering (SAXS) 

Purified proteins were dialysed against buffer (20 mM sodium 
phosphate, pH 7.4, 100 mM NaCl, 1 mM DTT), filtered and degassed 
prior to data collection using the SAXS beamline at the Australian 
Synchrotron. Four different concentrations in a 1:2 dilution series of 
each sample were used (see Supplementary information for more detail). 
Buffer subtractions were automatically performed as part of data pro-
cessing at the Australian Synchrotron. Data quality was assessed using 
PrimusQT, and calculating molecular weight from I(0) ((Supplementary 
information). Modelling was performed using the ATSAS web interface 
(available at: https://www.embl-hamburg.de/biosaxs/atsas-online/). 
Full experimental and analytical details, as well as details about 
modelling parameters and programs, are reported in the Supplementary 
Information (Tables S1-6 and Figs. S1 and S2) in line with the 2017 
publication guidelines for structural modelling of small-angle scattering 
data from biomolecules in solution (Trewhella et al., 2017). SAXS 
datasets are available at the SASBDB, accession codes: SASDJB9, 
SASDJC9, SASDJD9, SASDJE9, SASDJF9, SASDJG9, SASDJH9, 
SASDJJ9, SASDJK9. 

3. Results 

3.1. Homeodomains from ISL1 and LHX3 have markedly different DNA 
binding properties 

EMSAs previously used to investigate the binding of LHX3HD and 
ISL1HD to cognate DNA sequences suggested that LHX3HD bound with 
high affinity to TAATTA sequences but ISL1HD did not bind tightly to any 
sequence tested (Robertson et al., 2018). Here SPR was used to further 
probe this binding behaviour with a view to identifying differences in 
the kinetics of binding. The binding of ISL1HD and LHX3HD against 
immobilised ISL1GA, LHX3GSU, and HDC was investigated. 

LHX3HD showed a strong binding response to LHX3GSU (Fig. 2A), 
with a reduced binding response to ISL1GA (Fig. 2B) and very low re-
sponses to HDC (Fig. 2C). Fitting of the responses at equilibrium gave an 
estimated affinity of 20 nM for the LHX3HD:LHX3GSU interaction, in 
good agreement with previously published EMSA data (Fig. 2G) (Rob-
ertson et al., 2018). The affinities of LHX3HD for ISL1GA and for HDC 
could not be measured, as a complete binding curve could not be ob-
tained over the assayable concentration range (Fig. 2G). However, these 
interactions appeared to be at least ten-fold weaker than the LHX3HD: 
LHX3GSU interaction. 

The sensorgrams indicated that the LHX3HD:LHX3GSU interaction 
has a fast on-rate and a slow off-rate (Fig. 2A), although these could not 
be fitted for kinetic quantification as the association rates were outside 
the limits that could be fitted by the instrument software. In agreement 
with the observed weaker responses, the LHX3HD:ISL1GA interaction 
demonstrated fast on- and off-rates (Fig. 2B). Again, fits for kinetic 
measurements could not be obtained. 

Overall, the observed responses were stronger when the concentra-
tion of KCl was reduced from 250 mM KCl to 150 mM (Fig. 2H, I-K). The 
interaction between LHX3HD and LHX3GSU at 150 mM KCl demonstrated 
significantly slower off-rates (Fig. 2A and I). Similarly, the LHX3HD: 
ISL1GA interaction had an observable off-rate at 150 mM KCl, which was 
not present at 250 mM KCl (Fig. 2B and J). A response was also observed 
for LHX3HD:HDC, whereas barely any interaction was observed at 250 
mM KCl (Fig. 2C and K). Based on the combination of their observed off- 
rates and their salt-dependent binding behaviour, the interactions be-
tween LHX3HD and the oligonucleotides ISL1GA and HDC appear to be 
non-specific and electrostatically driven (Lohman and Von Hippel, 
1986). In contrast, while the LHX3HD:GSU interaction showed differing 
kinetic properties between 150 mM KCl and 250 mM KCl, the affinity 
remained similar (13 nM in 250 mM KCl vs 5 nM in 150 mM KCl). 

Over the protein concentrations tested, ISL1HD did not show high 
levels of binding to any oligonucleotide (Fig. 2D-F). It was not possible 

to increase protein concentrations beyond 500 nM, or use KCl concen-
trations lower than 250 mM, as the protein showed a high level of 
background binding to the reference cell. 

3.2. Exploring the influence of the ISL1:LHX3 interaction on DNA- 
binding 

The protein:protein interaction between ISL1 and LHX3 involves 
regions adjacent to the two homeodomains that could influence the 
DNA-binding behaviour of the proteins. The possible contribution to 
DNA-binding of residues outside of the homeodomains was investigated 
through EMSAs using fusion constructs incorporating different protein 
domains (Fig. 3A). 2HDLL contains native ISL1 sequence (from the N- 
terminus of the homeodomain to the C-terminus of the LID) fused, via a 
short glycine/serine linker, to native LHX3 sequence (from the N-ter-
minus of the LIM domains to the C-terminus of the homeodomain). 2HD 
was designed to test the effect of homeodomain-adjacent residues that 
were not part of the LHX3LIM:ISL1LID subcomplex, and incorporated the 
two homeodomains and immediately adjacent residues but excluded the 
ISL1LID and LHX3LIM domains. 2HD23 is identical, except that a 23-res-
idue portion of native sequence was replaced by a glycine/serine linker. 
LLHD3 is a shorter form of 2HDLL, beginning with ISL1LID, and was 
designed to probe the effect of the protein interaction domains on 
LHX3HD DNA binding. 

The binding of these constructs was tested against the LHX3GSU 
sequence and the sequence targeted by the ISL1:LHX3 complex, M100 
(Fig. 3). LLHD3 bound strongly to LHX3GSU, but not M100 (Fig. 3B). 
This behaviour is very similar to that of LHX3HD alone (Fig. 3C), as 
previously reported (Robertson et al., 2018). These similarities indicate 
that the presence of the LHX3LIM:ISL1LID subcomplex does not directly 
influence the binding specificity of LHX3HD. 2HD23 and 2HD bound 
equally strongly to M100 (Fig. 3D, Table 2). This pattern of binding 
suggests that that the sequence immediately adjacent to the homeo-
domains does not directly influence the DNA binding of the tethered 
complex. 

Combined, these data are consistent with previously observed 
binding behaviour of LHX3HD and ISL1HD (Robertson et al., 2018). That 
is, that LHX3HD binds with high affinity (~20 nM) and specificity to a 
TAATTA sequence but binds more weakly to other sequences, with af-
finities in the micromolar range. In comparison, ISL1HD exhibits 
micromolar affinity binding to a range of DNA sequences, with no 
apparent high affinity target sequence among those tested. Additionally, 
the data presented here indicate that, provided the homeodomains are 
tethered through protein:protein interactions or by a physical linker, it is 
the interplay of the two homeodomains that influences the binding 
preferences of the overall complex. 

3.3. Structural investigations of the 2HDLL + M100 complex 

Multiple attempts were made to determine the structures of DNA- 
bound ISL1:LHX3 complexes. A 2HDLL + M100 complex was stable in 
solution and shown by SEC-MALLS to form a 1:1 complex (Fig. 4A). The 
average molecular weight of the complex was measured as 50.5 kDa, in 
good agreement with the theoretical molecular weight of 49.4 kDa. 
Attempts to crystallise the protein:DNA complex have not yielded dif-
fracting crystals to date. Using small-angle X-ray scattering (SAXS), ac-
quired in both batch mode (to optimise signal-to-noise given the higher 
protein concentrations achievable) and with in-line size exclusion 
chromatography (SEC-SAXS; to optimise sample homogeneity), we have 
probed the structure of the complex in solution. 

SEC-SAXS data revealed that the 2HDLL + M100 complex is homo-
geneous with a radius of gyration (Rg) of 38–42 Å (Fig. 4B). For refer-
ence, the M100 duplex should be approximately 65 Å long, with the LIM: 
LID interaction region also being roughly 65 Å long in its longest 
dimension. A sphere with a radius of 38–42 Å should be able to fit all the 
components expected in the 2HDLL + M100 complex. Static SAXS data 
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for detailed structural analysis were collected for 2HD, LLHD3, HD3 and 
2HDLL, as well as HD3 + M100, LLHD3 + M100, 2HD + M100, and 
2HDLL + M100 complexes, at a range of concentrations. (See Supple-
mentary Information for full details). 

P(r) analysis using GNOM as implemented in PrimusQT yielded the 
radius of gyration (Rg) and maximum dimension (dmax) values of the 
observed species (Table 3) indicating that the single domain HD3 and 
20-mer DNA (M100) are similarly compact, while the 2-, 4- and 5- 
domain constructs 2HD, LLHD3, and 2HDLL, respectively, are more 
extended with each approximately double the maximum dimension of 
HD3. M100 binding results in somewhat long values for dmax, except for 
2HD where we interpret that as a contraction. 

The flexibility of each species was assessed using dimensionless 
Kratky plots (Fig. 4C and D, also Fig. S3) (Bernadó and Svergun, 2012; 
Semisotnov et al., 1996; Trewhella et al., 2017). A well-ordered, glob-
ular structure will give a dimensionless Kratky plot that is bell-shaped 
with a peak at qRg = √3, while for increasingly elongated structures 
the peak will become increasingly flattened, extending to higher qRg 
values. In the case of multidomain structures the plot may show some 

additional features such as a secondary peak or shoulders. Plots that do 
not show a peak, but instead display a continuous increasing intensity 
with increasing qRg, indicate disorder. A peak followed by a steady 
increasing trend at higher qRg values indicates a combination of ordered 
and disordered structure - as might be expected for multi-domain pro-
teins connected with flexible linkers. 

The dimensionless Kratky plot for M100 shows the expected shape 
for a somewhat elongated, mostly ordered species consistent with a 20- 
mer DNA in solution. The plot for the 1-domain HD3 construct rises 
approximately to where you expect a peak for a compact folded domain 
but, as is the case for all the protein constructs, the low-signal-to-noise at 
high qRg prohibits definitive assessment of relative flexibility from the 
protein data alone. However, a comparison of the plots for the multi- 
domain protein constructs alone and in complex with M100 is 
revealing. The shape of the Kratky plot for the 4-domain LLHD3 shows 
no discernible change upon M100 binding. The 5-domain 2HDLL, which 
also shows some evidence for a secondary peak in the protein only plot, 
shows a substantial sharpening of the peak on M100 binding accom-
panied by a possible reduction in intensity at high qRg that suggests 
reduction in flexibility upon complex formation. The most dramatic 
changes are observed for the 2-domain 2HD. Binding to M100 for this 
domain results in a peak shift and change in shape with a significant 
reduction in intensity at high qRg indicating substantially reduced flex-
ibility and decreased elongation, consistent with the observed reduction 
in dmax. Overall, the Kratky analyses suggest that the ISL1LID:LHX3LIM 
region, which is present in both LLHD3 and 2HDLL but absent in 2HDN, 
is not directly involved in DNA binding. 

One dataset of each species was chosen for ab initio shape modelling 
(See Supplementary Information for modelling parameters and pro-
grams used, Table S5) (Franke and Svergun, 2009; Petoukhov and 
Svergun, 2015; Svergun, 1999a, 1999b). AMBIMETER modelling in-
dicates a moderate-to-high degree of ambiguity in all of the datasets, 
consistent with a flexible DNA-bound ISL1:LHX3 complex. Given this 
ambiguity, the number of variables resulting from the flexible linkers 
between domains and the information content of the scattering data, 
MONSA modelling (Table S6), which allows different parts of a complex 

Fig. 3. Behaviour of LHX3 and ISL1 protein constructs in EMSAs. Binding measurements for ISL1HD, LHX3HD, 2HDLL, and 2HD taken from (Robertson et al., 2018). A 
Schematic of protein constructs used in EMSAs. B Examples of EMSA titrations of LLHD3 (0, 0.08–5000 nM LLHD3) against the M100 and LHX3GSU oligonucleotides. 
C Binding affinity curves for LHX3HD and LLHD3 against M100 and LHX3GSU. D Examples of EMSA titration of 2HD and 2HD23 (0, 39–5000 nM protein) 
against M100. 

Table 2 
Dissociation constants (M) of homeodomain-DNA interactions, ± 1 SD. Kds were 
determined through densitometry analysis of EMSAs, where binding was 
observed. N/A denotes no binding observed. * denotes n = 2; # denotes n = 1. All 
other measurements are n = 3. Figures reported for ISL1HD (HD1), LHX3HD 
(HD3), 2HDLL, and 2HD taken from previously published data (Robertson et al., 
2018).   

Oligonucleotide 

Protein M100 CATTAGCCAATTA ISL1GA TAATAT LHX3GSU TAATTA 

HD1 3 ± 2 × 10− 6* 5.9 ± 0.3 × 10− 6 2 ± 0.9 × 10− 6 

HD3 4 ± 3 × 10− 6* 2 ± 1 × 10− 6* 9 ± 3 × 10− 9 

2HDLL 2.4 ± 0.3 × 10− 8 7 ± 5 × 10− 7* 4 ± 2 × 10− 6 

2HD 1.6 ± 0.4 × 10− 7 5 ± 2 × 10− 7* 4.4 ± 0.9 × 10− 7 

2HD23 1.8 ± 2.5 × 10− 7 N/A 4.4 ± 5 × 10− 7 

LLHD1 N/A N/A N/A 
LLHD3 1 × 10− 6# N/A 1.5 × 10− 8#  
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to be modelled (i.e., protein and DNA) was used to gain insight into the 
arrangement of domains in the overall complex. Each data set was 
separately modelled several (6) times. The dmax determined from GNOM 
in PrimusQT was used to constrain modelling but the Rg value was not 
fixed in the input. The output Rg and the difference between the GNOM 
and MONSA derived Rg values were used as indicators of variability 
between generated models (Table 3). 

Irrespective of the protein present, modelling of M100 consistently 
produced an elongated shape consistent with that expected for a 20-mer 
DNA, with Rg values between 19.72 Å and 20.23 Å in close agreement 
with the calculated value of 19.84 Å from P(r) analysis and low Rg 
difference values (<0.25 Å). (Fig. 5A, See also Supplementary infor-
mation Figs. S4 and S5). 

Unsurprisingly, more variation was seen in the modelled Rg values of 
most of the protein constructs (Table 3; difference Rgs 0.2–1.01 Å). HD3 
and M100 reported similar Rg values. HD3 reported a similar Rg to M100 
based on P(r) analysis (GNOM), as expected for a single, folded, home-
odomain, but models generated for HD3 were seen to have a smaller Rg, 
with the average being 1 Å less than the Rg from GNOM. Unlike the 
models of M100, the models for HD3 do not share any defining features 
(Fig. S4). This might be explained by the flexible nature of the homeo-
domain fold when not bound to DNA (Dragan et al., 2006). 

The P(r)-derived Rg and dmax values for the multi-domain 2HD, 
LLHD3, and 2HDLL were all similar, despite these proteins having a 
range of molecular weights (Table 3), consistent with individual folded 
domains with flexible linkers Modelling of these constructs gave Rg 
values that are in good agreement with the P(r) analysis (Table 3). 2HD 
showed the largest difference, with the average modelled Rg being 0.5 Å 
smaller than that obtained from GNOM. The models themselves show an 
array of potential conformations for each protein, with no distinct fea-
tures beyond being a more elongated species than HD3 or M100 
(Fig. S4). These models probably reflect the disordered sequence be-
tween the domains, as it is well established that the LHX3LIM:ISL1LID 
subcomplex remains folded and associated in solution; circular dichro-
ism also shows that the individual homeodomains are primarily folded 
in solution (Fig. S5) (Gadd et al., 2011). 

As these models did not show any clear structural trends, the protein 
alone datasets were not used as inputs for modelling larger complexes. 
For modelling protein + DNA complexes, both DNA alone and the 
protein + DNA datasets were used as inputs, allowing specification of 
both the protein and DNA component of each complex. Note that the 
MONSA Rg values for these data (Table 3) are those of the specified 
components (i.e., one protein and one dsDNA species), compared with 
the overall complex Rg reported by GNOM. The difference Rgs tend to be 
larger for the protein components (0.51–12.27 Å) than the DNA com-
ponents (0.06–0.27 Å). 

With the exception of 2HDLL, the Rg values of all protein constructs 
reported through MONSA tended to be smaller in the protein + DNA 
models than in the protein alone models (Table 3). This difference was 
particularly large for 2HD, supporting the notion that conformational 
restriction of the homeodomains occurs upon DNA binding, with the 
protein:protein interaction regions remaining unconstrained and flex-
ible in solution. 

The models for HD3 + M100 show the protein localised to one end of 
the oligonucleotide (Fig. 5B), most likely bound to the AAATTA 
sequence. Models of LLHD3 + M100 show more variability (Fig. 5C), but 
a substantial amount of protein density, not associated with the DNA, is 
common to all of the models generated (Fig. S4). This is consistent with 
LHX3HD binding the AAATTA site, with the remainder of the protein (the 
LHX3LIM:ISL1LID subcomplex) not associating with DNA. 

Models of 2HD + M100 also show the majority of the protein 
localised to one end of the DNA (Fig. 5D). However, the positions of the 
respective homeodomains vary from model to model. It is notable that 
2HD showed the largest change in Rg when comparing the protein alone 
and protein + DNA datasets, with a difference of 12.27 Å. This, in 
combination with the Kratky analysis, is consistent with restricted 
conformation and loss of flexibility in the presence of M100, suggesting 
that both homeodomains interact with the DNA. 

There is much less consistency in the models generated for 2HDLL +
M100 (Fig. 5E, Fig. S4). Some show binding along the whole length of 
M100, whereas some show one end of the DNA fragment exposed 
(Fig. S4). All models show some portion of protein not in association 

Fig. 4. Structural characterisation of LIM-HD protein constructs and their DNA binding behaviour. A MALLS trace of 2HDLL + M100. B SEC-SAXS trace of 2HDLL +
M100. C Dimensionless Kratky plots of HD3 (0.17 mg/mL), LLHD3 (0.33 mg/mL), 2HD (0.63 mg/mL), 2HDLL (0.52 mg/mL) and M100 (3 mg/mL) datasets. D 
Dimensionless Kratky plots of HD3 + M100 (0.2 mg/mL), LLHD3 + M100 (0.48 mg/mL), 2HD + M100 (1 mg/mL), 2HDLL + M100 (0.69 mg/mL), and M100 (3 mg/ 
mL). For C and D the Solid curves are the GNOM fits to the data and dotted lines indicate qRg = √3. 
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with the DNA, but the extent of this varies, as reflected in the Rg values 
for 2HDLL from the 2HDLL + M100 models which show the largest error 
of any modelled component. However, for all 2HDLL:M100 models the 
protein density close to the DNA indicates more than one homeodomain 
interacting with the DNA. Given the evidence that the LHX3LIM:ISL1LID 
subcomplex does not interact directly with DNA, this additional inter-
acting density is likely due to ISL1HD interacting with the DNA, albeit 
transiently and in a manner that cannot be fully resolved using this 
technique. 

4. Discussion 

The data presented here provides new insight into the role of ISL1 in 
the regulation of gene expression. It is evident that ISL1HD in isolation 
does not bind DNA strongly, whereas LHX3 binds strongly and specif-
ically to TAATTA sequences in DNA. Intriguingly, this specificity is 
influenced by the presence of ISL1. Previous data indicates that there is 
no cooperative binding between the two homeodomains, raising the 
question of how this change in specificity is achieved (Robertson et al., 
2018). 

The sequence of the LHX3GSU contains several features that may 
enhance the binding of LHX3HD. Firstly, the six base consensus sequence 
of LHX3 (TAATTA) is palindromic. This allows LHX3HD to bind to the 

oligonucleotide regardless of orientation, and could affect the overall 
kinetics of binding. Additionally, the sequence contains an additional 
AAT immediately downstream of the TAATTA binding site. This AT-rich 
region may again enhance the on-rate for binding. While EMSA data 
does not indicate that multiple copies of LHX3HD can bind simulta-
neously to the LHX3GSU oligonucleotide, it is still possible that transient 
interactions with adjacent sequence helps to maintain the occupancy of 
the LHX3 consensus sequence, as has been seen in other systems (Iwa-
hara et al., 2004). 

Efforts to determine the structure of the LHX3/ISL1/M100 complex 
through X-ray crystallography have been unsuccessful, consistent with 
the flexibility of the complex as indicated by SAXS data. Although the 
2HDLL:M100 SAXS data presented here do not provide a high-resolution 
structure that explains the molecular basis of specificity, the combined 
data presented here contribute to a model of the binding mechanism 
(Fig. 6). 

First, EMSA data indicates that neither the protein sequences adja-
cent to the homeodomains of ISL1 and LHX3 nor the LHX3LIM:ISL1LID 
subcomplex play a direct role in contributing to DNA binding of the 
ISL1:LHX3 transcriptional complex. The SAXS data supports this, with 
2HDLL:M100 models showing a large portion of protein not in associ-
ation with the DNA, in comparison with the 2HD:M100 models that 
consistently show tight association between protein and DNA. These 

Table 3 
Radii of gyration (Rg) for species analysed by SAXS. This includes both values calculated from data analysis in PrimusQT (GNOM) and those generated through it-
erations of ab initio MONSA modelling (n = 6). The reported difference is the difference between the GNOM Rg and the average modelled MONSA Rg. *The difference in 
values between (A) & (B) for complex samples is per component, comparing to the GNOM Rg for the individual component samples (reported in the first 5 rows of the 
table).   

P(r) derived 
parameters 
(using GNOM) 

Ab initio shape modelling results (using 
MONSA)  

Species Mw (kDa) based on 
sequence 

dmax Rg (Å) 
(A) 

Average 
modelled Rg (Å) 
(B) 

Error 
(SD) 

Error 
(SE) 

Difference between values in (A) & 
(B) (Å) 

M100 12.2 kDa 68 19.84 M100: 19.74 0.01  0.01  0.1 

HD3 9.6 kDa 70 18.76 HD3: 17.75 0.08  0.19  1.01 

2HD 21 kDa 127 34.01 2HD: 33.51 0.05  0.11  0.5 

LLHD3 27.4 kDa 120 33.15 LLHD3: 32.95 0.02  0.06  0.2 

2HDLL 37.2 kDa 130 35.3 2HDLL: 35.22 0.07  0.18  0.08 

HD3 + M100 21.8 kDa 70 20.94 HD3: 15.22 0.58  1.42  3.54*      

M100: 19.79 0.00  0.01  0.06* 
2HD + M100 33.2 kDa 75 25.12 2HD: 21.75 1.14  2.80  12.27*      

M100: 20.07 0.01  0.23  0.23* 
LLHD3 +
M100 

39.6 kDa 130 38.09 LLHD3: 37.58 1.68  4.12  0.51*      

M100: 20.09 0.03  0.07  0.25* 
2HDLL +
M100 

49.4 kDa 140 35.97 2HDLL: 37.66 1.61  3.94  2.36*      

M100: 20.11 0.04  0.09  0.27*  
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data suggest that it is the interactions that occur between the homeo-
domains and DNA that determines the overall binding specificity of the 
complex. 

Second, SAXS data indicates that when ISL1 and LHX3 homeo-
domains are brought into close proximity, both homeodomains can 
interact with DNA. This can be seen in the 2HD:M100 models (Fig. 5D), 
where the protein density is consistently in contact with the DNA. This is 
in contrast to previously published EMSA data, which did not report 
binding between ISL1HD and sequences it targets in vivo (Robertson 
et al., 2018). These data suggest that ISL1HD influences the specificity of 
LHX3HD without having a high affinity binding target itself. This effect 
could be achieved through the formation of transient interactions be-
tween ISL1HD and DNA, probably driven by electrostatic forces (Lohman 
and Von Hippel, 1986). In such a model, the presence of ISL1 bound to 
LHX3 is sufficient to displace LHX3 from its TAATTA consensus 
sequence on DNA (Fig. 6A-C). The ISL1:LHX3 protein complex then 
moves around, forming transient interactions with other parts of DNA, 
until it reaches the consensus sequence for the complex (Fig. 6D-E). At 
such locations, LHX3HD can bind stably to an AAATTA site, while ISL1 is 
localised by binding to LHX3, with ISL1HD interacting with DNA in a 
more dynamic manner. 

This proposed specificity for ISL1/LHX3 DNA-binding complexes is 

consistent with observed behaviour of many other transcriptional 
complexes containing homeodomains (Laughon, 1991; Mann et al., 
2009). Homeodomains commonly target AT-rich DNA sequences that 
are six bases long, in a manner that is primarily driven by electrostatic 
forces (Lohman and Von Hippel, 1986); this low level of specificity is 
compensated for by the formation of higher order transcriptional com-
plexes, often containing multiple homeodomain-containing proteins, to 
regulate gene expression more precisely during development (Dragan 
et al., 2006; Gehring et al., 1994; Laughon, 1991; Noyes et al., 2008; 
Wolberger, 1996). Most of these changes in DNA binding specificity 
arise from either the interplay of two high-affinity binders, or from 
allosteric changes to the conformation of the homeodomain, arising 
from a protein:protein interaction (Slattery et al., 2011; Zandvakili and 
Gebelein, 2016). However, neither of these mechanisms fully explains 
the actions of ISL1 and LHX3 binding. 

It was previously suggested that ISL1 binds DNA in a manner 
dependent on its protein binding partners (Mazzoni et al., 2013). Our 
data additionally suggests that the presence of such protein binding 
partners is necessary for ISL1 to associate with DNA with appreciable 
affinity. The notion that ISL1 does not independently bind DNA with 
higher affinity is consistent with studies that have found non-specific 
DNA-binding to precede specific DNA-binding in other systems 

Fig. 5. Representative structures of LIM-HD:DNA complexes generated through MONSA ab initio modelling. Yellow: ISL1; Blue: LHX3; Green: protein; Grey: DNA. A 
M100 oligonucleotide. B HD3 + M100 complex. C Two iterations of LLHD3 + M100 modelling, showing the variation in binding along the length of the oligo-
nucleotide. D Two iterations of 2HD + M100 modelling, showing the variation in binding along the length of the oligonucleotide. E Two iterations of 2HDLL + M100 
modelling, illustrating the variation in protein position. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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(Hendrix et al., 2010; Vukojević et al., 2010). This mode of action may 
provide an evolutionary advantage in the context of gene regulation, by 
ensuring that gene expression is only affected when both ISL1 and its 
protein binding partner/s are present. Having two DNA binding modules 
working in concert can also result in a more efficient searching algo-
rithm for binding sites in the genome, especially in the case of one weak 
DNA binder in combination with one strong DNA binder (Vuzman et al., 
2010a, 2010b). 

In a broader context, this may also provide an insight as to why ISL1 
has been shown to play a role in transcriptional regulation in a multitude 
of tissues, with numerous different binding partners (Cai et al., 2003; 
Galloway et al., 2015; Li et al., 2014; Takeuchi et al., 2005; Yang et al., 
2015). By modulating the specificity of protein binding partners, as 
opposed to having DNA binding specificity of its own, ISL1 could to 
target a more diverse range of sequences, as dictated by its protein 
binding partner in the context of each cell type. 
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