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Helix-loop-helix (HLH) and helix-loop-helix-leucine
zipper (HLHZip) are dimerization domains that mediate
selective pairing among members of a large transcrip-
tion factor family involved in cell fate determination. To
investigate the molecular rules underlying recognition
specificity and to isolate molecules interfering with cell
proliferation and differentiation control, we assembled
two molecular repertoires obtained by directed random-
ization of the binding surface in these two domains. For
this strategy we selected the Heb HLH and Max Zip
regions as molecular scaffolds for the randomization
process and displayed the two resulting molecular rep-
ertoires on A phage capsids. By affinity selection, many
domains were isolated that bound to the proteins Mad,
Rox, MyoD, and 1d2 with different levels of affinity. Al-
though several residues along an extended surface
within each domain appeared to contribute to dimeriza-
tion, some key residues critically involved in molecular
recognition could be identified. Furthermore, a number
of charged residues appeared to act as switch points
facilitating partner exchange. By successfully selecting
ligands for four of four HLH or HLHZip proteins, we
have shown that the repertoires assembled are rather
general and possibly contain elements that bind with
sufficient affinity to any natural HLH or HLHZip mole-
cule. Thus they represent a valuable source of ligands
that could be used as reagents for molecular dissection
of functional regulatory pathways.

The helix-loop-helix (HLH)! proteins, with over 250 repre-
sentatives in organisms ranging from yeast to man, are one of
the most important and versatile families of eukaryotic tran-
scription factors and are involved in diverse processes such as
lineage commitment and differentiation, angiogenesis, cell cy-
cle, growth control, and apoptosis (1-3). They are characterized
by a highly conserved structural motif organized in a DNA
binding sequence, the basic region, and a dimerization domain,
either HLH (helix-loop-helix) or HLHZip (helix-loop-helix-
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leucine zipper). They associate in homo- and heterodimeric
complexes that recognize E-box sequences (CANNTG) on DNA,
recruit cofactors, and activate or repress transcription of many
genes (1-3). Selective dimerization is a regulatory mechanism
that allows the expansion of their functional repertoire and
also a fine tuning of gene expression by competition of different
complexes able to bind the same DNA target sequences. The
bHLHZip protein Max, constitutively expressed, is able to ho-
modimerize as well as to heterodimerize with the other bHL-
HZip factors of the Max network (Myc, Mad1—-4, Mnt/Rox), in
which expression is regulated and which work only in associa-
tion with Max (2, 3). Myc, one of the most frequently altered
genes in human cancer, induces proliferation, growth, and
apoptosis but inhibits differentiation (2-5). Mad and Mnt pro-
teins, although possessing DNA binding specificities quite sim-
ilar to Myc, have only partially overlapping, and frequently
opposite, biological functions such as the ability to promote cell
survival and differentiation. Similar to Max, among the factors
lacking the Zip region, the omnipresent E-proteins (Heb, E47,
E12, E2-2) also bind DNA as homodimers (1). The numerous
tissue-specific bHLH proteins (MyoD, SCL/Tal, Mash, and
many others) poorly homodimerize but require the association
with E-proteins to bind DNA and exert their biological func-
tions. HLH proteins lacking a basic region, such as the mam-
malian Id1-Id4, impose another level of regulation by seques-
tering E-proteins in dimers that are unable to bind to DNA (1).
Understanding molecular recognition is a step toward a ratio-
nal design of molecules that interfere with HLH protein func-
tion. In this regard, we showed that it is possible to inhibit Myc
tumorigenic capacity by means of Omomyc, a mutant bHLHZip
domain, obtained by changing four residues in the Myc Zip
region (6). Omomyc sequesters Myc in complexes unable to
bind DNA, preventing transcriptional activation, enhancing
repression, potentiating apoptosis (7), and suppressing Myec-
induced papillomatosis.?

To gain insight into the rules of protein-protein recognition
and to isolate mutant domains capable of functional interfer-
ence, repertoires of HLH and HLHZip domains were designed,
exposed on A phage head, and screened by in vitro panning.
Several domains that bound with different affinity to MyoD,
1d2, Mad-1, and Rox were isolated; their comparison allowed us
to elucidate the contribution of different amino acid residues to
the stability and specificity of monomer-monomer interactions.
These repertoires are a source of potential competitive inhibi-
tors, useful for functional dissection and for drug design.

EXPERIMENTAL PROCEDURES

Phage, Plasmids, and GST Fusion Proteins—DNA sequences encod-
ing Max bHLHZip (Ala?? to Leu'??) and repertoires of HLH and bHL-
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HLH Repertoires

HZip domains were PCR amplified and inserted into the AD4 vector
DNA, between Spel and NotI restriction sites at the 3’-end of a second
copy of the D-gene (8). pGEX-2T (Amersham Biosciences) expression
plasmids containing GST fusions to human Id2, mouse MyoD, human
Max, baboon Mad (amino acids 36—221) and mouse Rox (amino acids
197-346) were introduced into BL21 E. coli cells. Cells were grown at
37 °C to an A4y, ~ 0.5 and induced with 0.1 mMm isopropyl-B-D-thioga-
lactopyranoside for 3 h at 37 °C (MyoD, 1d2) or at room temperature
(Max, Mad, Rox). After lysis in the presence of 1% Triton X-100, fusion
proteins were affinity-purified on glutathione-Sepharose beads (Amer-
sham Biosciences) and analyzed by PAGE.

Construction of HLH and bHLHZip Libraries—A HLH domain rep-
ertoire was obtained by PCR amplification of the eb gene HLH domain
sequence with two degenerate primers that contained Spel and NotI
sites: HLH-Spel, 5'-GAACGCACTAGTGTGCGGGATVTTAATSWMG-
CATTSRAMRMSCTTRRGCGADTSDBTCAG-3'; HLH-NotI, 5'GTTC-
CTGCGGCCGCCTTGCTGTKSTAGACTAAGGATGWMTGCTWYGG-
CTTGATGAAGARTGAGGABTTTTGDTWGGGG-3' (sequence sym-
bols for degenerate oligonucleotides are: V = ACG, S = GC, W = AT,
M =AC,R = AG,D = ATG, B = GCT,K = TG, Y = CT). The reactions,
containing 100 ng of template DNA, 2 uM oligonucleotide primers, and
4.5 Pfu polymerase units, were cycled 35 times at two different annea-
ling temperatures (45 and 52 °C). The resulting products were mixed to
guarantee the highest level of variability.

A bHLHZip repertoire was generated by two successive PCR ampli-
fications on a max bHLHZip template. A leucine zipper (Zip) repertoire
was obtained in the first reaction with the two degenerate primers: Lz,
5'-ACAGAGTATATCCAGTATATGSRAAGGVAMRASCACACACWC-
MDACAAVWMRWAGACGAC-3'; and Lz-NotI: 5'-CAGTGAATTCCC-
GGGGCGGCCGCCCAGTGCACGAABTYKCTGCWBCAGAAGAGC-
SYKCYBCCGTYKGAG-3'. The Zip repertoire was used as 3'-primer
for the second PCR reaction, whereas an oligonucleotide matching the
max basic region (Max-Spel, 5'-TGGGTACTAGTGCTGACAAACGGG-
CT-3') served as 5'-primer, creating a bHLHZip repertoire with de-
generate Zip regions linked to Max bHLH. Following hot start with Taq
polymerase (Sigma), the reaction was cycled 35 times (1 min at 95 °C, 1
min at 55 °C, 1 min at 72 °C) followed by a 7-min elongation step.

DNA of both repertoires was digested with Spel and NotI restriction
enzymes and gel-purified. 20-30 ng of purified insert was ligated to 2
ng of Spel/NotI-digested AD4 vector DNA, purified by isopropanol pre-
cipitation. The ligation products were phenol/chloroform-extracted, iso-
propanol-precipitated, and in vitro packaged with a Gigapack III Gold
kit (Stratagene). The libraries were amplified once by infection of Esch-
erichia coli BB4 cells, plated onto LB-agarose plates, and grown for 68
h at 37 °C. Phage was eluted overnight at 4 °C with SM buffer (100 mm
NaCl, 10 mm MgSO,, 35 mm Tris-HCI, pH 7.5), precipitated with poly-
ethylene glycol, and suspended at 1 X 10'° pfu/ml.

Panning with GST Fusions to Target HLH Proteins—Affinity selec-
tion of phage libraries was performed with GST fusion 1d2, MyoD, Mad,
and Rox proteins. Phage particles (1 X 10° pfu) were incubated for 1 h
at 4 °C with 10 pg of purified GST fusion protein, immobilized on
glutathione-Sepharose beads, and preincubated for 2 h in PBS, 3%
bovine serum albumin. The beads were washed repeatedly in 50 mm
Tris-HCI, pH 7.5, 150 mM NaCl, and 0.5% Tween 20 and suspended in
100 wl of SM buffer. Bound phage was recovered by infection of BB4
cells and plated onto 143-mm dishes. Phage was eluted with SM,
titered, and subjected to two more biopanning rounds.

Filter Immunoscreening of Phage Clones—Lysates were prepared
from single phage plaques, concentrated by polyethylene glycol precip-
itation, and titered. 1 X 107 pfu from each phage stock were spotted
onto nitrocellulose membrane (Nitroplus, Micron Separation Inc.),
which was incubated at room temperature for 2 h in blocking buffer
(PBS, 5% milk, 0.1% Nonidet P-40) and again for 2 h with 1 ug/ml GST
target protein in the same buffer. After washing in PBS, 0.1% Triton,
membranes were incubated for 1 h at room temperature with anti-GST
goat serum (Amersham Biosciences, 1:1000) and preadsorbed on bacte-
rial lysate, followed by horseradish peroxidase (HRP)-conjugated anti-
goat IgG (1:10000), washed, and developed with an enhanced chemilu-
minescence kit (ECL, from Amersham Biosciences).

ELISA—Multiwell plates (Nunc) were coated overnight at 4 °C with
100 ul of anti-GST goat serum (5 pug/ml in PBS), washed in PBS, 0.05%
Tween, and incubated in PBS, 0.05% Tween, 5% milk for 1 h at 37 °C.
0.5 pg of GST fusion protein was added to each well, for 1 h at room
temperature. After washing, phage (10® pfu/well) was added and incu-
bated for 1 h at room temperature. The plates were washed with PBS,
0.05% Tween, incubated for 1 h at room temperature with anti-A phage
rabbit IgG (1:1000, courtesy of R. Cortese, Istituto di Richerche di
Biologia Moleculare, Pomezia (Rome)), and then incubated with HRP-
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conjugated protein A (1:10000, Sigma). Reactions were revealed by
adding 100 pl/well tetramethylbenzidine solution (Promega), and the
absorbance (A) values were recorded by an automated ELISA reader
set at 450 nm. All assays were repeated at least three times.
The reported values are in arbitrary units, calculated by normalization
to the background interaction with GST and to the interaction of
empty vector phage to GST, according to the following formula:
[A

phage clone-GST fusion (Avector-GST fusion — Avectnr—GST)]/Aphage clone-GST*
DNA Sequencing—Phage DNA inserts were PCR-amplified from 1 ul
of phage lysate with two primers flanking the Spel and NotI cloning
sites: 5'-CACGTTCCGTTATGAGGATGT-3’ and 5'-ATGTATCAGTGC-
CTAGC-3'. The PCR products were purified from agarose gel using the
Concert™ Rapid PCR Purification system (Invitrogen), and their se-
quences were determined with an ABI-3700 automated sequencer.
Western Blotting—Phage was lysed by boiling for 5 min in 2X SDS-
gel sample buffer; proteins were separated by SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes (Amersham Bio-
sciences). Blots were incubated for 1 h at room temperature with anti-
D-protein (1:1500, courtesy of R. Cortese) or anti-Max (Santa Cruz
C-124; 1:5000) antibodies followed by HRP-protein A (1:10000) and
developed with an Amersham Biosciences ECL Kkit.

RESULTS

Display of Max bHLHZip Domain on A Phage—To identify
the most appropriate vector for the display of HLH and HL-
HZip domain repertoires, we tested both filamentous phage
vectors, successfully exploited for the construction of peptide or
antibody repertoires (9, 10), and A phage, reported to be gen-
erally more suitable for exposing large polypeptides (11-13).
The DNA sequence encoding Max bHLHZip was cloned into the
three filamentous phage vectors pC89, pC178, and pHENA, to
obtain N-terminal fusions to pVIII or plII coat proteins (14, 15)
and into the A display vector 4 (AD4) to display fusions to the
D-protein C terminus (8, 16). We asked which vector would
efficiently display Max bHLHZip and allow its binding to a
natural dimerization partner, the GST fusion protein Mad (2).
We found that only the A vector particles were able to incorpo-
rate the p-Max chimeric capsid protein in an amount sufficient
for immunological detection in Western blots (Fig. 1A4). Fur-
thermore, in a simulated panning experiment, we were able to
selectively enrich A phages displaying Max by 1000-fold after
three cycles of affinity purification over glutathione resin con-
taining GST-Mad (Fig. 1B). Thus, AD4 was selected for the
display of domain repertoires.

Design of HLH and HLHZip Repertoires—Repertoires were
constructed by mutating only selected amino acids within the
scaffold domain sequences, because the library size necessary
to fully represent the diversity obtainable by random varia-
tions would rapidly saturate the possibilities of phage display
libraries. The sequences of Max HLHZip and Heb E-protein
HLH were taken as scaffolds for the two domain families (Figs.
2 and 3) because of their dimerization versatility and because
of the availability of either their high resolution crystallo-
graphic structure (Max (17, 18)) or that of a close relative (E47,
an E-protein that shares a high degree of homology with Heb
(19)). The amino acid sequences of a large number of HLH and
HLHZip domains from different organisms were aligned and
the occurrence of different amino acids in each position deter-
mined. Strictly conserved residues, likely to be essential for
domain stability, were maintained constant in the repertoire
design, whereas the artificial repertoire variation was directed
at residues that presented natural variability or were shown to
be involved in contacts between subunits in the dimeric struc-
tures of Max, E47, MyoD, USF, PHO4, and SREBP (17-23).
Because a complete randomization of these residues could not
be represented fully in a phage display library, only the amino
acids found in natural proteins were included in the design. In
this way, diversity was reduced to about 7 X 10® combinations,
representing a large fraction of the variability observed in
natural domains (Figs. 2B and 3B).
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Fic. 1. Display on A phage coat and affinity selection of Max bHLHZip domain. A, Western blots. Phage (10° pfu/lane) proteins were
probed with Max (left) and phage head D-protein (right) antisera. A, empty D4 vector phage; A-Max, phage containing a D coat protein-Max
bHLHZip domain fusion (27 kDa); GST-Max, GST-Max fusion protein (47 kDa). B, plaque immunoscreening. A-Max, at a 1:10000 ratio with empty
vector phage, was subjected to three panning cycles with immobilized GST-Mad. Plaques were screened with Max antibodies. The amount of phage
exposing Max bHLHZip was enriched by ~1000-fold after the third cycle.

In more detail, in the bHLHZip repertoire the degeneration
was restricted to the 29-amino acid-long Zip region, which
previously had been shown to dictate recognition specificity
among bHLHZip domains (6, 24—26). We introduced variations
at 13 amino acids occupying the a, d, e, and g positions of the
helical wheel (Fig. 3B). These residues represent the interface
between the two Zip monomers, whereas the b, ¢, and f posi-
tions are solvent-exposed and were therefore kept invariant
(17, 20, 25, 27).

The 44-amino acid-long HLH domain has a more complex
structure (Fig. 2A4). The helix-loop-helix dimerization motif is a
compact four-helix bundle, where the two a-helices package in a
coiled-coil only near the carboxyl terminus of the dimer (19). In
this case, also residues at b, ¢, and f positions significantly con-
tribute to the four-helix bundle. Moreover, loop residues, such as
GIn?2 and Thr?® in the E-proteins, are involved in intermolecular
bonds (19). On the basis of these observations, the 15 positions
illustrated in Fig. 2B were degenerated in the designed reper-
toire. Among the residues that were left unchanged there are
those at positions 8, 24, 28, 35, 38 in which mutation had previ-
ously been shown to impair dimerization (28).

Degenerate DNA sequences encoding the designed HLH and
bHLHZip domain repertoires were synthesized by PCR and
cloned in the display vector AD4 as fusions to the D capsid
protein C terminus (8). Following in vitro packaging, ~2 X 108
and ~1 X 10% pfu were obtained for the HLH and bHLHZip
libraries, respectively. By PCR amplification and sequencing of
DNA inserts from randomly chosen phage plaques, we found
that ~80% of the phages in each library were recombinant, and
that each one contained an insert incorporating from 5 to 10
amino acid changes when compared with the natural scaffold
sequence (data not shown).

Affinity Selection with GST-tagged HLH and HLHZip Do-
mains—GST fusions to MyoD and 1d2, or to Mad and Rox, were
used as baits for panning the HLH and the HLHZip libraries,
respectively. For each experiment, after three rounds of selec-
tion, ~100 phage clones were amplified, and the interactions
with the protein baits were tested by a filter assay. Approxi-
mately 10% of the isolated phage clones could be proved to
display protein domains that consistently bound the bait. Bind-
ing was specific because the clones did not bind GST alone or
GST fusions to unrelated protein domains, such as p75 neuro-
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Fic. 2. Design of an HLH domain repertoire. A, structural overview of E47 bHLH dimers complexed with DNA (19). The first and last
residues of the E47 HLH region (Ile®**? and GIn®°?) are indicated. The subdomains of one of the two monomers are highlighted in different colors:
basic region (BR) in green, helix 1 (H1) in fuchsia, loop in gray, and helix 2 (H2) in blue. The amino acid residues mutated in the repertoire are
in lighter tones. The arrows denote three mutated helix 1 residues at positions f, b, and ¢ of the helical wheel. They correspond, respectively, to
residues Glu®**, Arg®”, and Glu®®® of the E47 sequence, which are on the surface of helix 1, nearest to helix 2’ (Glu®**®, Glu®**®) or helix 2 (Arg®*7)
(19). B, outline of the HLH repertoire. Sequence alignments of the most representative HLH domains, grouped in subfamilies, are shown below
the Heb scaffold domain. The most conserved residues are highlighted with the same color scheme that was used for the subdomains. Positions
degenerated in the repertoire were numbered as shown above the sequence alignment. Nucleotide composition and encoded amino acids for each
degenerate position are shown at the top; the classical a-b-c-d-e-f-g heptad repeat of helical structures is indicated.

trophin receptor and amyloid precursor protein cytoplasmic
regions. We quantified the interaction to MyoD, 1d2, HEB, Rox,
Mad, and Max by ELISA, revealing a number of phage clones
with high binding affinity (Figs. 4 and 5). The amino acid
sequences of HLH(Zip) inserts were deduced from the DNA
sequences and aligned to pinpoint the residues responsible for
dimerization specificity and affinity. A number of differences
were evident in the sequence alignment (Figs. 4B and 5B). The
amino acid frequency profiles of the domains with the highest
and the lowest affinity for Id2, MyoD, Mad, and Rox are shown
in Tables I and II.

The protein domains isolated from the HLH repertoire were
shown in ELISA experiments to bind MyoD, Id2, and Heb with
different intensities, ranging from 1 to 8 on an arbitrary scale
(Fig. 4B and Table I). Id2 was invariably bound more strongly
than MyoD, reflecting the different interaction strength be-
tween natural E-proteins and the two baits (1, 28). Amino acid
alignment showed a preference for many residues of the E-pro-
tein consensus sequence, suggesting that these residues in-
crease dimer stability (Fig. 4B and Table I). They include Ile!,
Gly®, Met!!, and Cys'? in helix 1, GIn®? and Thr?3 in the loop,
and Leu?® and Val®* in helix 2. The sequence glycine, methio-
nine, and cysteine at positions 9, 11, and 12 is a specific motif
of E-proteins, which precedes their extra helical turn at the
helix 1 C terminus (Fig. 2B (19)). At positions 11 and 12 only a
few of the residues present in the repertoire were found in the
selected domains; the preference for Cys'? was stronger than
for Met!! (76 versus 53%). All possible amino acids were found
at position 9, where glycine occurred with a 65% frequency, and
it was strongly preferred by high affinity binders (domains
43M, 721, 421, 131, 98M, 27M, 18I, and 43I). Gly® was present

whenever Ile?” was found (domains 13I, 531, 98M, 27M), an
observation that suggests a possible interaction between resi-
dues 9 and 27, two positions involved in intrachain interactions
according to HLH modeling studies (30). The positive correla-
tion between a Gly® residue and dimerization strength can be
explained by structural similarity to the E47 dimer (19), which
shows an intrachain hydrogen bond between Gly® and GIn?2, a
loop residue present in all selected clones. The four-helix bun-
dle must be stabilized if this interaction is preserved in the
mutant domains. A similar argument can also explain the
preference for Thr?%, which, in the E47 dimer, interacts with
Leu?®, a residue not mutated in the repertoire. Thr?® was found
in all domains but two (711 and 37M) that have a Ser residue
and are not very strong binders, whereas Pro was never se-
lected. Unlike the majority of the residues, the three negatively
charged glutamates found in E-proteins at positions 3, 7, and
39 were either totally absent (Glu®, Glu®®) or present (Glu”)
only in domains that did not strongly interact with MyoD and
1d2 (141, 241, 301, 92M, Fig. 4B), whereas hydrophobic or neu-
tral amino acids (Leu, Val, Ala, Pro, Asn, GIln, Thr) were pre-
ferred in the domains isolated by panning. This was not be-
cause of under-representation, because the glutamates were
present at the expected frequency in the HLH repertoire, as
indicated by sequencing of random clones (Table I). The three
glutamates are involved in E47 dimerization; Glu® and Glu”
are on the surface of helix 1, nearest to helix 2', whereas Glu®°,
on helix 2, interacts with His'®', on helix 1’ (19). It is interest-
ing to remark the E39Q and V34Y substitutions in the 721
domain, a high affinity binder to Id2 and MyoD, because Gln
and Tyr are found at the corresponding helix 2 positions in
MyoD and Id2 and in the yeast bHLH, Pho4. In the Pho4 dimer,
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FiG. 3. Design of an HLHZip domain repertoire. A, overview of Max bHLHZip dimers complexed with DNA (17). The first and last residues
of Max bHLHZip domain (A22 and 1.104) are indicated. The subdomains are highlighted with different colors in one monomer; the bHLH has the
same color code as described in the legend for Fig. 2, and the leucine zipper is red. The positions mutated in the repertoires are in lighter tones.
B, outline of the Zip region repertoire. Zip region sequence alignments of the most representative bHLHZip proteins, grouped in subfamilies, are
shown underneath the Max sequence, which is used as scaffold. The most conserved residues are highlighted. Degenerate position numbers are
shown above these sequences. Nucleotide composition and encoded amino acids for each degenerate position are shown at the top; the classical

a-b-c-d-e-f-g heptad repeat of helical structures is indicated.

in particular, the two residues form an interhelical hydrogen
bond, which is not possible in the E47 dimer (22). Because of
the presence of the same Gln®® and Tyr®* residues, the hy-
drogen bond is possible instead in heterodimers between 1d2
or MyoD and the 721 domain. Thus, these two residues con-
tribute in specifying the dimerization partner. Valine was
also present at position 34 of the high affinity binders. Hy-
drophobic residues (Ile or Val) were more frequent at position
32 in the high affinity binders, whereas Lys occurred with
similar frequency in low and high affinity binding domains.
Usually, charged residues were found predominantly in low
affinity domains at specific HLH positions (Asp®; Asp’, Glu?,
Lys”; Glu®, Arg?; Glu®2; Asp34, Phe??), indicating that their
presence weakens heterodimeric associations (Fig. 4B and
Table I). The consensus sequences for high affinity binding to
MyoD and Id2 did not show substantial differences, making it
hard to identify the criteria for dimerization selectivity. The
pattern LKAG at positions 5, 6, 7, and 9 was present in two
clones (421 and 18I) with higher than average relative affin-
ity for Id2.

Mad and Rox binding affinities to the protein domains iso-
lated from the bHLHZip repertoire ranged from 1 to 5, Mad
consistently being a stronger interactor than Rox. Rox and Mad
at positions 2, 8, 11, 12, 16, 23, 25, and 26 favored the same
amino acids. Surprisingly, Max residues occurred at low fre-
quency in the clones showing the highest binding affinity for
Mad and Rox (Table II), with the only exceptions being Lys*
(46%) and Asn® (53%), as if the Max Zip amino acid sequence
was tuned to guarantee dimerization flexibility rather than
strength (Fig. 5B and Table II). In the Max dimer, the Asn®
residue is located in front of Asn® and destabilizes the complex

(19, 31). Consistent with the presence of negatively charged
residues at position 5 in Mad and Rox (Asp and Glu, respec-
tively), Glu®, which occurred with a 18% frequency, was corre-
lated to low affinity binding of the phage clones (m19, r10, y71,
y25). The role of residues 8, 18, 19, and 23 in molecular recog-
nition, suggested by the Max bHLHZip dimer crystallographic
structure and by the Myc/Max heterodimeric leucine zipper
solution structure (17, 26), was consistent with the amino acid
frequency profiles of Table II. Histidine at position 8 was pres-
ent mainly in clones with low binding affinity, whereas the
hydrophobic leucine was strongly preferred by domains with
high affinity to Mad and Rox. Position 8 is His in Max, Ala in
Mad and Tyr in Rox. Max His® plays a role in Myc/Max recog-
nition via specific interactions with Myc Glu® and Glu'? resi-
dues (26). Only one of the two salt bridges observed in Myc/Max
would be possible in heterodimers with Mad and Rox, which
have a negatively charged residue at position 5 only (Asp and
Glu, respectively). In the Max Zip dimer, histidine 8 is close
to residues 8 and 9 (histidine and glutamine, respectively) of
the other monomer. Glutamine 9, although present in the
repertoire (Fig. 5B and Table II), never occurred in the se-
lected domains, where ILR substituted it. The binding affin-
ity to Mad and Rox was similar in the presence of a hydro-
phobic residue (Ile or Leu) at position 9 (clones r45, m50, r15,
r32). Position 18 (Gln) is closest to 19’ (Asn) in the Max
dimer; the Gln'®-Asn'® tetrad is involved in stabilization of
the dimer (32). Residue 18 is a Glu in both Mad and Rox,
whereas residue 19 is Gln in Mad and Lys in Rox. Amino
acids 18 and 23 (Glu in Max, Lys in Mad, and Gln in Rox; Fig.
3B) are in the g and e positions of the coiled-coil, flanking the
dimer interface, and have the possibility of forming favorable
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FiG. 4. Sequence and binding affinity of selected HLH domains. A, ribbon representation of the E47 HLH (19) depicting the residues that
were mutated in the repertoire. E47 residues, in the same color code as described in the legend for Fig. 2, are connected to the amino acid
substitutions introduced in the repertoires (yellow). B, amino acid sequences and relative binding strengths. Phage clones were affinity selected
from the HLH repertoire using GST-Id2 and GST-MyoD as baits. Dimerization with Id2, MyoD, and Heb was measured by ELISA. Relative binding
strengths, normalized and expressed in arbitrary units (average values + S.D. from five independent experiments), are indicated at the left of each
clone. The Heb HLH amino acid sequence, used as scaffold in the repertoire design, is underlined. The residues introduced in the repertoire at each
degenerate position are indicated above the Heb sequence, and the sequences of each selected clone are indicated below the E47 sequence.

electrostatic or hydrophobic interactions (24, 26). Positively
charged residues (Arg, Lys) were prevalent at position 18 in
the domains with lowest affinity, whereas Glu'®, which has
the potential to establish a salt bridge with Mad Lys23, oc-
curred frequently in the Mad high affinity binders (domains
r45, r27, r10). No preference at position 18 was instead ap-
parent for Rox binding. At position 19 all residues allowed by
the repertoire design were accepted. A glutamic acid at posi-
tion 23, as in Max, was correlated to low binding affinity to
Mad and Rox. This is consistent with the presence of a
glutamic acid residue at position 18 in Mad and Rox, which
would lead to a repulsive electrostatic interaction. Accord-
ingly, high affinity binders preferred a hydrophobic leucine or
a basic lysine at position 23.

DISCUSSION

In this work, we have shown that it is possible to display
HLH and bHLHZip domain repertoires as fusion to the C
terminus of protein D on A phage head, a system that in our
hands proved to be better suited than filamentous phage. The
repertoires contained different combinations of amino acids
found in naturally occurring proteins, grafted into a limited
number of positions involved in partner recognition by Heb
HLH and Max Zip. Using this approach, it was possible to
assemble in an artificial repertoire a large fraction of the bind-
ing surfaces of HLH and HLHZip domains explored by natural
evolution. To identify patterns of recognition specificity, do-
mains that bind to some natural proteins (MyoD, 1d2, Madl,
Rox) with different affinities were isolated by in vitro screen-
ing. Overall, it proved difficult to explain the changes in bind-
ing affinity by single amino acid substitutions. It appears that

the complexity due to multiple amino acid changes produced
many alternative combinations of similar binding strength.
This is compatible with a view of dimerization as a distributed
property of the amino acids in the domain and is consistent
with the E47 dimer structure, in which conserved hydrophobic
residues at the interior of the HLH form an extensive van der
Waals surface that provides most of the favorable dimer inter-
actions (19). However, several correlations were uncovered in
our experiments. The presence of hydrophobic residues corre-
lated to stronger interaction of HLH domains, confirming the
importance of a hydrophobic core at the dimerization interface
for the helix-loop-helix dimerization affinity (29). The presence
of a number of residues that were found at high frequency in
the HLH domains (GIn?? and Thr?3; Ile!, Leu®, Met'!/Valll,
and Cys'?) did not correlate to either greater affinity or speci-
ficity to any of the targets, suggesting that these residues have
a role in proper folding of the domain and its display on phage
coat. The strong bias for the two loop residues GIn?2 and Thr?®
is in agreement with previous work describing the loop as a key
determinant of bHLH stability (33). This role is particularly
evident for GIn?2, which occurred in all domains; its structural
role is visible in the E47 dimer structure, where it participates,
together with GIn'? and GIn®°, in a hydrogen bond network
that connects the loop with helices 1 and 2, stabilizing the four
helix bundle (19).

In the HLH domain as well as in the Zip region, several
charged residues at the dimer interface appear to represent
discontinuity points that are critical for molecular recognition.
In the domains isolated from the HLH repertoire, hydrophobic
or neutral amino acids were preferred to the charged glutamic
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Fic. 5. Sequence and binding affinity of selected bHLHZip domains. A, ribbon representation of Max Zip region (17) depicting the
residues that were mutated in the repertoire. Residues, in the same color code as described in Fig. 3 legend, are connected to the amino acid
substitutions introduced in the repertoires (yellow). B, amino acid sequences and relative binding strengths. Phage clones were affinity selected
from the bHLHZip repertoire using GST-Mad and GST-Rox as baits. Dimerization of phage clones and a A-Max control with Max, Mad, and Rox
bHLHZip domains was measured by ELISA. Relative binding strengths, normalized and expressed in arbitrary units (average values += S.D. from
five independent experiments), are indicated on the left of each clone. The amino acid sequence of Max Zip region, used as scaffold in the repertoire
design, is underlined; the residues introduced in each degenerate position are indicated above the Max sequence.

acid residues occurring at positions 3, 7, and 39, allowing the
formation of stable heterodimers with MyoD and Id2 in the
absence of all three Glu residues. Thus, they appear to desta-
bilize the dimers. Previous work suggested that heterodimers
of MyoD with the E12 E-protein are stabilized by attractive
pairs formed by Glu®, Glu?, and Glu®® residues of E12 with
MyoD residues Arg?®, Arg®?, and Gln®?, respectively (34). Be-
cause more stable dimers can be obtained with noncharged
amino acids, it seems that the role of the charged Glu residues
in the E-protein is to prevent an excessively strong interaction
with MyoD or I1d2, allowing the physiological partner exchange.
Similarly, the presence of histidine at Zip position 8 appears to
destabilize dimers and promote partner exchange, because this
residue was counter-selected in the high affinity binders to
Mad and Rox (Fig. 5B, Table II). Consistent with our findings,
Max homodimers were strongly stabilized by the replacement
of His® with a leucine and to a lower extent by alanine and
tyrosine (31). Leu® is also present in the bHLHZip protein
USF, which forms homodimers that are topologically indis-
tinguishable from Max but does not form heterodimers (17).
The two e-g salt bridges, Myc Glu'l-Max Lys!® and Myc
Arg'®-Max Glu??, contribute to Myc/Max heterodimerization
(24, 26). The residues found at positions 16 and 23 in the
highest affinity binders to Mad and Rox (e.g. domains r27,
mb52, r45, m20) make either one or both of these electrostatic
interactions impossible. Thus they are dispensable for het-
erodimerization with Mad and Rox, which is consistent with
findings on bZip proteins showing that interhelical salt
bridges in heterodimers do not necessarily contribute favor-

ably to dimerization specificity and may indeed be unfavor-
able, when compared with alternative neutral charge inter-
actions (35).

The consensus sequences for high affinity binding to MyoD
and Id2 were quite similar. Likewise, the amino acids in many
Zip region positions (2, 8, 11, 12, 16, 23, 25, and 26) showed the
same preference for Rox or Mad binding, indicating that these
positions per se are unable to determine specificity. Actually, it
was shown previously that it is necessary to mutate four resi-
dues (residues 5, 12, 18, and 19) in the Myc Zip to overcome its
inability to dimerize (6), that Id1 dimerization specificity can
be conferred to E47 by replacing four amino acids at the helix
1/loop junction (36), and that a 6-fold increase in MyoD bHLH
dimer stability is obtained by substituting 18 amino acids from
the loop and the adjacent regions of E47 (33). Most of the
mutants identified as binders show affinity for more than one
protein. Thus, a domain recognition code, if it exists, must be
rather tolerant. A strategy to increase specific binding to a
particular partner would be to assemble and screen second-
ary libraries containing a larger number of mutations at a
more restricted set of sites, such as those that we found most
critical for molecular recognition. Altogether, these findings
indicate that natural selection did not operate to maximize
specific recognition between E-proteins and tissue-specific
HLH, or between Max and the other bHLHZip of the network,
but rather to guarantee that these proteins have a broad
recognition spectrum to ensure effective binding to their
HLH or HLHZip partners. Unnecessarily high affinity for a
partner may represent an undesirable property, from an ev-
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Glu residues in the HLH and His® in the Zip) may be critical
On the other hand, a mutant domain with a higher affinity

for providing such function.

olutionary standpoint, since it may diminish the reversibility

of HLH(Zip) complex formation essential for cellular and
developmental plasticity. The charged residues (e.g. the three
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for a partner can be exploited for functional interference (6, 7).
Therefore the phage libraries described in this work represent
a valuable collection of reagents and can be used for the selec-
tion of HLH and bHLHZip domains with novel recognition
properties, to be employed for molecular dissection of the path-
ways involving HLH transcriptional regulators. This possibil-
ity is made more appealing by recent findings that implicate
HLH and HLHZip domains in direct interaction not only with
proteins of the HLH family but also with other transcriptional
regulators such as Miz-1 and JLP, which interact with Myc and
Max, or GRIPE and Pip, which interacts with the E-proteins
(87—-40). Such interactions are biologically relevant and enrich
the functional plasticity of HLH proteins. Furthermore, mu-
tant domains may be valuable for designing therapeutic ap-
proaches to diseases in which cell differentiation or prolifera-
tion is perturbed as a consequence of a deregulated HLH
protein function. In this context, the HLH domain may repre-
sent a target for antiangiogenic drug design, because the nat-
urally occurring HLH proteins Id1 and Id3, as well as Myec,
appear to be required for tumor-induced angiogenesis (41, 42).
The domains that showed increased affinity for Id2 versus
MyoD, such as 131 and others, are intriguing in view of the role
of Id2 as an antagonist of multiple tumor suppressor proteins
(43). More particularly, Id2 and Myc were shown to collaborate
in overriding the tumor suppressor function of Rb in neuroblas-
tomas, and it was suggested that it might be possible to restore
Rb control on cell proliferation in tumor cells, by sequestering
Id2 (44). As the 13I domain is able to bind intracellular 1d2
(data not shown), it would be tempting to investigate its in vivo
function or that of other domains with altered binding
properties.
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