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ABSTRACT: The topology of the thyroid transcription factor 1 homeodomain (TTF-IHDYA complex

was investigated by a strategy which combines limited proteolysis and selective chemical maodification
experiments with mass spectrometry methodologies. When limited proteolysis digestions were carried
out with the protein in the absence or presence of its target oligonucleotide, differential peptide maps
were obtained from which the amino acid residues involved in the interaction could be inferred. Similarly,
selective acetylation of lysine residues in both the isolated and the complexed homeodomain allowed us
to identify the amino acids protected by the interaction with DNA. Surface topology analysis of isolated
TTF-1HD performed at neutral pH was in good agreement with the three-dimensional structure of the
molecule as determined by NMR studies under acidic conditions. Minor differences were detected in the
C-terminal region of the protein which, contrary to NMR data, showed no accessibility to proteases.
Analysis of the complex provided an experimental validation of the model proposed on the basis of the
homology with the homeodomain structures described so far. An increased accessibility of the C-terminal
region was observed following the interaction, suggesting its displacement from the protein core by the
oligonucleotide molecule. Comparative experiments with DNA fragments differing in sequence and binding
capabilities highlighted structural differences among the complexes, mainly located in the N-terminal
region of the homeodomain, thus accounting for their different dissociation constants.

Selective gene expression in eukaryotic cells is achievedsolubility in aqueous media. Recently, the surface acces-
by the action of transcriptional regulatory proteins which sibility of isolated proteins has been probed by selective
function by interacting with sequence-specific DNA elements chemical modifications of specific residuek)( 11), enzy-
in the transcriptional control regions of their respective target matic hydrolysis {2, 13), and H-D exchange analysid.4).
genes. Interactions mediated by proteins must be capable oin protein complexes, the polypeptide regions occurring at
both providing high-affinity binding to the proper site and the molecular interface, usually accessible in the isolated
permitting discrimination against closely related DNA sites. molecules, become protected following the interaction. On
The structures of a large number of prote[DNA complexes the basis of these observations, a series of experimental
have been solved by X-ray crystallography or NMR, provid- approaches which combine limited proteolysis and selective
ing a detailed description of the protein regions that interact chemical modification experiments with mass spectrometric
with the DNA bases and the suggshosphate backbone analysis have been employed to identify accessible amino
stabilizing the complexl(—6). These studies showed that a acid residues. Since the contact regions of the proteins in
number of different structural motifs have evolved for the the complex are protected against hydrolysis and labeling
specific recognition of DNA, such as zinc finger, leucine reactions, when the experiments are carried out with the
zipper, helix-loop—helix, and homeodomain. These struc- isolated proteins and the complex, differential peptide maps
tural elements are usually part of multiprotein machineries can be generated from which the definition of the interface
that control gene expressioii—9). zones can be extrapolatetis( 16).

However, structural studies may suffer from difficulties Thyroid transcription factor 1 (TTF-1)s a 378-residue
in the crystallization of the complexes or in their limited protein responsible for transcriptional activation of genes
expressed in follicular thyroid cells and lung epithelial cells
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CAAG-3' core motif (9—21); most homeodomains, in fact, proteins samples (1Qd.) were treated with the same volume
bind DNA sequences containing the segméert AAT-3'. of 10 M ammonium acetate and 1 mL of cold ethanol and
Then a structural model of the TTF-1HIDNA complex stored at—20 °C for 24 h; then the sample was centrifuged
could be relevant to understanding how distinct HDs can at 13 000 rpm for 20 min, and the supernatant was removed
recognize different target DNA sequences. The three- from DNA pellets and then lyophilized. Peptide mixtures
dimensional structure of recombinant TTF-1HD has been were fractionated by RP-HPLC on a Vydac C18 column (250
solved by NMR analysis, whereas no structural data are mm x 2.1 mm, 5um, 300 A pore size); peptides were eluted
available for its complex with DNA 22). Recently, a by means of a linear gradient of 5 to 50% acetonitrile in
molecular model describing the possible interaction of TTF- 0.1% TFA over the course of 50 min, at flow rate of 0.2
1HD with its target oligonucleotide has been proposed on mL/min, and elution was monitored at 220 and 280 nm.
the basis of the structures of the HIDNA complexes Individual fractions were collected and identified by ESMS.
reported so farZ3). Chemical Modification ExperimentSelective acetylation

This paper describes the surface topology of the TTF- of lysine residues was performed by adding -al1D-fold
1HD—DNA complex determined by limited proteolysis and molar excess of acetic anhydride to isolated or complexed
selective acetylation experiments combined with mass spec-TTF-1HD, in 20 mM Tris-HCI and 75 mM KCI (pH 7.5)
trometric analyses. The results reported here suggest that affinal volume of 100xL), for 10 min at 25°C. The
physiological pH the structure of isolated TTF-1HD displays oligonucleotide was precipitated as reported above; the
some differences with respect to that obtained by NMR at reaction mixtures were directly injected onto the RP-HPLC
acidic pH, mainly located in the C-terminal region. Moreover, system and eluted by means of a linear gradient of 20 to
the structural analysis demonstrated that the homeodomair65% acetonitrile in 0.1% TFA over the course of 35 min at
interacts with its target oligonucleotide essentially according a flow rate of 0.2 mL/min, and individual fractions were
to the proposed model. Finally, comparative experiments collected and identified by ESMS.
carried out with different oligonucleotides endowed with Acetylated TTF-1HD samples were hydrolyzed with
different binding capabilities highlighted the structural dif- cyanogen bromide in 70% TFA at room temperature for 18
ferences that account for their relative binding affinities.  h in the dark. The peptide mixtures were fractionated by RP-

HPLC as reported above; individual fractions were collected
EXPERIMENTAL PROCEDURES and identified by mass spectrometry or amino acid sequence
analysis.

Mass Spectrometry and Amino Acid Sequence Analyses
Protein samples or proteolytic fragments were analyzed by
ESMS using a BIO-Q triple-quadrupole mass spectrometer
equipped with an electrospray ion source (Micromass,
Manchester, U.K.) or by MALDIMS using a Voyager DE
MALDI-TOF mass spectrometer (Perseptive Biosystem) as

Materials The polypeptide encompassing the TTF-1HD
(68 amino acids corresponding to residues-18R6 of rat
TTF-1 with a methionyl residue at the N terminus, referred
to as Metl) was obtained by means of overexpression in
Escherichia colstrain BL21, by the procedure described by
Guazzi et al. 17). The crude material was purified by ion-
exchange chromatography following the same protocol as : .
reported for theAntennapediahomeodomain Z4). The prevmusly desclrlbedlﬁ, 29). - . .
overall final yield was 0.51 mg of pure polypeptide/L of The amino ac'd. sequence of the modiified pt_aptldes der'lved
culture. The oligonucleotides-EAGTCAAGTGTTC-3 (C), from th? acetylation c_’f TTF.'lHD was determined by using
5-GAACAGATATCTGG-3 (Cm), and 5SACGATGAGTG- a Pe_rkln-EImer-Applleo_l Blosys_tems 477_A pulsed-llqu_ld
GCTCATAAATCG-3 (D) were synthesized by the oligo- protein sequencer equipped with a Perkin-Elmer-Applied
nucleotide synthesis service at the Stazione Zoologica “A. .B'OSYS.te”.‘S 120A H.P LC apparatus for PTH-amino acid
Dohrn”, Naples, and further purified. Trypsin, elastase, identification as previously reported).
chymotrypsin, subtilisin, thermolysin, and acetic anhydride
were purchased from Sigma; endoproteinase Glu-C was
purchased from Boheringer. Solvents were HPLC-grade from  Characterization of the Homeodomaifhe recombinant
Carlo Erba. homeodomain from thyroid transcription factor 1 (TTF-1HD)

Limited Proteolysis Experimentsimited proteolysis  was analyzed by HPLC and characterized by ESMS, showing
experiments were conducted by treating the isolated proteinsthe occurrence of two equimolar species that displayed mass
or the complex separately with trypsin, chymotrypsin, values of 8443.6t 0.7 and 8427.2t 0.8 Da, respectively.
elastase, endoproteinase Glu-C, thermolysin, and subtilisin.The first component corresponded to the expected HD
Oligonucleotides were annealed in 20 mM Tris-HCl and 75 molecule (theoretical mass value of 8443.8 Da), whereas the
mM KCI (pH 7.5). TTF-1HD and each oligonucleotide were Second species was shown to contain a Phe residue at position
mixed in a molar ratio of 1:1.2 and incubated at room 26 instead of the normally occurring TyAfh = —16 Da).
temperature for 20 min prior to the protease addition. Since this substitution should not alter the three-dimensional
Enzymatic digestions were all performed in 20 mM Tris- structure of TTF-1HD or its binding capability, all the
HCI and 75 mM KCI (pH 7.5) at 23C by using anE:S experiments were performed with the mixture of the two
ratio ranging from 1:10 to 1:10000 (subtilisin, elastase, and components.
endoproteinase Glu-C), from 1:10 to 1:70000 (chymotrypsin),  Limited proteolysis digestions were carried out on a time
and from 1:500 to 1:50000 (trypsin). The extent of digestion course basis on two different samples, isolated TTF-1HD
was monitored on a time course basis by sampling the and the complex with its target oligonucleotide, according
reaction mixture at different interval times ranging from 10 to the strategy previously describel3(16). When present,
min to 3 h. To precipitate the oligonucleotide, the digested DNA was removed from the peptide mixtures by selective

RESULTS
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Ficure 1: HPLC time course analysis of the endoprotease Glu-C
digests of isolated TTF-1HDOESratio of 1:10000) after incubation !

for 15 (A) and 30 min (B) and the TTF-1HBEC complex E:S

ratio of 1:10) after incubation for 15 (C) and 30 min (D). Peptides 0.00 S
identified by ESMS are indicated. Tyr26-containing fragments are ,
labeled with Y26; those with Phe at this position are marked with 0 20 40
F26.

Time (min)
precipitation with ammonium acetate/cold ethara@){ under FiGURE 2: HPLC analysis of the tryptic digests of isolated TTF-
this condition, a quantitative recovery of the peptides was 1HD (E:S ratio of 1:35000) (A) and the TTF-1HBC complex
obtained. (E:Sratio of 1:1000) (B) after incubation for 3 and 1 h, respectively.
. . Peptides identified by ESMS are indicated.

Following the formation of the complex, the presence of
the oligonucleotide shields the TTF-1HD residues located of the Glu-C hydrolysis of the complex, when Br6 ratio
within the interface region. Therefore, differential proteolytic of 1:10 was used. A different proteolytic pattern was obtained
patterns were obtained depending on whether the digestionyith preferential cleavage sites occurring at Glu31 and Glu16
was carried out with the isolated homeodomain or with the 35 demonstrated by the identification of the complementary
complex. The interpretation of the results was then basedpeptides of residues-131 and 32-68, released at early
on the concept of “protection”, as discussed previously (  stages of digestion (Figure 1C), and residued@ and 17
13,15, 16). Once the appropriate conditions were established, 68, observed after 30 min (Figure 1D). These results clearly
the comparison of the differential proteolytic maps led to gemonstrate that, following complex formation, Glu18 is no
the identification of the cleavage sites accessible in the longer accessible to endopeptidase Glu-C whereas Glul6 is
complex, those masked by the oligonucleotide and thosestj|| exposed to the protease action. Furthermore, a new
exposed as a result of conformational changes occurring uporpreferential hydrolysis site was identified at position 31.
the interaction of the two components. The different accessibility of the basic residues in isolated

Limited Proteolysis Experimentanels A and B of Figure  TTF-1HD and in the complex with oligonucleotide C was
1 show the time course analysis of the Glu-C digestion of probed by tryptic hydrolysis. Figure 2A shows the HPLC
TTF-1HD carried out by using & Sratio of 1:10000. Under  profile obtained during a time course experiment on the
these conditions, TTF-1HD remained mostly undigested, isolated HD after digestion for 3 h, using &S ratio of
showing that its native conformation is susceptible to 1:35000. Mass spectral analysis of the proteolytic fragments
proteolysis at few, specific, and very likely flexible sites. released from the isolated protein led to the identification
After 15 min, only two peptide pairs (residues-16 and of the peptides of residues—48, 5-68, 6-68, and 768
17-68, and residues-118 and 19-68) were detected (Figure  generated by preferential proteolytic events at Arg3, Lys4,
1A), and no further fragments were released after 30 min Arg5, and Arg6. These results strongly suggested that the
(Figure 1B). As previously reported 3, 16), the definition N-terminal segment of TTF-1HD is very flexible and highly
of the primary cleavage sites was inferred by the identifica- exposed to the solvent.
tion of the complementary peptides released by a single A significative hydrolysis of the TTF-1HBC complex
proteolytic event occurring on the intact protein. According could only be observed when dnS ratio of 1:1000 was
to these criteria, uncomplexed TTF-1HD was preferentially used, confirming the tightness of the complex. Figure 2B
cleaved at Glul6 and Glul8. shows the HPLC profile obtained after digestion for 1 h.

Similar experiments were performed following the inter- Examination of the proteolytic digest immediately showed
action of the homeodomain with C, a synthetic oligonucle- the occurrence of a pronounced masking effect generated
otide containing the'SCAAG-3' motif. When this complex by the interaction; preferential cleavage sites within the
was analyzed under the same conditions, no proteolytic N-terminal region of the homeodomain, in fact, could only
fragments were released even after incubation for 4 h, be identified at Arg3 and Arg6, whereas Lys4 and Arg5 were
demonstrating a tighter conformation of the complex. Partial not recognized by the protease, even after longer periods of
digestion was observed only by increasing & ratio; hydrolysis. In addition, the appearance of the peptides of
panels C and D of Figure 1 show the time course analysisresidues 62 and 164 indicated Lys62 and Lys64 are
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Ficure 3: HPLC analysis of the chymotryptic digests of TTF- .
1HD (E:S ratio of 1:70000) (A) and the TTF-1HBC complex masked as demonstrated by the disappearance of the respec-
(E:S ratio of 1:10) (B) after incubation for 180 and 15 min, tive proteolytic fragments in the chromatographic profile.
respectively. Peptides identified by ESMS are indicated. Mass analysis led to the identification of the primary cleavage
sites at Arg3 and Arg6 through recognition of the fragments
of residues 468 and 768, respectively. Only a small
additional cleavage sites in the C-terminal region of the amount of the peptide pair of residues15 and 16-68 was
homeodomain. The accessibility of these residues, notdetected, indicating the presence of a secondary hydrolysis
previously recognized by trypsin in the isolated protein, site at Tyr15. It should be noted that usually chymotrypsin
strongly suggests a conformational change of this region does not display specific proteolytic activity toward Arg
within the complex structure. residues; indeed, both Arg3 and Arg6 were not cleaved by
Limited proteolysis experiments with specific proteases this enzyme in isolated HD. Interestingly, the same two Arg
provided clear evidence for the protection effect exerted by residues had been recognized by trypsin in the TTF-HED
the complex toward the homeodomain. However, they gave complex. As a whole, these data indicate that the N-terminal
a limited amount of information due to the narrow specificity region of HD underwent a structural change following
of the enzymes which decreased the possible number ofcomplex formation leading to a complete exposition of the
cleavage sites. Further digestions were then carried out withtwo Arg residues in a flexible conformation. Moreover, the
broader-specificity proteases such as chymotrypsin, elastaselHD residues Tyr/Phe26 and Tyr55 seem to be either located
subtilisin, and thermolysin following the same experimental within the interface region or involved in a conformational
and interpretation procedures described above. or rigidity change of the polypeptide chain, and hence, they
As an example, Figure 3 shows the HPLC chromatograms are shielded from the protease action.
of the chymotrypsin digests of the isolated TTF-1HD (Figure  The overall results of the limited proteolysis experiments
3A) and the TTF-1HD-C complex (Figure 3B), using are summarized in Scheme 1 and Table 1, from which a
1:70000 and 1:10E:S ratios, after 180 and 15 min, number of considerations can be drawn. Preferential cleavage
respectively. Limited proteolysis of the isolated homeo- sites in isolated HD gathered into specific regions of the
domain generated only three complementary peptide pairs,protein, the most exposed segment being the N-terminal
residues +15 and 16-68, 1-26 and 2768, and 155 and portion spanning residues-8. Further accessible areas were
56—68, which identified Tyrl5, Tyr/Phe26, and Tyr55 as located within the first and second helixes (residues 1%
the primary cleavage sites. and 34-39, respectively) and the short loop connecting the
Following interaction with the oligonucleotide (Figure 3B), two helices encompassing residues-2Z. Moreover, Lys47
most of the accessible sites in the isolated protein were and Tyr55 located within the recognition helix were specif-
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Ficure 4: (A) ESMS analysis of acetylated TTF-1HD following HPLC purification. Mass values of the protein components are indicated.
The major species corresponds to the diacetylated form of TTF-1HD, whereas the minor component represents the monomodified protein.
(B) MALDI/MS analysis of the CNBr digest of the diacetylated TTF-1HD sample. (C) MALDI/MS analysis of the CNBr digest of the
dimodified TTF-1HD from the acetylation of the C complex. Mass values and the corresponding peptides are indicated. Asterisks indicate

double-charged ions.

Table 1: Preferential Cleavage Sites in Isolated TTF-1HD and Its amino acid residues, according to the strategy previously

Complex with Oligonucleotide C As Determined by Limited
Proteolysis Experiments
isolated TTF-1HD complexed TTF-1HD
Glul6 and Glu18 Glul6 and Glu31
Arg3, Lys4, Arg5, and Argé  Arg3, Arg6, Lys62, and
Lys64
chymotrypsin Tyrl5, Tyr/Phe26, and Tyr55 Tyrl5, Arg3, and Arg6

Glu-C
trypsin

elastase Phe9, Tyrl5, and lle39 Arg3 and Ala65
subtilisin Tyrl5, GIn24, and Met38 Tyrl5and Leul7
thermolysin  Leu8, Tyr/Phe26, Leu27, Ala65

His34, and Lys47

described 11).

Preliminary investigations with isolated HD using a 1:1
acetic anhydride:homeodomain molar ratio yielded a mixture
of unmodified and monomodified TTF-1HD (in a 1:1 ratio).
Unsuccessful Edman degradation attempts with the monoacety-
lated product and MALDIMS analysis of its CNBr hydroly-
sate, where only unmodified peptide lactones of residues
2—38, 39-57, and 58-68 were recovered, clearly demon-
strated that acetylation only occurred at the N terminus of
the polypeptide chain. Under the same experimental condi-
tions, no acetylation of the TTF-1HBEC complex was

ically identified. Interestingly, no cleavage sites were detected observed.

in the C-terminal region.

Acetylation of the isolated protein using a 2:1 reagent:

Following the formation of the complex, a marked homeodomain molar ratio resulted in the production of mono-

protection effect exerted by the oligonucleotide was observedand dimodified TTF-1HD forms, as assessed by ESMS
as demonstrated by the large decrease in the number ofnalysis of the HPLC-fractionated products (Figure 4A). It

accessible sites, especially in the N-terminal region, the should be emphasized that any modified TTF-1HD compo-
second helix, the loop of residues-227, and the recognition  nent may consist of a population of isomers carrying the
helix. Moreover, a significant number of new cleavage sites same number of acetyl groups but located at different sites.

were detected in the C-terminal region of TTF-1HD.
Chemical Modification Experiment$he topology of the
TTF-1HD regions involved in the interaction with oligo-

To identify the lysine residues acetylated in addition to the
amino-terminal group, the modified homeodomain was
hydrolyzed with CNBr and the resulting peptide mixture

nucleotide C was also studied by differential chemical analyzed by MALDIMS (Figure 4B). Besides unmodified

modifications at the lysine residue$({ 11). Comparative

fragments, the MALDIMS analysis showed the presence of

acetylation experiments on the homeodomain were thenthe peptide lactones Ac{B8), Ac(2—38), and Ac(39-57),
conducted in the presence or in the absence of oligonucle-as demonstrated by the increase of 42 and 84 Da, respec-
otide C. Appropriate experimental conditions were defined tively, of the corresponding mass signals. The peptide
to maximize the stability of the protein conformation and to mixture was purified by RP-HPLC, and the acetylated
limit the extent of the modification to the desired number of peptides were collected and further characterized. Location
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of the N-e-Ac-Lys within the peptide of residues-38 was 1o

not as straightforward since this peptide contains three lysine 0101 aote o Al

residues at positions 4, 22, and 25. MALDIMS analysis of o oty

the endoproteinase Lys-C digest of the acetylated peptide ooz raivias et e

showed the presence of fragments Aef2), Ac(5-25), and iaze i orag enmay T e

Ac(23—38), each containing a single putative modification 0.051

site. Therefore, this analysis demonstrates that acetylation ]

specifically occurred at Lys4, Lys22, and Lys25. On the

contrary, identification of theN-e-acetyllysine within the

peptide Ac(39-57) was directly obtained by amino acid °'°°'_b

sequence analysis. When analyzed by automated Edman

degradation, the purified fragment, containing Lys47 and

Lys56, both candidates for modification, showed the presence

of N-e-Ac-Lys at position 47; no trace of modified Lys56

was observed. Under these experimental conditions, no

acetylation was detected at Lys56, Lys58, Lys62, and Lys64.
When the TTF-1HDB-C complex was examined, a 10:1

reagent:homeodomain molar ratio was needed to observe the

mono- and dimodified forms of the protein. The presence

of the acetylated N-terminus was determined as described

above. Furthermore, direct MALDIMS analysis of the

unfractionated CNBr hydrolysate (Figure 4C) showed that 0101 2 G araore

3 (10-16)

acetylation mainly occurred within the peptides of residues § Crea e
2—38 and 58-68; a minor extent of modification was also 7 amvaes e
detected in the peptide of residues-3F. The CNBr peptide sl | oo 0eoras
mixture was purified by RP-HPLC, and the acetylated ’
peptides were collected and further characterized. MALDIMS

analysis of the peptide Ac{238) following endoproteinase .
Lys-C digestion showed the presence of a signamét °'°°‘“l ;s ftLH
2752.6, corresponding to the peptide Ae@b); this result '
demonstrated that acetylation only occurred at Lys22. 0 20 40

Identification of the N-e-acetyllysine within the peptide ) )

Ac(58—68) was directly obtained by amino acid sequence Time (min)

analysis. The purified fragment, containing Lys58, Lys62, FIGURe5: Comparative HPLC analysis of the thermolytic digests

and Lys64, showed the presence Mf-Ac-Lys only at of the complexes TTF-1HBCm (A), TTF-1HD-D (B), and TTF-

position 64; no trace of modified Lys58 and Lys62 was il(jzlr?t}iié%)yaggr,v'lnsc:?gt;ggigt:g_m'rEcsrat'O of 1'5). Peptides

observed. Similarly, the small amount of the acetylated
fragment of residues 3%7 observed in the digest identified
N-e-acetyllysine at position 56. No trace of modified Lys47 to the other two complexes, as shown by the disappearance
was observed. of the corresponding HPLC peak (Figure 5A). On the
TTF-1HD Complexes with Different Oligonucleotid&se contrary, the highest recovery of intact HD was detected for
same limited proteolysismass spectrometry approach was the TTF-1HD-C complex (Figure 5C). The D oligonucle-
employed to detect structural differences among the com- otide exhibited protection properties intermediate between
plexes formed by TTF-1HD with three oligonucleotides those of Cm and C as shown by the amount of intact HD
differing in their sequences. Besides its target motif, in fact, recovered. These results are in very good agreement with
this homeodomain was demonstrated to interact with DNA previous band shift experiment27).
fragments lacking the specific recognition sequence. In Besides the intact protein, the ESMS analysis of the
particular, gel retardation experiments had shown that TTF- individual fractions from the HB-C complex showed the
1HD can bind with different affinities to two other oligo-  occurrence of peptides of residues@0 and 1-65; the latter
nucleotides, named D and Cr@7). Comparative limited  originated by cleavage at Ala65, as previously observed (see
proteolysis experiments were then carried out with the three Scheme 1 and Table 1), whereas the former was generated
complexes of TTF-1HD with oligonucleotides C, D, and Cm by subdigestion of the longer fragment as demonstrated by
using thermolysin and chymotrypsin as proteolytic probes. time course analysis (data not shown). The same peptide
Figure 5 shows the HPLC analysis of the aliquots fragments were detected in the analysis of the TTF-HHD
withdrawn after 30 min of thermolytic digestion of the complex (Figure 5B). However, the additional presence of
complexes TTF-1HB-Cm (panel A), TTF-1HB-D (panel peptides of residues—17, 8—65, and 8-68 demonstrated
B), and TTF-1HD-C (panel C) using a 1:&:S ratio. A the occurrence of another hydrolysis site at Val7.
qualitative comparison of the chromatographic profiles for  These results were confirmed by incubation of the three
the three different complexes clearly indicates that Cm complexes with chymotrypsin (data not shown). Again, Cm
exhibited the lowest protection effect on the homeodomain exerted the lowest protection effect on the homeodomain,
toward thermolysin action. A complete digestion of the intact whereas the highest recovery of intact HD was observed with
protein was, in fact, observed in this case when comparedthe TTF-1HD-C complex. Moreover, analysis of the frag-

w
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Ficure 6: Three-dimensional structure of TTF-1HD as determined by Esposito @2a[(A) and the model proposed for its complex with
oligonucleotide C23) (B). Amino acid residues recognized by proteases or chemically modified in both cases are red. The side chains of
residues exposed in the isolated protein but masked in the complex are yellow.

ment released from the HED complex by ESMS identified  protein core and endowed with a high degree of conforma-
an additional hydrolysis site at Leu8. tional freedom.

These data clearly indicate that the three complexes On the contrary, no accessible residues were identified at
possess slightly different structures; i.e., TTF-1HD binds the the C terminus of the homeodomain in contrast with the
oligonucleotides in a slightly different way. These observa- three-dimensional structure determined by NMR that de-
tions are in agreement with both electrophoretic experimentsscribed a disordered C-terminal segment fully exposed to
and the relative binding affinities measured for the oligo- the solvent. This discrepancy might depend on the different

nucleotides 27). experimental conditions used, i.e., the different pH values
(ApH = 3.5), possibly determining differential degrees of
DISCUSSION protonation at Lys62, Asp63, and Lys64. Potential salt

bridges between the Asp63 carboxylate and the amino and
guanidino groups of Lys56, Lys58, and Arg59 have, in fact,
been described even at acidic pBR). These interactions

Limited proteolysis and chemical modification experiments
were employed to study the surface topology of the TTF-

1HD—DNA complex on the grounds that the interface - . . .
regions of the protein that are exposed in the isolated might become prominent at physiological pH due to favor-

molecule, and hence accessible to proteases and chemicaﬁble changes in the protonation state of these residues leading
reagents, become shielded following complex formation. tﬁ an accommgdanon ofthe C terminus c;n Lhe protg:jn smérfa(ée
When comparative experiments were carried out with both that prevented protease recognition of the peptide bonds

the isolated protein and the complex, differential peptide Within the region of residues 5&4.
maps were obtained from which the interface regions could To further investigate the accessibility of basic residues
be inferred. in isolated TTF-1HD, the protein was selectively acetylated
As the first stage, the surface accessibility of isolated TTF- under controlied conditions. Studies of the chemical reactivity
1HD was investigated. Limited proteolysis results were Of the eight Lys residues showed the high susceptibility of
essentially consistent with the homeodomain structure de-LyS4, Lys22, Lys25, and Lys47, indicating that these residues
termined by NMR at pH 422) and reported in Figure 6A, ~ are easily accessible in the isolated homeodomain. These data
where the observed hydrolysis sites are red. Preferential2’® essentially in agreement with results from limited
cleavage sites were mainly grouped within four regions of Proteolysis experiments. As shown in Figure 6A, in fact,
the HD structure (Table 1 and Scheme 1), the N-terminal €nZymatic hydrolyses and chemical modifications occurred
segment (Arg3, Lys4, Arg5, Arg6, Leus, and Phe9), the first @t amino acid side chains exposed on the protein surface
and the second helixes (Tyr15, Glul16, and Glu18 and His34, Whereas the inner hydrophobic core became inaccessible.
Met38, and 1le39, respectively), and the connecting loop  However, Lys22 and Lys25 were not recognized by trypsin
(GIn24, Tyr/Phe26, and Leu27). Two specific residues and could only be identified by chemical modification, yet
(Lys47 and Tyr55) could also be identified in the recognition both residues are located in the exposed loop connecting the
helix. These results confirmed that the N-terminal region of first and second helixes. This result might be interpreted in
HD is very flexible and exposed, as it was cleaved at nearly terms of a local conformational rigidity of the polypeptide
any amino acid residue, in perfect agreement with the NMR chain that prevented tryptic hydrolysis. It should be noted
structure depicting an N-terminal arm protruding from the that such an apparent discrepancy had already been observed
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in the analysis of Minibody, highlighting the complementarity DNA binding seems also to have a local influence on the
of the limited proteolysis and/or chemical modification molecular conformation of the homeodomain. Glu31, in-
approachesl(l). Lysine residues at positions 56, 58, 62, and volved in the N-capping motif with Ser28 and Leul7 in the
64 were never modified under the experimental conditions isolated proteinZ?2), in fact, became accessible to proteases
used, confirming the structured conformation of the C in the complex. Most important, a general structural rear-
terminus. rangement of the C terminus was observed. This region was

A considerably different surface topology of TTF-1HD ot included in the TTF-IHBDNA model reported in
was observed as a result of the interaction with oligonucle- Figure 6B, and no prediction was available. According to
otide C. The occurrence of a shielding effect exerted by the OUr results, this region became completely exposed to enzyme
DNA molecule on the protein was clearly detected as action following DNA interaction. Proteolytic cleavages
indicated by the general lower accessibility of the complex Were, in fact, detected at Lys62, Lys64, and Ala65 with
with respect to the isolated protein. Proteolysis occurred only acetylation specifically occurring at Lysé4. These data
following a considerable increase in the protease concentra-ndicate that the C-terminal portion of HD is displaced from
tion, suggesting a more structured and rigid conformation the protein surface by the interaction with oligonucleotide
of TTF-1HD. This was also confirmed by the large decrease C, assuming a disordered and flexible conformation. These
in the number of preferential cleavage sites observed in thefindings suggest a direct effect of DNA binding on the
complex as compared to those found in the isolated moleculeMolecular conformation of the entire TTF-1 protein. A
(Table 1). Similarly, acetylation occurred at a reduced Number of recent reports support the hypothesis that con-
number of Lys residues and only by the addition of a 5-fold formational changes upon binding DNA may be the rule

molar amount of acetic anhydride with respect to the isolated rather than the exception, in DNA-binding proteis$,(and
homeodomain. reference therein). In this respect, the displacement of the

TTF-1HD C-terminal tail might affect the C-terminal domain
of the protein, causing this region to assume a biologically
relevant conformation. Future studies will be needed to
determine whether this phenomenon might be directly
associated with the biological functions of the transcription
factor or due to the peculiar structure of the recombinant
homeodomain that was studied.

The overall results presented here essentially confirmed
e predicted model for the interaction of TTF-1HD with its
target oligonucleotide, although some refinements are needed.
Recently, the three-dimensional structure of vnd/NK-2 HD,
a homeodomain that in a manner similar to that of TTF-
1HD specifically recognizes the sequenceCAAGTG-3,

Our results were instrumental in the verification of the
molecular model proposed to describe the interaction of TTF-
1HD with its target oligonucleotide sequenc&GAAG-3)
(Figure 6B) @3). According to the model, the recognition
helix (residues 4455) should lie into the major groove of
the DNA, establishing specific contacts with the nucleotides
(lle48, GIn51, Asn52, and Tyr55) and with the sugar
phosphate backbone (GIn45, Lys47, Trp49, and His53) th
(21, 23). Both limited proteolysis and acetylation experiments
showed that two residues in this helix, Lys47 and Tyr55 that
had been found exposed in the isolated protein, were totally
protected following interaction with oligonucleotide C,

?rt:‘f;)hrglr:gga;gnexpenmental validation of the proposed model has been solved resulting in a model similar to that proposed
: for TTF-1HD complex 81).

Following complex formation, the N-terminal region of TTF-1HD was shown to interact with other DNA frag-
HD could only be cleaved at Argi_% _and ArgGZ whereas Lys4, ments lacking the target sequencé-CRAG-3'), such as
Args, Leus, and Phe9 were significantly shielded by oligo- gjigonucleotides D and Cm, although these complexes were
nucleotide C (see Figure 6B). Moreover, Lys4, selectively characterized by different equilibrium dissociation constants
acetylated in isolated HD, was completely protected even gg compared to those of the HIZ complex 27). When
toward chemical modification in the complex. These results comparative limited proteolysis experiments were carried out
clearly showed that following interaction with DNA, the  jith the three complexes, an excellent agreement between
N-terminal arm of TTF-1HD undergoes a conformational stryctural data and thermodynamic parameters was observed.
change, intercalating into the minor groove of the double | particular, oligonucleotide Cm was immediately shown
helix. In addition, experimental data demonstrated that tg exert a very poor protection effect on the HD structure,
specific interactions in the complex involve Lys4 and Arg5  jn agreement with the high value of the dissociation constant
and not Arg6 as predicted from molecular modeling studies. gpserved for this molecule. When oligonucleotides C and D

The amino acid residues occurring in the loop connecting were used, comparable results were obtained for the two
helix 1 and helix 2, GIn24, Lys25, Tyr26, and Leu27, HD—DNA complexes. However, a detailed examination of
selectively hydrolyzed or acetylated in the isolated protein, the data showed that, following the addition of oligonucle-
were completely masked following interaction with the otide C, a strong protection effect at Leu8 and Phe9 was
oligonucleotide. This observation is in good agreement with obtained. These residues have been described to play a
data on other HB-DNA complexes, where Tyr26 interacts significant role in sequence-specific interaction at the 5
directly with DNA (28, 29). The remaining three residues position of the recognition motif 21). When the same
became inaccessible probably because of the steric hindrancexperiments were performed with oligonucleotide D, an
and the conformational rigidity of this region caused by the essentially similar proteolytic pattern was observed with the
interaction of the aromatic residue with the oligonucleotide exception that Val7 and Leu8 were recognized by proteases.
molecule. On the contrary, Lys22 was selectively acetylated These results clearly showed that TTF-1HD interacts with
both in the absence and in the presence of the oligonucle-oligonucleotide D by adopting the same general fold
otide, thus confirming its location on the molecular surface described for the HBC complex but displaying some
just outside the interacting loop (Figure 6B). differences in the N-terminal arm. In the HID complex,



72 Biochemistry, Vol. 38, No. 1, 1999

this segment intercalates into the minor groove of DNA but
it is not able to make the appropriate specific contacts
observed for the HBC complex. These data again dem-
onstrate the influence of residues located in the N-terminal
region of the homeodomain in contributing to the sequence
binding specificity.

In this respect, HD-containing proteins greatly differ from
prokaryotic transcriptional regulators. These proteins, in fact,
bind to DNA as dimers, recognizing base pairs through
amino acids of the helixturn—helix motif only. Because
of this mode of DNA binding, prokaryotic transcriptional
regulators show a remarkable specificity of sequence rec-
ognition. In contrast, both in vitro and in vivo experiments
demonstrate that HD-containing proteins may efficiently bind
to different sequences and, therefore, could control the
expression of a large number of target gerg.(Accord-
ingly, to explain the different biological effects of HD-
containing proteins, a “widespread binding” model has been
recently proposed3@). The alternative modes of using the
N-terminal arm observed in this study might constitute the
molecular mechanism for providing the HD structure with
the necessary binding flexibility for a widespread DNA-
binding mode.
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