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Summary

Many members of the basic helix-loop-helix (bHLH) domain is necessary for Mashl to be able to promote
family of transcription factors play pivotal roles in the  neuronal differentiation, and is sufficient to confer this
development of a variety of tissues and organisms. We activity to the non-neural bHLH factor MyoD. In contrast,
identify activities for the neural bHLH proteins Mashl and  helix 2 of Math1, and both helix 1 and 2 of Mash1, are the
Mathl in inducing neuronal differentiation, and in domains required for the neuronal specification activities
inducing the formation of distinct dorsal interneuron  of these factors. The requirement for distinct domains
subtypes in the chick neural tube. Although both factors within the HLH motif of Mashl and Mathl for driving
induce neuronal differentiation, each factor has a distinct neuronal differentiation and cell-type specification
activity in the type of dorsal interneuron that forms, with  probably reflects the importance of unique protein-protein
overexpression of Mathl increasing dI1 interneurons, and interactions involved in these functions.

Mashl increasing dI3 interneurons. Mathl and Mashl

function as transcriptional activators for both of these

functions. Furthermore, we define discrete domains within  Key words: bHLH transcription factors, Spinal cord development,
the bHLH motif that are required for these different  MyoD, Ngni, Dorsal interneuron specification, Lim homeodomain
activities in neural development. Helix 1 of the Mashl HLH factors, Neurogenesis

Introduction have identified the structural elements required for these

Basic helix-loop-helix (bHLH) transcription factors are activities. _
required for proper formation of the vertebrate and invertebrate The neural bHLH factors belong to a much larger family of
nervous systems (Bertrand et al., 2002). The vertebrate neufgdnscription factors that are essential for diverse processes
bHLH transcription factors have been classified into subgrougdch as myogenesis (Davis et al., 1987), hematopoiesis (Bain
based on their temporal pattern of expression (Lee, 1997) aetial., 1994) and pancreas development (Naya et al., 1997). The
on their homology t@rosophilaproneural genes (Bertrand et greater HLH transcription factor family has been grouped into
al., 2002). The factors Mash1, a homolog of Dvesophila  classes based on tissue distribution, dimerization capabilities
Achaete-scutegenes (Johnson et al., 1990), and Mathl, @and DNA-binding specificities (Massari and Murre, 2000).
homolog of thebrosophila atonabene (Akazawa et al., 1995), Mash1 and Math1 belong to Class I, as do other tissue-specific
both belong to the early expressed sub-group of bHLH factogH| H factors such as the myogenic factor MyoD. Class II
because of their expression in progenitor cells of theiH proteins preferentially form heterodimers with the
developing neural tube, but they reside in distinct sub-cIas:~:<151°,0ad|y expressed Class | bHLH factors called E-proteins
based on sequence homology (Bertrand et al., 2002). Ge 2a, HEB and E2-2) (Massari and Murre, 2000). These

knockout studies have demonstrated essential roles for thege, . i 1orc characteristically bind E-box DNA consensus
factors in the formation of specific populations of neurons

. ) . ) : sites (CANNTG) and modulate transcription (Murre et al.,
Searllqunoeoi ?:Ic')’dtggz aIB e;gcl)rz)?rgcr)nwgaaét, ;I?'ggbgf;rgmﬁgﬂ%sg%). Crystal structures of MyoD (Ma et al., 1994) and_ E4_17
et al., 1993; Parras et al., 2002). Gain-of-function studies ifF|€nPerger et al., 1994) show that the HLH domain is
multiple systems provide evidence that these genes are capalji¥!ved in dimer formation, and the basic region interacts with
of inducing neuronal differentiation (Cai et al., 2000; CepkoPNA. While it is probable that in vivo these neural bHLH
1999; Farah et al., 2000; Kim et al., 1997). Additionalfactors have distinct DNA targets relative to each other and
functions in neuronal specification have also been reporteé@lative to other non-neural members of the family such as
(Gowan et al., 2001; Parras et al., 2002; Perez et al., 1999). WiyoD, in vitro these proteins can bind similar E-box sites
have extended these studies to define common and distir{dohnson et al., 1992) (P. Ebert and J.E.J., unpublished data).
activities of Mash1 and Math1 in neural tube development, an@lhe increase in specificity in the function of these proteins in
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vivo is hypothesized to reflect additional context-dependen(Tissue Tek), and cryosectioned at|8®. All sections shown were

protein-protein interactions or post-translational modificationstaken between the upper and lower limb regions. Embryos were
As predicted from the crystal structures, much of theorocessed for immunofluorescence as described below. For each

phenotypic specificity of the bHLH transcription factors €xperiment, multiple sections from at least three electroporated

resides within the bHLH domain itself. Studies with the€MPryos were analyzed.

Drosophilaproneural geneastonalandscutedemonstrated that | ,munofluorescence

the ability to promotg ectopic Chprdotonql organ e_md extern munofluorescence was performed by overnight incubation with the
sensory organ formation, respectively, resides within the bHLEppropriate dilution of primary antibody in PBS/1% goat serum/0.1%
domain, with specificity arising from the basic region and therriton X-100 at 4°C, followed by hybridization with appropriate

HLH serving a required but more general function (Chien eecondary goat-anti-rabbit or goat-anti-mouse 1gG, conjugated to
al., 1996). Importantly, the residues in the basic region thatlexa Fluor 488 or Alexa Fluor 594 (Molecular Probes, Inc.). Primary
interact with DNA are common between Atonal and Scute, anantibodies used for this study include: mouse anti-Mash1 (Lo et al.,
amino acids that differ face away from the DNA. Thus, it wast991), rabbit anti-LH2A/B (Lhx2/9) (Liem et al., 1995), mouse anti-

proposed by Chien et al., that additional proteins probabl#OSS1 (Kramer et al., 1991), mouse anti-BrdU (Becton-Dickinson,
interact with the basic region to provide the specificity o nc), mouse antl-c-_Myc (9E10 Santa Cruz Biotechnology), rabbit anti-
activity (Chien et al., 1996). In addition, studies with the"2X2 (Zymed), Tujl (Lee et al., 1990), and from the Developmental

- L ... _Studies Hybridoma Bank, 39.4D5 mouse anti-Isletl and 4F2 mouse
muscle-specific bHLH factor MyoD, indicated that Specific, i | im1/2 (Lhx1/5). In experiments where anti-BrdU was used,

residues in the basic region are important in promoting Nor422-23 chick embryos were injected with Gof 100 mM BrdU
muscle cells to differentiate into muscle cells (Weintraub et algolution 1 hour prior to sacrifice. Sections from BrdU-injected

1991). In contrast, irXenopusthe domain responsible for embryos were treated with 2 N HCL for 15 minutes to denature the
differences in the ability of Xashl and X-ngnrXe@opus DNA, followed by a 15-minute neutralization step with 0.1 M sodium
homologs of Mashl and Ngn) to induce specific targets ihorate pH 8.5, prior to the addition of primary antibody. Imaging of
neural development mapped to helix 1 of the HLH domairthe immunofluorescence was performed by confocal analysis on a
(Talikka et al., 2002). Together these data demonstrate tffd0-Rad MR-1024 confocal microscope. GFP signal was imaged
importance of the bHLH domain to the function of Class 11USing the standard FITC filter.

bHLH transcription factors but suggest that different domaing|asmiq description

within the bHLH are important in different cellular contexts. All electroporations utilized the expression vector pMiwlll, which

For the studies reported here, we have exploited an OV&jives expression through a chigtactin promoter (Muramatsu et al.,
expression paradigm, in ovo chick electroporation, to definggg7). The coding regions of tdashland mousatyoDwere cloned
distinct activities of the neural bHLH factors Mashl andinto the pMiwlll expression vector using convenient restriction sites.

Mathl. We show that each of these factors induces neuronadth the exception of ratlashl all genes inserted into the pMiwll

differentiation as defined by cell cycle exit, translocation of thevector were myc-tagged (5 copies) at the N terminus. All amino acid
cells laterally out of the ventricular zone, and expression cfwaps between Mashl/MyoD or Mashl/Mathl were made by
neuronal markers. However, overexpression of each neurggcombinant PCR (Erlich, 1989; Higuchi et al., 1988). Mashl DNA
bHLH factor directs distinct changes to the composition of th&nding mutant, Mash1NR-AQ, changed two amino acids (NR to AQ)
dorsal interneuron sub-types formed. The domains responsiH the basic region similar to that previously described for Ngn1AQ

) A - . owan et al., 2001; Sun et al., 2001). Two additional Mashl DNA
for the different activities map not to the DNA interaction binding mutants (Mash1R-G and Mash1E-G) were generated that

domains but to the HLH protein-protein interaction domainsytated residues predicted to contact DNA based on modeling Mash1
The importance of the HLH domain for the specificity ofig the MyoD crystal structure (Ma et al., 1994). PCR products were
function of each bHLH factor, rather than the DNA interactiondigested witiNcd andXba, purified, and ligated tbicd- andXbal-
domain, suggests that context-dependent protein-protettigested pMiwlll-(mycy expression vector. The bHLH domain of
interactions are important for the distinct function of eachvVathl or Mashl was fused to the myc-tagged VP16 activation
neural bHLH factor. cassette (Triezenberg et al., 1988) or the myc-tagged EnR repressor
domain (Smith and Jaynes, 1996). Note, Mash1 bHLH fusions only
functioned when Mash1l sequences were N-terminal to the VP16 or

H EnR cassettes. In addition, five amino acid residues N-terminal to the
Mate“als and methOdS Mashl bHLH domain shown in Fig. 4 (PAAVA) were required for
In ovo chick electroporation Mash1lbHLH-VP16 or -EnR fusions to function. All constructs

Fertilized White Leghorn eggs were obtained from the Texas A&Mgenerated by PCR were sequence verified before use, and protein
Poultry Department (College Station, TX) and incubated at 37°C foexpression was verified by immunofluorescence with antibodies to the
3 days. Solutions of supercoiled plasmid DNA (2 mg/ml) inepitope tag myc or to Mashl. The precise sequences of the bHLH
PBS/0.02% Trypan Blue were injected into the lumen of the closetegions used for the chimeric proteins and mutants are shown.
neural tube and electroporated into epithelial cells on one side of the )

neural tube by placing electrodes on either side of the embrydlodeling Mash1 structure

(Timmer et al., 2001). Square-wave current (three 50-msecond puls&éee Mashl primary sequence was submitted to the 3D-pssm web
of 25 mV) was generated using a BTX (San Diego, CA) T820server (http://www.sbg.bio.ic.ac.uk/~3dpssm/) where it was matched
electroporator connected to 4-mm gold electrodes. A GFP expressiém known secondary structures (Fischer et al., 1999; Kelley et al.,
vector (CMV-EGFP; Clontech) was co-injected as a control tal999; Kelley et al., 2000). The 3D-pssm program predicted that the
monitor efficiency and extent of electroporation. Injection andbest overall structural match was to the MyoD homodimer (Ma et al.,
electroporation were performed at Hamburger and Hamilton stagel®994). A feature of the program allowed a MyoD-based modeling of
14-16 (HH14-16) (Hamburger and Hamilton, 1951). 24 hours latethe Mashl secondary structure. This structure was positioned in 3D-
(HH23-24), embryos were harvested, fixed in 4% formaldehyde for ®lol Viewer (Vector NTI Suite 7.0), and then transferred to Adobe
hours at 4°C, rinsed in PBS, sunk in 30% sucrose, embedded in OdlMustrator for labeling.



Functional domains of Mathl and Mashl 1321

Results Mash1 and Math1 induce formation of different

Neural bHLH factors induce neuronal differentiation neuronal populations
in the neural tube In a previous study, we demonstrated that Mathl and Ngnl

In the developing neural tube, proliferating precursor celiave distinct roles in the specification of interneurons in the

reside in the ventricular zone. As these cells differentiate thegorsal neural tube (Gowan et al., 2001; Helms and Johnson,
move laterally out of the ventricular zone, exit the cell cycle2003)- This suggests that neural bHLH factors share a role in

and begin to express neuronal-specific markers. Using theggiucing neuronal differentiation but have distinct roles

three criteria for neuronal differentiation, we demonstrate thdp neuronal subtype specification. To determine whether
overexpression of neural bHLH factors by in ovo Mash1, like Mathl and Ngn1, has a specific role in inducing

electroporation of DNA into chick neural tube cells induced® distinct interneuron — population, we used double
the cells to undergo neuronal differentiation within 24 hoursimmunofluorescence with antibodies to LIM homeodomain
Electroporation of a control expression vector at stage HH14HD) factors that have _b_een_ used to identify interneuron
16, followed by harvest 24 hours later, revealed electroporaté!btypes based on position in the dorsoventral axis, their
cells throughout the ventricular zone as well as lateral to thi§itial migratory patterns, and their expression of specific
zone on the electroporated side of the neural tube (Fig. 1A!M HD transcription factors (Fig. 2M) (Gross et al., 2002;
red). In contrast, electroporation of expression vector§lelms and Johnson, 2003; Mller et al., 2002). We found that
encoding the neural bHLH factors Mash1 or Math1 resulte@verexpression of Mashl increased dI3 neurons and
in the electroporated cells being preferentially located laterglecreased di1, di2 and d14/6 neurons. This was detected as a
to the ventricular zone in the mantle layer where3-fold increase in Isletl (dI3 marker) on the electroporated
differentiating neurons reside (Fig. 1C,E, red). Furthermoreside (Fig. 2AK, green), and a decrease in the number
these electroporated cells had begun to express a marker@f Lhx2/9-expressing cells (dI1) (Fig. 2A,l, red),
neuronal differentiation, Tujl (Fig. 1C,E,Q), and have exited-Nx1/5+;Pax2— cells (dI2) (Fig. 2B,J, red) and
the cell cycle as determined by the lack of BrdU incorporatiohhx1/5+;Pax2+ cells (dI4/6) (Fig. 2B,L, yellow). The
(Fig. 1D,F,R). Although Mashl appears to function mordncrease in Isletl was due to an increase in the dI3 population
efficiently in this assay than Math1, by all three criteria, cell$ince MNR, a marker co-expressed with Isletl in motor
with excess expression of each of these neural bHLH factofguron populations was not increased (data not shown).
are induced to undergo neuronal differentiation. This neuron&flashl-expressing progenitor cells are adjacent to di3, di4
differentiation activity of Mash1 and Math1 is also mimickedand dI5 interneurons in the dorsal spinal cord (Gross et al.,
by Ngn1l (data not shown) and Ngn2 (Dubreuil et al., 2002)2002; Mller et al., 2002). Markers for dI5 neurons were not
The bHLH factors require DNA binding for their neurogenicincluded in this study, and the di4 and dI6 populations are not
activity as demonstrated by the loss of this activity in DNA€asily distinguishable with the markers used. As a control, the
binding mutants for Mash1 (Fig. 1G-J,Q,R). Furthermore, noinactive Mash1l mutant (Mash1NR-AQ) had no effect on the
all class Il bHLH factors have this activity since MyoD, acomposition of these interneuron populations (Fig. 2C,D,I-
myogenic bHLH factor, did not induce neuronall). The DNA binding mutant MashlR-G that appeared to
differentiation (Fig. 1K,L,Q). MyoD did, however, moderately inhibit neuronal differentiation (see above), decreased dI1
reduce proliferation in the ventricular zone as seen in thand dI3 but not the Lhx1/5 containing interneuron
reduction in the percentage of BrdU-expressing electroporatdippulations relative to the control side (Fig. 2E,F,I-L). It is
cells relative to the control (Fig. 1R), consistent with previougiot clear why the Lhx1/5 (dI2) population was unaffected.
reports that MyoD induces cell-cycle exit (Lassar et al., 1994Yone possibility is that Ngn1, which is known to be required
Differences in phenotype were noted with the differenfor the di2 population (Gowan et al., 2001), efficiently binds
DNA binding mutants. The mutant Mash1NR-AQ wasE-box DNA as a homodimer (R.M.H. and J.E.J., unpublished
modeled after NgnAQ (Sun et al., 2001) and mutates twdata). This is in contrast to Mashl and Math1l that bind E-
amino acid residues in the basic region just at the junction withox DNA efficiently only as heterodimers with E-proteins.
helix 1. This mutation in Mash1 resulted in a loss of activity,Thus, the dominant negative activity of the MashlR-G
since it was indistinguishable from the control (Fig.mutant, which is probably the result of its ability to sequester
1A,B,G,H,Q,R). The other two DNA binding mutants the Class Il bHLH heterodimer partners (E-proteins), would
(Mash1R-G and Mash1E-G), each with a single amino acidot affect the activity of the Ngnl homodimer, and thus, dI2
change in a residue predicted to contact DNA (Ellenberger étterneurons would be unaffected.
al., 1994; Ma et al., 1994), also were unable to induce neuronalIn contrast to Mashl activity in increasing dI3 neurons,
differentiation (Fig. 11,Q and Fig. 4), however, in these caseMathl overexpression resulted in an increase in the dil
there appeared to be a dominant negative phenotype. Ratt{ehx2/9) neurons (Fig. 2G|, red) (Gowan et al., 2001), at the
than the electroporated cells being uniformly distributecexpense of di2 (Lhx1/5) and dI3 (Isletl) interneurons (Fig.
throughout the neural tube as in controls, they were biased &5,H,K, green). These data complement parallel studies
the ventricular zone at the expense of the lateral regiordemonstrating that Ngnl overexpression results in neuronal
containing the neurons (Fig. 11,Q, and data not shown). Thidifferentiation with an increase in di2 (Lhx1/5) interneurons
phenotype for a DNA binding mutant is consistent with Mashi{Gowan et al., 2001) at the expense of dI1 (Lhx2/9) and dI3
normally forming heterodimers with another protein, such aglsletl) (Gowan et al., 2001) (data not shown). Thus, although
one of the E-proteins, in vivo. The lack of this effect withMash1, Mathl, and Ngnl all induce neuronal differentiation,
Mash1AQ suggests that this latter mutant blocks interactiothey have distinct activities in specifying dorsal interneurons
of Mash1l with an in vivo partner. (see diagram Fig. 2M).
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Fig. 1. Neural bHLH factors induce neuronal differentiation in the
chick neural tube. (A-Q) HH14-16 chick neural tubes were
electroporated in ovo with constructs expressing myc-tagged control &
vector (A,B), Mash1 (C,D), Math1 (E,F), Mash1NR-AQ (G,H), W
Mash1R-G (1,J), MyoD (K,L), MyoD(Mash1H1) (M,N),
MyoD(Mash1HLH) (O), Mash1(MyoDH1) (P) and harvested 24
hours later. Cross sections through the neural tube are shows at
(A-P) and 4& (A’-P). Immunofluorescence with anti-Mash1 or ‘-‘
anti-myc antibodies indicates the expression of the transgene in t
electroporated cells (A-P, red). Double labeling with the Tuj1
antibody was used to detect differentiating neurons
(A,C,E,G,I,K,M,O,P, green), or with anti-BrdU to detect
proliferating cells in the ventricular zone (B,D,F,H,J,L,N, green).
(Q) The percentage of electroporated cells expressing Tujl.

(R) The percentage of electroporated cells incorporating BrdU.
Expression of Mashl, Mathl, MyoD(Mash1H1), and
MyoD(Mash1HLH) caused cells to move laterally out of the
ventricular zone, express the neuronal marker Tujl, and exit the cell 3
cycle. These activities require DNA binding since the DNA binding

mutants Mash1NR-AQ and Mash1R-G lack these activities.

Expression of the non-neural bHLH MyoD and Mash1(MyoDH1)

also lacked these activities. The electroporated side is on the right in

A-P. **P<0.001, P<0.01.
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Pax2” (d12)
Lhx1/5

Fig. 2.Neuronal sub-type specification
activity of the neural bHLH factors.
(A-H) HH14-16 chick neural tubes
were electroporated in ovo with
expression constructs Mash1l (A,B),
Mash1NR-AQ (C,D), Mash1R-G (E,F)
and Mathl (G,H), and harvested at 24
hours. Immunofluorescence with
antibodies to Lhx2/9, Isletl, Lhx1/5, or
Pax2 as indicated illustrate dorsal
interneuron populations di1-dI3, dl4/6
(see diagram in M). dI2 cells are
distinguished from dl4 and dI6 by their
lack of Pax2 expression (B,D,F, red
cells). In each case the electroporated
side is on the right (arrowhead) and
should be compared with the control
side on the left. The white line indicates
the midline. (I-L) Quantification of the
data in A-H. Mash1 increases dI3
neurons (A) at the expense of dI1 (A)
and dI2 (B) neurons. This activity of
Mash1 requires Mash1l to bind DNA
since the Mash1NR-AQ and Mash1R-G
mutants, which lack DNA binding, do
not have this phenotype (C-F). Mathl
increases dlI1 (G, H) at the expense of
di2 (H) and dI3 (G) neurons. (M)
Diagram of different populations of
progenitors (dP1-dP6 defined by bHLH
expression) and interneurons (dI1-d16
defined by LIM HD factors), and a
summary of how the interneurons
change in response to overexpression of
the bHLH factors. *P<0.001.

in dI1 (Lhx2/9) neurons at the expense of dI3 (Isletl) neurons
(Fig. 3D,N). In addition, MathlbHLH-EnR inhibited cells
from differentiating as seen by the electroporated cells being

Class Il bHLH factors are classically reported to bebiased to the ventricular zone rather than being distributed
transcriptional activators. To determine whether Mathl andniformly as in controls (Fig. 3 compare | with G,M).
Mashl were acting as activators in the neuronal differentiatiomMath1bHLH-EnR preferentially decreased di1 (Fig. 3J,N).
and cell-type specification functions, we generated chimeriMashl also acts as an activator to induce neuronal
proteins with the bHLH domains of Mathl or Mash1l fused tdifferentiation and specify dI3 interneurons since
either the VP16 activation domain (Triezenberg et al., 1988) dviash1bHLH-VP16 phenocopied full-length Mash1, albeit not
the engrailed repressor (EnR) domain (Smith and Jayness efficiently (Fig. 3E,F,M,N), and Mash1bHLH-EnR inhibited
1996). Myc-tagged control vectors containing VP16 (Fig.neuronal differentiation, just as seen with Math1bHLH-EnR
3A,B) or EnR (Fig. 3G,H), had no effect on neuronal(Fig. 3E,M). In addition to confirming a role for Mathl and
differentiation or alterations in cell-type composition whenMash1l as transcriptional activators, these data demonstrate that
electroporated into HH14-16 stage chick neural tubes. As sequences outside the Mathl and Mashl bHLH domains are
readout of neuronal differentiation, we measured theot required, but may modulate, their specificity of function in
fluorescence intensity of electroporated cells in the laterdhis assay.

(differentiation zone) compared with that in the medial

(proliferation zone) regions (Fig. 3M,N). However, when thesélelix 1 of Mash1 is the critical domain for the

activator or repressor domains were fused to the bHLHieuUronal differentiation activity

domains of Mathl or Mashl, specific phenotypes wer®f the Class Il bHLH factors, only the neural bHLH factors,
observed. MathlbHLH-VP16 phenocopied the activity ofMashl and Mathl but not the non-neural bHLH factor MyoD,
wild-type Math1 in both inducing the lateral movement of cellsnduced neuronal differentiation in chick neural tubes. To
and inducing specific cell-types to form (Fig. 3C,D,M,N). Theidentify the important structural domain of the neural bHLH
electroporated cells were preferentially found lateral to théactors required for this neurogenic activity, we used chimeric
ventricular zone suggesting a bias towards neurongroteins between Mashl and the muscle-specific bHLH factor,
differentiation (Fig. 3C,M), and there was a dramatic increas®yoD. Full-length Mashl or MyoD were modified such that
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Fig. 3.Math1 and Mash1 are transcriptional
activators in their neurogenic and neuronal
cell-type-specific activities. (A-L) HH14-16
chick neural tubes were electroporated in ovo
with expression constructs VP16 (A,B),
Math1bHLH-VP16 (C,D), Mash1lbHLH-VP16
(E,F), EnR (G,H), Math1bHLH-EnR (1,J) and
Mash1bHLH-EnR (K,L), harvested at 24
hours. (A,C,E,G,|,K) Immunofluorescence
using anti-myc antibodies to assay for
expression of the transgene demonstrates the
movement of the cells to the lateral neural tube
where differentiating neurons reside. White
dots outline the injected side of the neural tube
and arrows indicate the lateral (C,E) or medial
(I,K) position of the electroporated cells within
Lhx2/9 (dI1) Islet1 (dI3) the neural tube. (M) Quantification of these
data shown as a ratio of fluorescence intensity
(F1) in the lateral half versus the medial half of
the neural tube (M). (B,D,F,H,J,L) Interneuron
populations dI1 and dI3 were detected using
anti-Lhx2/9 (red) or Islet1 (green). (N)
Quantification of these data shown as a ratio of
the number of labeled cells on the
electroporated side (right, indicated by
arrowhead) versus the number of labeled cells
on the control side (left). VP16 and EnR on
their own have no effect in these assays.
Math1bHLH-VP16 and Mash1bHLH-VP16
approximate the activity of full-length Math1
and Mash1 in both the neuronal differentiation
and cell-type specification activities. In
contrast, Math1bHLH-EnR and Mash1bHLH-
EnR have the opposite effect.P%0.001.

VP16
EnR

oo |Mash1bHLH-VP16] | Math1bHLH-VP18 | |
[Mash1bHLH-EnR | [ Math1bHLH-EnR |

FI lateral / FI medial
EP side / Cont side

subdomains of one protein were swapped with the comparahienslocate laterally (Fig. 41,J). Mathl HLH also confers this
region from the other (Fig. 4A). The changes made are colactivity to MyoD (Fig. 4A,0). These results indicate that
coded in Fig. 4, with Mash1 amino acid residues in blue, MyoDhe HLH domains of Mashl and Mathl contain specific
amino acid residues in red, Mathl amino acid residues greeinformation necessary to induce the lateral movement of cells
and basic region mutations in black. Each construct was Myéa the developing chick neural tube, suggesting their
tagged and cloned into the pMiwlll expression vector andmportance in neuronal differentiation.
electroporated into chick neural tubes with a CMV-GFP To further define which subdomain within the Mashl HLH
reporter for efficient detection of the electroporated cells. Theegion is required for this activity, individual helix 1, loop and
lateral expression of the co-expressed GFP reporter was ugdeglix 2 domain swaps between Mashl and MyoD were tested
as a simple qualitative assay for the neuronal differentiatio(Fig. 4E-G,K-M). The data clearly demonstrate that helix 1 of
phenotype. For quantification, fluorescence intensity wablashl is required for the lateral movement of the cells from
measured using Metamorph software comparing the lateréthe ventricular zone (Fig. 4E-G,N), and is sufficient to confer
half with the medial half of the neural tube. Thesethis activity to MyoD (Fig. 4K-M,0). To verify that helix 1 of
measurements cannot distinguish subtle differences in thdashl was sufficient in the context of the MyoD protein
activity of the constructs as detected by cell counts in Fig. X0 confer multiple aspects of the neuronal differentiation
but rather serves to score the activity of each chimeric protejphenotype, we also determined that the electroporated cells
relative to Mashl or MyoD. The data are summarized in Figwere more likely to express the neuronal marker Tujl than
4A, representative sections are shown in Fig. 4B-M, and Figontrols (Fig. 1M,Q) and had reduced potential for
4N and 40 show the quantification of these data. incorporating BrdU (Fig. 1N,R). Although this chimeric
The basic region binds DNA and is required for the activityprotein was not as efficient as wild-type Mash1l, it still
of bHLH transcription factors as shown here for Mashlconferred this activity to MyoD. Even the Mashl HLH domain
However, it is the Mash1l HLH domain (Fig. 4D) not the basidn MyoD did not completely recapitulate the level of activity
region (Fig. 4C) that is specifically required for Mash1 to retairof Mashl seen in this assay (Fig. 1Q). Furthermore, Mashl
its activity in this assay. Furthermore, the Mash1 HLH, not thevith its helix 1 replaced by MyoD helix 1 completely lost its
basic region, confers onto MyoD the ability to induce cells tability to induce neuronal differentiation (Fig. 1P,Q). Together,
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these data demonstrate the important domain for inducinigelix 2 of Math1 is the critical domain for

neuronal differentiation is largely encoded in the fifteen aminspecifically inducing dI1 neurons

acids of helix 1 of Mash1. Helix 1 of Mash1 was identified as a necessary and sufficient
We also tested a subset of helix 1 amino acids for their roldomain for induction of neuronal differentiation, an activity

in this phenotype. We chose amino acids based on sequersteared between the neural bHLH factors. We next set out to

comparison between neural bHLH factors and the non-neurdetermine if this domain, or a distinct domain, encodes the

MyoD bHLH. Five amino acids were tested (Fig. 4A), information for the neuronal subtype specificity function

however, no specific amino acid was identified that wasittributed to each neural bHLH factor using the dI1 and dI3

domain replaced by Mash1l sequences
shown in parentheses. One
MyoD/Math1 chimeric protein was
tested; the Mathl HLH sequence is
shown in green. Mash1NR-AQ,
Mash1R-G, and Mash1E-G (black) are
DNA binding mutants. The ability of
each chimeric protein to drive neuronal

essential for the lateral movement activity of Mash1. populations as the readout. Chimeras between Mathl and
Lateral
A Phenotipe
Mash1 -+
Mash1(MyoD B) +
Mash1(MyoD HLH) _
Mash1(MyoD H1) —
Mash1(MyoD L) +
Mash1(MyoD H2) -+
Mashi1({NR-AQ) —
Mashi(R-G) —
Mash1(E-G) =
Mash1(KL-SK) +
Mash1(L-E) + Fig. 4. Essential structural component
Mash1(H-C) + of Mash1 required for its neuronal
Mash1(V-T) + differentiation function is identified.
MyoD - = (A) Schematic of the Mash1 and
MyoD(Mashi B) _ MyoD chimeric bHLH domains used
MyoD(Mash1 HLH) g to identify amino acids required for the
MyoD(Mash1 H1) R neuronal differentiation activity of
MyoD(Mash1 L) — Mash1l. Mash1 sequences are shown in
MyoD(Mash1 H2) - blue and MyoD sequences are in red.
MyoD(SK-KL) — The first ten constructs are in the
MyoD(C-H) = context of Mash1 with the domain
MyoD(Math1 HLH) + replaced by MyoD sequences shown in
| Mash1 parentheses. The next ten constructs
[ wr | (myooB) | (MyoDHLH) | (MyoDH1) | (MyoDL) || (MyoD H2) are in the context of MyoD with the

MyoD differentiation was assayed by the
wr | (mash1B) | (Mash1 HLH) || (Mash1 H1) | (Mash1L) | (Mashi H2) fluorescence intensity of GFP found
. K . preferentially in the lateral half of the

neural tube (+). (B-M) Representative
sections from chick embryos
expressing the chimeric proteins. B-G
are in the context of full-length Mash1,
and H-M are in the context of full-
length MyoD. The white dots outline
the electroporated side of the neural
10 tube. Ventral is on the left in each
0 = panel. Expression of each construct
was verified using
6 immunofluorescence with myc
antibody (data not shown). (N,0)
Quantification of these data shown as a
2 ratio of fluorescence intensity (FI) in
the lateral half versus the medial half
D B D of the neural tube. Helix 1 of Mash1 is
3 o necessary (E) and sufficient (in the
context of MyoD) (K) for the neuronal
differentiation phenotype. P<0.001.

(s}

Fl lateral / FI medial
A @

n

Fl lateral / FI medial
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Mashl were analyzed for their effect on the number of dIHLH from Mathl has the Mathl phenotype of increased di1
(Lhx2/9) and dI3 (Isletl) interneurons. Full-length Mathl or(Lhx2/9) and decreased dI3 (Isletl) (Fig. 5B).
Mashl were modified such that subdomains of one protein Further dissection of the HLH revealed that helix 2 of Math1
were swapped with the comparable subdomains from the othisr both necessary and sufficient (in the context of Mash1l) to
(Fig. 5A). The changes made are color coded in Fig. 5, witmcrease the number of dl1 neurons. Replacing Math1 helix 2
Math1l amino acid residues in green and Mashl amino acidith Mashl helix 2 resulted in a decrease rather than increase
residues in blue. Each construct was Myc-tagged, cloned inio di1 neurons (Fig. 5). Furthermore, Mathl helix 2 in Mash1l
the pMiwlll expression vector, and electroporated into chickesulted in an increase in di1 neurons as predicted for a Mathl
neural tubes. The data are summarized in Fig. 5A anphenotype (Fig. 5). This increase in dl1 neurons was not as
quantification of data is shown in the graph (Fig. 5B). robust as that seen with full-length Math1 but it dramatically
One prediction was that the basic region that interacts witbonverted the Mash1 phenotype of repressing dI1 to increasing
DNA would confer specificity of function of each bHLH factor dl1. Exchanging helix 1 or the loop region of Mathl had no
as suggested from studies of Atonal and Scut@rasophila  effect on the cell-type specification properties of the protein
(Chien et al., 1996). However, just as with the neuronalFig. 5). Thus, Mathl helix 2 appears to be a critical domain
differentiation activity of Mashl, the HLH is the critical for Mathl effects on the dI1 interneuron population.
domain, not the basic region (Fig. 5A). Mathl with the HLH Mathl helix 2 in the context of Mashl was not sufficient,
from Mash1 has the Mash1 phenotype of increased dI3 (Islethpwever, to induce a decrease in the dI3 population as was the
and decreased dI1 (Lhx2/9), and conversely, Mashl with thease when the whole Mathl HLH domain was tested in Mash1.

A (dl1) (dIB)

Basic Helix-1 Loop Helix-2 Ly  islet]
Math1 I 8} 1 + -
Math1(Mash1 B) RR***NERERNR I ; I DIvinaL = -
Math1(Mash1 HLH VEKLVNLGFATLREHV PNGAANKEMS KVETLRSAVEYIRAL ™= +
11{Mash1 H1) VELVNLGFATLREHV SFNNDKKL + -
Math1(Mash1 L) PNGARANKKMS OMAC + —
Math1(Mash1 H2) KVETLRSAVEYIRAL == -
Mash1 RR***NERERNR VELVNLGFATLREHV PNGAANKKMS KVETLRSAVEYIRAI, == +
Mash1{Math1 B) RLAANARERRI VELVNLC PNGAANKKMS KVETLRSAVEYIRAL == +
Mash1(M HLH) RR** *NERERNR ! FNNDKKL YET] LQTYINAT + -
Mash1(Math1 H1) RR** *NERERNR 3 LNH] N PNGAANKKMS KVETLRSAVEYIRAL  =m -
Mash1(Math1 L) RR***NERERNR VKLVNL( LREHV S FNNDKKI KVETLRSAVEYIRAL ~ == -|-
Mash1({Math1 H2) RR** *NERERNR VELVNLGFATLREHV PNGAANKKMS I + +
MyoD(Math1 HLH) 2 y - -
MyoD(Mash1 HLH) VEKLVNLGFATLREHV PNGAANKKMS KVETLRSAVEYIRAL - +

EP side / Cont side

Lhx2/9 (dI1) Islet1

(dI3) |

Mash1(Math1 H2)

Fig. 5. Essential structural components of Mathl and Mash1 required for their neuronal specification properties are identified.gf) &chem
the Math1 and Mash1 chimeric bHLH domains used to identify amino acids required for their neuronal specification propktties. Mat
sequences are shown in green and Mash1 sequences are in blue. The first six constructs are in the context of Math1 withefilaahahiey
Mash1 sequences shown in parentheses. The next six constructs are in the context of Mash1 with the domain replaced bgridaghl seq
shown in parentheses. Mathl HLH (green) and Mash1 HLH (blue) were also tested in the context of MyoD (red). The effetiimieach
protein, in increasing (+) or decreasing (-) dI1 and dI3 interneuron populations as described in Fig. 2, is shown. (Bat@uaoftifiex2/9-

and Isletl-expressing cells in the electroporated side versus the control side for each corzE0** (C) Double immunofluorescence

with Lhx2/9 (red) and Isletl (green) showing the aberrant co-expression (yellow) of these HD factors in neural tubesatéetwithdviashl

with the helix 2 of Math1.
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}X Basic Helix 1 Loop Helix 2 E3
1 28 38 51 " 1
e s 4 e e s Dimer
MASH1 AVARRNERERNRVKLVNLGFATLREEHVP - -NGAANKKMS - - KVETLRSAVQY IRALQQLL £
MATH1 RRLAANARERREMHGLNHAFDQLENVIP--SFNNDKKLS - - KYETLOMAQIYINALSELL Intertface o
NGN1/2 RRLEANDRERNRMHNL LDALRSVLP--AFPDDTKLT--KIETLRFAHNY IWALSETI ‘%

NSCL1/2 YRTAHATRERIRVEAFNLAFAELRKLLP- -TLPPDKKLS--KIELRLAICYISYLNHVLD

NEURCD1/2 RRQKANARER HDLNAALDNLRKVVP--CYSKTQKLS--KIETLRLAEKNY IWALSEIR (v}
MYOD RRKAATMRERRRELSKVNEAFETLERCTSSN--NQRLP----KVEILRNAIRYIEGLQALL ,f
o
. . - . . q?" (%)
Fig. 6. Modeling of Class Il bHLH structures place subclass-specific amino acids /\

residues on an external surface of the dimer. (A) Alignment of amino acid residues
from the bHLH domain of neural bHLH factors and MyoD. A representative from

mouse for each neural sub-class is shown; Mash1, the Achaete-scute family; Math}, ;}5’::«1

the Atonal family; Ngn1, the Neurogenin family; Nscl1, the Nscl family; NeuroD, the] &

NeuroD family. Residues in red highlight the residues conserved between all Class|li =~
bHLH factors. Residues in blue are conserved within members of a specific sub-farpily (2= i

but are unique between the sub-families. (B) Mash1l bHLH monomer modeled ontojthe kt»‘d'}{ £
crystal structure of MyoD. The interfaces between the E-protein heterodimer partn 9

and DNA are shown. Note the residues conserved between all Class Il bHLH facto
provide these interfaces (red). The residues unique to each sub-family (blue) provid®
surfaces for additional interactions.

Rather, Math1 helix 2 in Mash1 caused a slight increase in tHdodeling of Class Il bHLH structures place subclass

number of dI3 neurons on the electroporated side (Fig. 5ypecific amino acids residues on an external

Since di1 and dI3 both increased, we examined whether tiféirface of the dimer

Isletl and Lhx2/9 populations remained in distinct population$n order to gain insight into how the bHLH region may function
as in controls. Using double immunofluorescence we detectéd neural differentiation and specification, we aligned the
interneurons inappropriately co-expressing these LIM HDbHLH region of known neural bHLH proteins and MyoD. This
factors, a situation that is not found normally (Fig. 5C). Thusalignment included all known species homologs and is shown
the increase in dI1 and decrease in dI3 phenotypes seen withFig. 6A using the mouse sequence to represent each sub-
Math1 overexpression are not always coupled, and in this cagamily. The alignment highlights amino acids that are
have been separated as cells inappropriately express batbnserved globally in all Class Il bHLH factors (red), and those
markers. Taken together, although helix 2 of Mathl is thé¢hat are conserved only within a specific sub-family (blue). The
critical domain for the activity of increasing the dI1 conserved amino acids were then mapped onto an to a
interneuron population, the whole HLH domain of Mathl iscomputer generated 3D structure of Mashl, modeled on the 3D
necessary to completely switch Mashl activity to Mathlcrystal structure of MyoD (Ma et al., 1994) (see Materials and
Importantly, the HLH domain of Math1 is not sufficient in the methods). This reveals a clear difference in the spatial
context of the non-neural Class Il bHLH MyoD to confer thedistribution of the two types of conserved amino acids. The
complete neuronal specification program since with thiglobally conserved residues are positioned at either the DNA
chimeric protein the number of di1 interneurons decreaser E-protein dimerization interface (Fig. 6B). In contrast, the

instead of increase (Fig. 5). conserved residues specific to a sub-family, project away from
) ) ] these interfaces creating surfaces that are accessible to
Both helix 1 and helix 2 of Mash1 are required for potential co-factors.

controlling the number of dI3 neurons

The HLH but not the basic region of Mashl is necessary far.. .

the increase in dI3 neurons, and the decrease in the dI1 neumISSCUSSIon

(Fig. 5), and furthermore, the HLH of Mashl is sufficient inNeural bHLH transcription factors play essential roles in
the context of Mathl and in the context of MyoD to alter thenervous system development. The technical innovation of in
phenotype to the Mash1 phenotype (Fig. 5). Further dissectimvo electroporation in chick embryonic neural tube
of functional domains revealed that the dI3 phenotype dependsluramatsu et al., 1997) has provided an assay to distinguish
on both helix 1 and helix 2 of Mashl. Mashl helix 1 isfunctions of the neural bHLH proteins in vivo not obvious from
necessary for the increase in the dI3 neurons but not tHEBNA binding activities in vitro. Using this assay, we have
decrease in dI1 neurons, and it is not sufficient in the contextefined shared and distinct activities for Mash1l and Mathl
of Math1l to cause the increase in dI3. Likewise, Mash1l heliwhen over-expressed in spinal cord development. Further, we
2 is necessary for the normal increase in the dI3 populatidmave used the distinct activities of Mash1 and Math1 to identify
seen with wild-type Mashl, but it is not sufficient in the contexistructural components of the proteins that are necessary for the
of Mathl for this phenotype. Changes in the loop region arshared neuronal differentiation activity versus the distinct
inconsequential to the specification function of these factorsctivities in neuronal cell-type specification. The domains
Together these data suggest that information encoded in batquired for the neural specific functions map not to the basic
helix 1 and helix 2 is required for the specification activities ofegion important for DNA binding but rather the HLH domain
Mashl. that is involved in protein-protein interactions. Unique
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functions for helix 1 and helix 2 have been identified and theiand dI5 interneuron populations, and it has been supposed that
placement within the bHLH domain suggest the importance dhere is a lineage relationship between these cells. In this
co-factors in conferring specific functions to each neural bHLHontext, it was surprising that over-expression of Mashl

protein. resulted in a moderate decrease in di4/6 interneurons as defined
by Lhx1/5 and Pax2 expression. Since dl4 and dI6 are difficult
Shared versus distinct functions of the neural bHLH to distinguish by markers at this time, it is not clear what the
factors in inducing neuronal differentiation and cell- effect is specifically on dl4. However, the absence of an
type specification in the spinal neural tube increase in dl4 may suggest the progenitor/interneuron

Mashl, Mathl and Ngnl are expressed with similar timing imelationship between Mashl-expressing progenitor cells and
ventricular zone cells in the developing neural tube. Howevedl4 interneurons should be revisited.
their expression spatially is in non-overlapping patterns in ) o ) ]
these progenitor cells along the dorsoventral axis (Gowan &Y¥otein-protein interaction domains of Mash1 and
al., 2001; Ma et al., 1997). Consistent with these expressidathl are required for their specific activities
characteristics, we have identified both shared and distindélashl and Mathl are class Il bHLH factors that
functions for Mashl, Math1l and Ngnl (Gowan et al., 2001)characteristically have tissue-specific expression, and bind E-
Their common function is in their ability to induce neuronalbox DNA (CANNTG) as heterodimers with class | bHLH
differentiation when each neural bHLH factor is over-factors such as E12, E47, HEB and E2-2 (Massari and Murre,
expressed in ventricular zone cells within the chick neural tub000). Crystal structures of a non-neural class Il bHLH factor
This over-expression biases the cells to exit the cell cycléMyoD, or a class | bHLH factor E47, demonstrated that the
move laterally out of the ventricular zone, and initiatebasic region interacts with DNA and the HLH forms an
expression of neuronal-specific genes within 24 hours. Thiamphipathic helix that is involved in protein-protein
function in inducing neurogenesis has been previously ascribéateractions in the formation of homo- or heterodimers
to these neural bHLH factors using multiple paradigmgEllenberger et al., 1994; Ma et al., 1994). Studies with other
including mis-expression in retina and cortex (Cai et al., 200(gHLH factors have demonstrated the importance of the basic
Cepko, 1999), in cultured cortical progenitors (Sun et al.region for specific functions (Chien et al., 1996; Davis and
2001), and in P19 embryonal carcinoma cells (Farah et aM/eintraub, 1992; Dezan et al., 1999). More recently, however,
2000). Together with in vitro binding data that show the neuradtudies of theXenopusneural bHLH factors Xashl (Mashl
bHLH factors can bind similar DNA sequences (Bertrand ehomolog) and Xngnrl (Ngn homolog) identified the HLH
al., 2002), it is probable that there are shared downstreadomain as the region encoding information for induction of
targets to carry out this function in neuronal differentiationspecific downstream targets (Talikka et al., 2002). Our findings
Indeed, shared downstream targets, whether direct or indireetre similar to these latter experiments, demonstrating that the
have recently been shown for thenopushomologs Xashl HLH domain, and not the basic region, encodes the necessary
and Xngnrl (Talikka et al., 2002). information for the specific functions in neurogenesis of the
In addition to the shared function in inducing neuronalneural bHLH factors Mashl and Mathl in the chick neural
differentiation, distinct functions for Mash1, Math1l and Ngnltube.
have been identified. Each factor specifies a different neuronal Since the HLH domain functions in protein-protein
sub-type in chick neural tube in this assay. This activity is begiteractions, it is reasonable to propose that specificity of
distinguished by following the three most dorsal interneuroriunction may be conferred by interactions with specific co-
populations dI1, di2 and dI3 (Helms and Johnson, 2003¥actors that vary between the different bHLH proteins. It is
Mathl induces and is required for the formation of dl1 neuronknown that in vitro, DNA binding activity is most efficient with
(Bermingham et al., 2001; Gowan et al., 2001). Ngn1 induce$eterodimers of the neural bHLH with an E-protein such as
and with Ngn2, is required for the formation of dI2 neuronsE12 (Akazawa et al., 1995; Helms et al., 2000; Johnson et al.,
(Gowan et al., 2001). And finally, although some dI3 neurond992). There are no reports that the individual E-proteins (E2a,
can form in the absence of Mashl (A.W. Helms and J.E.JHEB, E2-2) can confer specificity of function on the neural
unpublished data), Mashl can induce dI3 neurons. In eaddHLH/E-protein heterodimer, and knockout studies with the E-
case, the increase in one population appears to occur at gw®tein genes suggest they have a high level of functional
expense of the other two. This may reflect the fact that eagkdundancy (Zhuang et al., 1998; Zhuang et al., 1996). Thus,
bHLH represses the expression of the other bHLH factors it may be that context-dependent co-factors that form higher
the dorsal neural tube (Gowan et al., 2001). Specificity imrder complexes with bHLH heterodimers are important for
function has been demonstrated for neural bHLH factors ispecific functions. Further support for the importance of
multiple regions of the developing nervous system includingellular context for bHLH factor function is provided by
the forebrain (Fode et al., 2000; Parras et al., 2002), the neuthe chick electroporation experiments. For example,
crest (Perez et al.,, 1999) and retina (Perron et al., 1999). &bectroporation of pMiWIII-Math1 results in overexpression of
addition, downstream targets have been identified for th®lathl along the extent of the dorsoventral axis, however, the
Xngnrl pathway that are not shared with Xashl (Talikka et alincrease in the dlI1 interneurons is biased to the dorsal regions.
2002). The distinct functions demonstrated for Mashl, MathThis is in contrast to the neuronal differentiation phenotype
and Ngnl suggest that each factor has distinct downstreaimat is seen throughout the dorsoventral axis. Invoking context-
targets, and since these factors have different activities ilependent protein-protein interactions to explain the specificity
different regions of the nervous system, these targets are likeby bHLH function along the dorsoventral axis of the spinal
context dependent. neural tube is also helpful in explaining how bHLH factors are
Mash1 progenitor cells are located adjacent to the dI3, dlkequired for different types of neurons in different regions of
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the nervous system. Consistent with the involvement of specifiertrand, N., Castro, D. S. and Guillemot, F(2002). Proneural genes and

co-factor interactions is the presence of conserved surfacethe specification of neural cell typdsat. Rev. Neuroscg, 517-530.

amino acids within each neural bHLH sub-family that are“2: L Morrow, E. M. and Cepko, C. L. (2000). Misexpression of basic
helix-loop-helix genes in the murine cerebral cortex affects cell fate choices

distinct between the different sub-families (Fig. 6). and neuronal survivaDevelopment.27, 3021-3030.
Besides the E-proteins, a number of other co-factors hav@pko, C. L.(1999). The roles of intrinsic and extrinsic cues and bHLH genes
been described that form complexes with Class Il bHLH in the determination of retinal cell fateSurr. Opin. Neurobiol9, 37-46.

factors. InDrosophila Chip, a LIM homeodomain binding ©Men C-T. Hsiao, C-D., Jan, L. ¥. and Jan, Y. Ni1996). Neuronal type
. . information encoded in the basic-helix-loop-helix domain of proneural
protein (homolog of Ldb factors in vertebrates), has been gepesproc. Natl. Acad. Sci. US83, 13239-13244.

shown to form a complex with Achaete (Mashl homolog) antavis, R. L. and Weintraub, H.(1992). Acquisition of myogenic specificity
Daughterless (E12 homolog), possibly as an adapter proteinby replacement of three amino acid residues from MyoD into &di2nce

N it ; ; 256, 1027-1030.
bl’lnglng another transcription factor, Pannier, in to form %avis, R. L., Weintraub, H. and Lassar, A. B(1987). Expression of a single

higher prder transcriptional complex (Ramain _et al., ZOQO)' transfected cDNA converts fibroblasts to myoblaSel 51, 987-1000.
In studies of Tall, a class Il bHLH factor important in Dezan, C., Meierhans, D., Kunne, A. G. and Allemann, R. K(1999).
hematopoiesis, alLIM onIy factor (LMO) and Ldb factors were Acquisition of myogenic specificity through replacement of one amino acid

seen to form a complex with Tall and E12 (Wadman et al., of MASH-1 and introduction of an additional alpha-helical t&iol. Chem.
1994; Wadman et al., 1997). In the neural tube, Pfaff an 380, 705-710. -
’ " : ’ gubreun, V., Hirsch, M.-R., Jouve, C., Brunet, J.-F. and Goridis, C(2002).

colleagues have demonstrated that higher order complexthe role of Phox2b in synchronizing pan-neuronal and type-specific aspects
formation of homeodomain factors and bHLH factors control of neurogenesisDevelopment 29 5241-5253.

ventral cell fates. In this case, the homeodomain factor LhX§IIsetrr]llj)cetrl?reer’o;‘r.t’raFr?sScS;’,iplt:i)<.)’nAf:’;lnc?ct:rd EY? %ngo;i?g::i%nﬁitiﬁlﬁ?/‘g‘ b(;rs)gztaruegion
alone is not sufficient to generate motor neurons, but in helix-loop-helix dimerGenes Dev8, 970-980.

combination \{Vith.Ldb it Spe(;ifies V2 interneurons. _When CO<Erlich, H. A. (1989). Polymerase chain reactidh.Clin. Immunol.9, 437-
expressed with isletl, a higher order complex is formed, 447. _
resulting in different DNA binding characteristics, and thefFarah, M. H., Olson, J. M., Sucic, H. B., Hume, R. I., Tapscott, S. J. and

e - Turner, D. L. (2000). Generation of neurons by transient expression of
specification of motor neurons rather than V2 interneurons neural bHLH proteins in mammalian celBevelopment 27, 693-702.

(Thaler et al., 2002). Furthermore, two b!‘”—H faCtorS,Fischer, N., Barret, C., Bryson, K., Elofsson, A., Godzik, A., Jones, D.,
Ngn2 and NeuroM, transcriptionally synergize with the Karplus, K. J., Kelley, L. A., MacCallum, R. M., Pawowski, K. et al.
homeodoma|n Complex to Spec|fy the motor neurons (Lee and(lggg) CAFASP-1: Critical assessment of fU”y automated structure

. . . . . prediction methodsProteins Struct. Funct. Geneduppl. 3 209-217.
Pfaff, 2003). This type of combinatorial interactions of Fode, C., Ma, Q., Casarosa, S., Ang, S.-L., Anderson, D. J. and Guillemot,

transcription factprs is an attr.active hypothesis for the context- £ (2000). A role for neural determination genes in specifying the
dependent functions seen with the bHLH factors studied heredorsoventral identity of telencephalic neuroBenes Devi4, 67-80.
for dorsal neural tube development. The identity and role dgfowan, K., Helms, A. W., Hunsaker, T. L., Collisson, T., Ebert, P. J,,

) . . . L Odom, R. and Johnson, J. E(2001). Crossinhibitory activities of Ngnl
co-factors in forming higher order transcriptional complexes and Math1l allow specification of distinct dorsal interneurdéeuron31,

with Mashl1 and Math1l is yet to be determined. 219-232.
Gross, M. K., Dottori, M. and Goulding, M. (2002). Lbx1 specifies
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