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Solution Structure of Mouse Cripto CFC Domain and Its Inactive Variant Trp107Ala’
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We report here for the first time the solution structures at pH 3 and pH 6 of the synthetic CFC domain of
mouse Cripto and of the point mutated variant W107A that is unable to bind to the Alk4 Cripto receptor.
NMR data confirm that the CFC domain has a4, C2-C6, C3-C5 disulfide pattern and show that
structures are rather flexible and globally extended, with three noncanonical antiparallel strands. His104
and Trp107 side chains protrude from a protein edge and are strongly exposed to solvent, supporting previous
evidence of direct involvement in receptor binding. On the opposite molecule side, several nonpolar residues
are gathered, forming a large hydrophobic patch that supposedly acts as interface with the cell membrane
or the adjacent EGF-like domain. A second hydrophilic patch surrounding His104 and Trp107 is present
only in the wild type variant, suggesting a possible involvement in modulating Alk4 recognition.

Introduction Alk4-independent signaling pathway involves binding to Glypi-

Cripto is a membrane protein indicated as an important target can-1 and the subsequent activation of phosphoinositol-3 kinase/
of therapeutic intervention for the treatment of several wide- Akt and the ras/mitogen-activated protein kinase intracellular
Spread cancers, inc|uding breast, Co|0n, and |ung carcinbrhas. cascade that, IikeWise, induces proliferation, migration, and
The protein displays all the features of an oncogéneing able growth?®
to support survival, transformation, migration, and proliferation ~ Structurally, Cripto is composed of two adjacent cysteine-
in a large variety of cell line%8 It is also highly overexpressed  rich motifs, the EGF-like and the CFC, of a N-terminal signal
in many tumors, while it is poorly detectable in normal tissties. peptide and of a C-terminal hydrophobic region involved in the
Accordingly, induction of Cripto overexpression in transgenic cell membrane attachment by a GPI anckaXll these features
mice causes hyperplasia and tumor formation in host tissties, identify a family of growth factors named EGIEFC of which
suggesting a direct molecular link with signaling pathways of Cripto is the founding membé?. The EGF-like and the CFC
uncontrolled cell growth. Cripto is expressed during pregnancy motifs are small domains of about 40 residues, each compacted
and lactatiotf1? and during early embryogenesfswhereby by three internal disulfide bridg&s*that are deemed to fulfill
it plays a crucial role in the specification of the anterior  distinct functional roles. Indeed, genetic experiments have
posterior and leftright axis and in the formation of several demonstrated that the EGF-like domain binds to Nodal, while
organs'® In addition, it has also been described as a key the CFC binds to the Alk4 receptd?! Consistently, mutations
regulator of stem cell faté'® and as an important pro- in the EGF-like motif, which prevent Nodal binding, or
angiogenic factot? Two main signaling pathways have so far  mutations in the CFC motif that affect Alk4 recogniti&toth
been identified for Cripto, both supporting cell survival. Afirst  pjock the receptor activation and lead to cell growth inhibition.
important pathway involves the activin receptor complex A further mechanism by which Cripto can induce carcinogenesis
(comprising the Activin type Il serine/threonine kinase receptor, inyolves direct binding to Activins, soluble ligands that normally
ActRIl, and the Activin type | serine/threonine kinase receptor, pind to the Alk4/ActRIIB receptor complex in a Cripto-
Alk4) and a number of proteins of the T@EFamily, including independent fashion and promote tumor-suppressive signals in
Nodal2%"23Vg1/Gdf1?* Gdf3?® Activin A,?® Activin B,* and normal tissued? Cripto reportedly interacts with Activins2
Lefty.?” Current evidence indicates that Cripto performs an anq it has been postulated that this interaction could impair the
obligatory role as co-receptor for Nodal as well as for Gdfl activin growth suppressive activity by competition with Ak
and Gdf3; indeed, binding of Nodal/Gdf1/Gdf3 to the activin 4, Nodal26 therefore, inducing cell survival. Whether Cripto
receptor complex (Alk4/ActRIIB) occurs only in the presence pings to Activin A or B is still a matter of debate; however, it
of Cripto. Following receptor activation, Smad2 and Smad3 are 1,55 peen shown that monoclonal antibodies (MAbs) raised
phosphorilated and accumulate together with Smad4 in the against the CFC domdirare able to prevent or reduce tumor
nucleus to mediate transcriptional response. A second Nodal/sj.mation in xenograft models and are promising drug candi-

* To whom correspondence should be addressed. #&9-081-2536644 dates for_ further CIInI_CaI Sgeve.bpmen.t as effective tumor-
(M.R.); +39-081-674295 (L.F.). Fax:-39-081-2534574 (M.R.)}39-081- suppressive therapeuti®g>3* Anti-EGF-like MAbs have also
674090 (L.F.). E-mail: menotti.ruvo@unina.it (M.R.); lucia.falcigno@unina.it - been successfully utilized to prevent tumor development in vivo
(L.E). and to inhibit the growth of established tumors of colon

T Coordinates have been deposited in the PDB with accession number . . . .
2j5h. NMR data for CFC at pH 6 are deposited at BMRB with accession X€nografts in mice, though their use seems to be more effective

nuri'nber 7299. _ _ in combination with cytotoxic drug&3® Remarkably, these
§Lﬁ?jgsﬁggggseﬁggt“b‘“ed equally to this work. observations suggest that, although intricate multiprotein com-
Ilstituto di Biostrutture e Bioimmagini del CNR. plexes are formed and complicated interplays between several
Ulstituto di Genetica e Biofisica “Adriano B. Traverso” del CNR. interacting partners are activated during all phases of carcino-
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unambiguous interstrand NOE contacts were also observed:

( [\
Ac-K®EHCGSILHGTWLPKKCSLCRCWHGQLHCLPQTFLPGCD'*-NH, aCH Cys115-aCH Cys124 andxCH Cys99-aCH Cys117, -
for both analogues. These contacts confirm that the disulfide

Figure 1. Amino acid sequence of mouse Cripto-9634 CFC domain. ~ Dridge disposition is consistent with that reported in previous
Trp107 and His104 residues involved in Alk4 binding are underlined. Investigations.

Trp107 mutated to alanine in CFC-Mut is also shown in bold. A set of 241 experimental NOE constraints for CFC (136
intraresidual, 87 sequential, and 18 long-range) and 242 for
CFC-Mut (125 intra-residual, 80 sequential, and 37 long-range)
were used for structure calculations by DYANA/Amber pro-
grams (Tables 1 and 2j.Additional constraints were inserted
for ® dihedral angles of those residues showing |&3gg—«cH
coupling constants, measured by DQFCOSY spectra. In par-
ticular, nine and seven torsion angle restraints were used for
CFC and CFC-Mut, respectively. The best 10 structures (see
Experimental Section for details), with a residual restraint energy
‘lower than—196 kcal/mol for CFC and-81.0 kcal/mol for
CFC-Mut, were selected to represent the polypeptide solution
structures. The peptide adopts a flexible structure with a
backbone mean global root-mean-square deviation (rmsd) of
6.25+ 1.56 A for CFC and 4.46- 1.17 A for CFC-Mut. The
most ordered peptide regions correspond to the segment
C99-C115, C115-C124, and C124C133. Backbone mean

genesis, Cripto domains, and particularly CFC, have a decisive
role and represent unique targets to fight severe and very
aggressive tumor diseases.

Recently, the disulfide bridge structure of human CFC has
been experimentally determined to be a-@u4, C2-C6,
C3-C5 patterr?® In the same report, a 3D structure for CFC
has been predicted, implying that small serine protease inhibi-
tors, known as PMP-C, having the same pattern of disulfide
connections, are remote homologues of CFC. In such a model
the largest loop connecting Cysl11l5 and Cys128 (human
numbering), contains several residues responsible of Alk4
interaction, notably His120, Trp123, and Pro1253637ELISA
assays carried out with synthetic domains have shown that
substitution of Trp107 with alanine in mouse CFC (correspond-
ing to Trp123 in the human sequence) totally abolishes binding
to Alk4, while the change of His104 (His120 in the human " -
variant) only partially suppresses receptor recognitiod global rm_sd for the superposition of the final ten structures are
comparative CD analysis has also shown that both mutants adop{EporIEd in Table 2. .
slightly distorted secondary structure, suggesting that not only "€ molecular model of CFC shows an ellipsoidal compact
side-chain contacts, but also appropriate conformations con-Shape with approximate dimensions of 24>A20 A x 18 A
tribute to receptor recognition and bindifgTherefore, the  (Figure 3a). The molecular model of CFC-Mut also shows an
knowledge of the CFC structure and of the structural determi- €llipsoidal prolate shape but with approximate dimensions of
nants for Alk4 and Activin recognition is of primary importance 30 A x 14 A x 16 A (Figure 3b). The molecules are globally
for the development of new tumor suppressive agents and forexltended with three antlparallel_strands connected by disulfide
further elucidation of the molecular mechanisms underlying the Pridges. Pro109 and Pro131 residues are located at corners. The
Cripto-dependent tumor formation and progression. To this aim, first tvyo strands are more extendgd than thg third one, which is
we have undertaken an extensive conformational study by NMR bent in the segment 118126, mainly constituted by hydro-
of the chemically synthesized CFC domain of mouse Cpto, Phobic residues. A difference observed between CFC and CFC-
spanning residues 96134 (Figure 1), and of the inactive variant Myt molecglar models _regards the orientation of the C-terminal
formed in water at both acidic pH, to facilitate the NMR The disulfide bridges show multiple conformatiéhi all
assignment, and at pH 6 to approach the physiological environ-final structures, but this does not substantially change the
ment. Our NMR studies are the first to be reported on this family structure of the backbone. The first disulfide bridge in the
of proteins and can provide the molecular basis for a better sequence is established between Cy399s117 and links the

comprehension of the receptor recognition properties. N-terminal segment to the central strand of the model. This
) ) bridge has alternative conformations according toyhangle
Results and Discussion value: “left-handed” (6 structures out of 10) and “right-handed”

The NMR analysis of Cripto CFC domains has been carried (4 structures out of 10) that correspond to mean values of the
out on the synthetic polypeptides prepared and refolded asangleys of —82° and of +82°, respectively. The same bridge
described in Marasco et @In the same report, the CD analysis for CFC-Mut shows multiple conformations with five “left-
of CFC and CFC-Mut, performed under different pH conditions, handed” structuresy¢ = —68°) and five “right-handed”
has shown that the molecules do not assume canonical conforstructures s = +68°). The mean distanc@CH Cys99-aCH
mations, although the curves are indicative of organized Cys117 is equal to 3.2 A and to 3.9 A, for CFC and CFC-Mut,
structures with mixed alpha and beta structure contribufibns. respectively. The disulfide bridge Cys118ys124 links the

NMR Analysis and Molecular Modeling of CFC and CFC- second and the third strand and is arranged orthogonally to the
Mut in H ;0/D,0 90/10 (v/v) at pH 3.Proton chemical shifts  near bridge SS Cys99-Cys117. This bridge also shows
of CFC and CFC-Mut in KO/D,O 90/10 (v/v) at pH 3 are  multiple conformations with five “left-handed” structuregs (
reported in Table S1 and Table S2 of the Supporting Informa- = —80°) and five “right-handed” structureg{ = +82°) for
tion. CFC and with four “left-handed” structuregs(= —83°) and

A preliminary structural diagnosis was obtained by comparing six “right-handed” structuresy¢ = +93°) for CFC-Mut. The
the CFC and CFC-MuttCH proton chemical shifts to random  disulfide bridge is characterized by a short mean distatrcid
coil values® for each residue. As shown in Figure 2, most Cys115-aCH Cys124 equal to 2.8 A for both polypeptides.
residues show positive deviations from random coil values, more The third bridge, Cys112Cys133, links the C-terminal residues
marked in the central part of the molecule, suggesting the to the loop between the first two strands. It is arranged parallel
presence of-sheet structures. This structural diagnosis is to the second bridge in the molecular model for CFC and
consistent with the NOE pattern. NOE effects suchjasNH; 1 orthogonally to the bridge-SS Cys115-Cys124 for CFC-Mut.
appear stronger than the corresponding;NNH;.1, nicely The y3 angle values are-106° and —74° for five structures
confirming the occurrence of extended conformations. Some and+78° and+90° for the other five structures for CFC and
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Figure 2. Chemical shift deviations from the random-coil values é@H protong® at pH 3 of CFC (black bars) and CFC-Mut (gray bars).

Table 1. NMR Structure Determination Statistics

CFC CFC-Mut CFC pH CFC-Mut
pH3 pH3 6 pH 6
NMR Restraints
distance restraints 241 242 179 167
intraresidue 136 125 76 96
sequential |f — j| = 1) 87 80 55 44
medium-range (¥ |i —j| < 4) 18 37 48 27
torsion angle restraints 9 7 0 13
mean global backbone rmsd 6.14+1.22 A 541+ 1.19 A 5.224+ 0.90 A 525+ 1.19 A
(96—134)
mean global heavy rmsd 7.78+1.19A 6.79+ 1.18 A 6.88+ 0.96 A 6.38+ 1.18 A
(96—134)
Violation Statistic (40 Structures)
DYANA TF (A2 0.56+ 0.17 1.58+ 0.37 3.13+1.16 0.94+ 0.21
Residual Distance Constraint Violations (A)
number> 0.2 A 1 4 6 4
sum 0.09 0.17% 0.04 0.18+0.12 0.24+0.02
maximum 0.25 0.4 0.09 0.71+0.19 0.30+ 0.05

aValues are the average standard deviation for the ensemble of the best 40 structures obtained by REDAC strategy.

CFC-Mut, respectively. The average distarnceH Cys112- fast exchange phenomena with water, some NH resonances were
aCH Cys133 is equal to 6.0 A for CFC and to 5.8 A for CFC- missing. In these cases, the amino acid spin systems were
Mut. assigned by inspection of the high field correlation regions in

It is worth noticing that, in the CFC molecular model, the the 2D maps (Figure 4). TheCH chemical shift deviations
side chains of His104 and Trp107 residues, involved in the from random coil value$ versus residue number (Figure 5)
binding with the receptc#2:303141are exposed to the solvent show a trend similar to that observed for both peptides at pH 3.
and surrounded by positively charged residues both aboveHowever, the deviations at pH 6 are very large, indicating a
(Lys96, His98, His119) and below (Lys110, Lys111). In higher percentage of ordered conformers at pH 6 than at pH 3.
addition, a large hydrophobic patch spanning residues-122 A set of 179 experimental constraints from NOE data for CFC
130, which is believed to be responsible for the interaction of (76 intra-residual, 55 sequential, and 48 long-range) and 167
Cripto with the cellular membrane or is part of the interface for CFC-Mut (96 intra-residual, 44 sequential, and 27 long-
with the adjacent EGF-like domaffi,is found opposite to the  range) were used for molecular model calculations by the
binding site. DYANA/Amber (Tables 1 and 23¢ Additional 13 torsion angle

NMR Analysis and a Molecular Modeling in H,0/D,0 constraints were inserted for CFC-Mut. The best 10 structures
90/10 (v/v) at pH 6.The conformational analysis via NMR of  (see Experimental Section for details), with a residual restraint
both peptides was performed at pH 6 to approach physiological energy lower than-67.5 kcal/mol for CFC and-90.3 kcal/
conditions and, thus, to monitor possible structural changes with mol for CFC-Mut, were selected to represent the peptide solution
respect to acid pH values. Proton chemical shifts of CFC and structures (Figures 3c and 3d). The peptide adopts a flexible
CFC-Mut in HO/D,O 90/10 (v/v) at pH 6 are reported in Tables structure with a backbone mean global root-mean-square
S3 and S4 of the Supporting Information. As a result of the deviation (rmsd) of 4.7% 1.07 A for CFC and 5.0&- 1.15 A
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Table 2. AMBER Structural Statistics

CFCpH 3 CFC-Mut pH 3 CFC pH 6 CFC-Mut pH 6
Residual Distance Constraint Violations (A)
02<d=0.3 5.9+ 2.3 5.8+ 2.9 6.1+ 1.9 6.0+ 1.7
03<d=<04 14+1.1 2.2+15 2.6+1.8 2.3+1.2
04<d=05 0.7+ 0.8 20+1.1 21+1.4 0.7+0.8
maximum violation 0.4Gt 0.07 0.58+0.14 0.56+ 0.16 0.42+ 0.09
AMBER Energies (kcal moll)
distance constraint 145 2.42 24.8+ 5.45 24.3+ 6.55 18.8+ 3.16
van der Waals —181.4+41.4 —185.9+ 7.88 —195.0+ 9.58 —183.8+ 10.4
total —216.5+ 16.3 —95.31+ 14.2 —130.6+ 33.9 —115.2+24.0
RMSD to the Averaged Coordinafed)

backbone (96 134) 6.25+ 1.56 4.46+ 1.17 475+ 1.07 5.00+ 1.15
all heavy (96-134) 7.60+ 1.58 5.75+ 1.38 6.05+ 1.21 5.99+ 1.27
backbone (99-107) 245+ 0.61 2.24+ 0.56 1.99+ 0.51 2.35+ 0.59
all heavy (99-107) 4.224+0.90 3.45+ 0.85 3.30+0.78 3.3+ 0.91
backbone (116115) 1.63+ 0.39 1.56+ 0.45 1.64+ 0.40 1.53+ 0.56
all heavy (116-115) 3.19+ 0.58 3.21+0.82 3.26+0.71 2.75+ 0.87
backbone (99-115) 3.73+£0.84 2.91+0.76 2,79+ 0.77 3.03+ 0.81
all heavy (99-115) 5.01+ 1.00 4.24+0.99 4.15+ 0.90 3.95+ 0.99
backbone (115124) 3.99+ 1.08 1.82+1.09 3.35+ 0.76 1.93+0.82
all heavy (115-124) 247+ 1.10 3.35+ 1.08 1.89+ 0.63 3.29+0.78
backbone (124133) 4.39+1.20 2.11+0.72 3.62+ 0.77 2.33£ 0.52
all heavy (124-133) 4.35+ 0.88 3.20+ 1.10 412+ 1.03 3.49+ 0.79

a Average value for the ten selected energy minimized conforméygerage coordinates of the selected energy minimized conformers after superposition
for the best fit of the atoms of residues indicated in parentheses.

for CFC-Mut. Despite the conformational flexibility, indicated Cys115-Cys124, is arranged orthogonally to the nearSS
by the high rmsd, some structural features systematically occur Cys99-Cys117 bridge. Thgs angle values are 71° and—85°

in short peptide regions, determined by locally reduced con- for five structures and-72° and+87° for the remaining five
formational dispersion. As observed at pH 3, the most ordered structures for CFC and CFC-Mut, respectively. It is character-
regions of the peptides correspond to the segment-C44.5, ized by a shorttCH Cys115-aCH Cys124 mean distance equal
C115-C124, and C124C133. Backbone mean global rmsd to 4.0 A for CFC and to 2.2 A for CFC-Mut. The third disulfide
for the superposition of the final 10 structures are reported in bridge, Cys112Cys133, is arranged parallel to the second

Table 2. bridge in the molecular model for CFC and orthogonally to the
Molecular models show an ellipsoidal prolate shape with S—S Cys115-Cys124 bridge for CFC-Mut. This bridge also
approximate dimensions of 32 A 12 A x 17 A and 30 Ax shows multiple conformations with two “left-handed” structures

14 A x 10 A, for CFC and CFC-Mut, respectively. The folding (33 = —102°) and eight “right-handed” = +87°) structures
of both molecules is globally extended with the presence of for CFC and with six structures “left-handedjs(= —103)
three antiparallel strands linked by the disulfide bridges and and four “right-handed”)s = +95°) structures for CFC-Mut.
connected through loops larger than those observed at acid pHThe average distanaeCH Cys112-oCH Cys133 is equal to
The first and the central strands are more regular than the third5.4 A for CFC and to 5.7 A for CFC-Mut. As already observed
one. With regard to CFC-Mut, two structures out of 10 show for CFC molecular model at pH 3, also at pH 6, the side chains
short regular strands of antiparall@isheet in the 114115/ of His104 and Trpl107 residues, involved in the binding with
124-125 and 115117/122-124 segments. Both molecules the recepto??3%3lare strongly water exposed. NMR datéCH
show the loop 107112 centered on a proline (Pro109) larger proton chemical shift deviations, from random coil values and
in CFC-Mut than in CFC molecular model. Differently from  NOE effects indicate a higher percentage of ordered conforma-
CFC, the C-terminal tail points to the first strand in the case of tions at pH 6 than at pH 3, as expected. In particular, although
CFC-Mut. It is worth noticing that two NOE contacts, 4:35  the total NOE number is higher at pH 3 than at pH 6, the
4.57 ppm and 4.352.74 ppm, were not inserted in structure percentage of long-range NOEs increases at physiological
calculations due to an ambiguity of assignment. In fact, both conditions for both sequences (27% vs 7% for CFC and 16%
theaCH proton resonances of P109 and P131 are found at 4.35vs 15% for CFC-Mut). Moreover, the decrease of the total NOE
ppm, whileaCH andSCH, of D134 resonate at 4.57 and 2.74 number at pH 6 is mainly due to the lack of several NH
ppm, respectively. On the basis of the CFC-Mut molecular resonances and to the related backbone NOE effects.
model, these NOEs can be assigned, a posteriori, to P109/D134 In Figure 6, Connolly surfaces, computed for the average
contacts. structures of CFC and CFC-Mut at both pH 3 and pH 6, are
As observed at pH 3, the disulfide bridges show multiple reported. In these representations, a hydrophobic patch located
conformation®® in the 10 final structures, but this does not at a region opposing the binding site is clearly visible. This
considerably affect the backbone structure. For CFC, the first patch is consistently wide in more than 60% of the final selected
Cys99-Cys117 disulfide bridge has alternative conformations structures, suggesting that it can really have a role in the
according toys angle value: “left-handed” (6 structures out of recognition of other hydrophobic surfaces derived by the
10) and “right-handed” (4 structures out of 10) that correspond adjacent EGF-like, by cell membraffepr by other soluble
to mean values of thg; angle of—78° and+89°, respectively. protein partners like Activins. Our data, for wild type CFC, are
The same bridge for CFC-Mut shows multiple conformations indicative of the occurrence of discrete hydrophilic patches
with four “left-handed” structuresyg = —57°) and six “right- above (Lys96, His98, His119) and below (Lys110, Lys111) the
handed” structuresy¢ = +77°). The mean distanceeCH binding site. Surprisingly, a similar assembling of hydrophilic/
Cys99-aCH Cys117 is equal to 4.7 A and to 3.1 A for CFC  hydrophobic residues is not observed in the CFC-Mut Connolly
and CFC-Mut, respectively. The second disulfide bridge, surfaces (at both pH 3 and pH 6), suggesting a possible
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Figure 3. Ribbon representation of DYANA/AMBER average molecular models: (a) CFC pH 3 in violet; (b) CFC-Mut pH 3 in green; (c) CFC
pH 6 in fuchsia; and (d) CFC-Mut pH 6 in orange. The side chains of Trp107 and of His104 are shown.

involvement of these residues in modulating the binding to Alk4.

and Trp10723031Both interactions have been demonstrated

Moreover, as a consequence of the C-terminal tail found closerto be mutually independent and self-sufficient, clearly indicating
to the first strand in CFC-Mut molecular models, a short-range that isolated domains actually are functionally distinct. Remark-
interaction between His104 and Aspl134 appears in more thanably, both domains are able to spontaneously refold to form

50% of the final selected structures. This subtle structural
difference, along with the hydrophilic region surrounding the
Alk4 binding site in the wild type variant, could significantly
contribute to the striking differences in Alk4 binding capacities
exhibited by the two domains.

Conclusion

We report for the first time the solution structural character-
ization of isolated mouse Cripto CFC domains at pH 3 and pH
6. Cripto, as other members of the EGEFC proteins, contains
two small adjacent motifs that are believed to fulfill distinct
functions. The EGF-like domain, also found in other functionally
unrelated protein& binds to soluble co-ligands through very

the correct disulfide structurd;3! suggesting also a prominent
structural independence. On these grounds, the characterization
of the 3D-structure of EGF-like and CFC as isolated domains
can be carried out, yet keeping in mind that quaternary
interdomain interactions can occur in vivo to modulate more
complex protein activities.

The molecular models of wild type mouse CFC and of the
inactive variant bearing a single amino acid substitution on
Trpl07 as determined in solution by NMR at nearly neutral
pH, do not show canonical structures, as previously evidenced
by CD analysis? All the determined structures show a globally
extended folding and, as expected, they appear generally more
structured at physiological pH values than under acidic condi-

few residues (Gly71 and Phe78, mouse numbering) and antions. The overall topology is determined by the presence of

unique fucose modification on Thr82.Similarly, the CFC
seems to bind Alk4 essentially via the side chains of His104

the three bridges, Cys9%ys117, Cysl115Cys124, and
Cys112-Cys133 that, in all the cases, show an equal distribution



Mouse CFC Solution Structure Journal of Medicinal Chemistry, 2006, Vol. 49, No7Q89

L-J
S )

" R > ‘vi |
4 % o = o e |

: .nﬂao . . 8 :':dvﬁuqt.et o o b !

- i

45 40 5 ] 20 15 1 oo

Figure 4. High-field correlation region of 200 ms NOESY spectra of CFC acquired@/B,O 90/10 (v/v), at 700 MHz, 298 K at pH 3.
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Figure 5. Chemical shift deviations from the random-coil values é&H protong® at pH 6 of CFC (black bars) and CFC-Mut (gray bars).

among “left-handed” 3 = —90° + 30°) and “right-handed” Significantly, the calculated structures of CFC, even at acidic
(x3 = +90° £ 30°) conformations? Interestingly, the presence  pH, show that His104 and Trp107 are solvent exposed and in
of these multiple conformations around the-S bonds does  the main are iso-oriented, thus prone to binding with external
not substantially affect the structure of the backbone and, partners, such as the Alk4. On the contrary, in the CFC-Mut
consequently, of the overall structures. calculated structures, the His104 and Alal07 side-chains,

The calculated structures are not as compact as proteolysisilthough solvent-exposed, are in general not well iso-oriented,
experiments and the presence of the disulfide bridges would With His104 pointing toward the C-terminal tail.
suggest, nor at pH 3 or at pH 6. Indeed, both the wild type and In the region near to the binding site in the CFC structures,
the Trpl07Ala mutant display quite dynamic structures char- several positively charged residues are also gathered that could
acterized, on the edges, by large flexible loops restrained by thereby contribute to proteirprotein interactions. Structural
the disulfide bridges and, in the central core, by mostly data also confirm the presence of a previously predited
noncanonical strands. This outcome is not really surprising, hydrophobic patch on the molecule side opposite to the Alk4
considering that small disulphide-rich proteins tend often to binding site. Indeed, Foley et al. suggested functional and
assume less regular secondary structures as compared to largesequence similarities of Cripto with the Von Willebrand Factor
more organized proteirf§. C-like domain of Jagged 2 for which no structural data are
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Figure 6. Connolly surfaces comparison of CFC and CFC-Mut

molecular models. (A) CFC at pH 3; (B) CFC-Mut at pH 3; (C) CFC

at pH 6; and (D) CFC-Mut at pH 6. Residues are colored as follows:
acid (red), basic (blue), polar (yellow), and hydrophobic (gray). The
hydrophilic patch around Trp107 and His104 is visible in the structure
of CFC at pH 6 (C).

available® In the same study, structural analogies of the CFC

Gaalese et al.

One- and two-dimensional (2D) NMR spectra were acquired on
a DRX Bruker spectrometer, operating at a proton frequency of
700 MHz and located at Magnetic Resonance Center (CERM),
University of Florence, Sesto Fiorentino, Italy. 2D experiments,
such as total correlation spectroscopy (TOC3M)uclear Over-
hauser effect spectroscopy (NOES¥and double quantum-filtered
correlated spectroscopy (DQFCO%yere recorded by the phase-
sensitive StatesHaberkorn method” The data file generally
consisted of 512 and 2048 (4096 for DQFCOSY) data points in
thewl andw2 dimensions, respectively. TOCSY experiments were
acquired with a 70 ms mixing time, while NOESY experiments
were acquired with 100 and 200 ms mixing times. The water
resonance was suppressed by the use of gradféents.

Chemical shifts were referred to internal sodium 3-(trimethyilsilyl)
propionate 2,2,3,3-d4 (TSP). Free induction decays (FIDs) were
multiplied, in both dimensions, with shifted sine-bell or Gaussian
weighting functions and data points were zero filled to 1kuwih
prior to Fourier transformation. Spectra were analyzed by using
NMRPipe/NMRView programé?3® According to Wihrich5!
identification of amino acid spin systems was performed by
comparison of TOCSY and DQFCOSY, while sequential assign-
ment was obtained by the analysis of NOESY spectra. NOE
intensities were evaluated by integration of cross-peaks in the 200
ms NOESY spectra, processed by NMRPipe, using the NMRView
software2? They were then converted into interproton distances by
the use of the CALIBA prograrf? based on the 1§relationship
for rigid molecules. P126 geminald’ protons and G132 geminal
a—o!' protons for CFC at pH 3 and at pH 6, respectively, and C115
geminals—p' protons and G105 geminel—a' protons for CFC-
Mut at pH 3 and at pH 6, respectively, were chosen as reference
with a distance of 2.2 A in each case.

Computational Methods: Torsion angle dynamics calculations
were carried out by the DYANA prografi.The library program
was modified for the N- and C-terminal residues. Three-dimensional
structures of both peptides were obtained using interproton distances
evaluated from NOEs as upper limits, without use of stereospecific
assignments. Additional constraints were usedIfatihedral angles
of those residues showing large valueS&f—och (=9 Hz)33 In

with PMP-C, a small serine protease inhibitor having the same those casesp angles were set to 120° with a tolerance of=10".

disulfide connectivity, were also unveiled and used to build a
model of the 3D structure of human CFC. While this theoretical

model gives an account of the general domain folding and also

Forty conformers were calculated with the standard parameters of
the DYANA program. All of these conformers showed a sufficient
agreement with experimental constraints (lowest target function (TF)
value is 6.88+ 5.21 A2 and 22.96+ 15.45 for CFC at pH 3 and

predicts the hydrophobic patch, in light of our experimental data, at pH 6, respectively: 14.5& 12.13 & and 7.66+ 4.28 for CFC-
it does not seem to properly depict all the domain conformational Mut at pH 3 and at pH 6, respectively; the mean global backbone

features.

rmsd is 6.92+ 1.27 A for CFC at pH 3, 6.05- 1.06 A for CFC

The reason why these protein regions display such a broadat pH 6, 6.304+ 0.96 A for CFC-Mut at pH 3, and 6.3& 1.03 A

conformational freedom is at present still unknown, and the

for CFC-Mut at pH 6. To improve convergence, the redundant

available data do not support any convincing hypothesis. We dihedral angle constraints (REDAC)trategy was also employed,

can thereby not exclude a role of the adjacent EGF-like domai
or of cellular environments in a structure stabilization, nor, by
converse, an intrinsic structural flexibility that could explain

the capacity to establish such a vast network of interactions
many of which have yet to be uncovered.

Experimental Section
NMR Analysis: NMR characterization was performed®D,O

nand 100 more structures were calculated by carrying out five

REDAC cycles for the analogues. Dihedral angle constraints were
created with an ang-cut for the TF equal to 0Bidthe first step,

0.6 A2in the second, and 0.42%4n the third. In the fourth step, the
' structures were calculated with the constraints previously estab-
lished. In the final step, no other dihedral angle constraints were
created, and the structures were minimized at the highest level by
use of all the experimental restraints.

The REDAC structures are indeed more compatible with the

90:10 (v/v) at 298 K and/or 308 K for both the peptides CFC and experimentally obtained data. Each structure shows few violations
CFC-Mut. Samples were prepared by dissolving about 4 mg of eachgreater than 0.2 A from the experimentally derived restraints: 1
peptide in 60Q:L of H,O/D,0 (90/10 v/v). BO was purchased by  versus 241 and 6 versus 179 for CFC at pH 3 and at pH 6,
Sigma Aldrich (99.96% D). Final concentrations were 1.5 mM for respectively, and 4 versus 242 and 4 versus 167 for CFC-Mut at
each sample. The pH values, measured in pure water solutions,pH 3 and at pH 6, respectively. For all the peptides, the 40 DYANA
were 3. To this value of pH, a first series of NMR spectra was structures with the lowest values of TF (average vatu6.56 +
recorded, for both peptides, to obtain structural information in 0.17 A2 for CFC at pH 3, 3.13t 1.16 A2 for CFC at pH 6, 1.58
favorable conditions for NMR analysis. Subsequently, by means + 0.37 A2 for CFC-Mut at pH 3, 0.94+ 0.21 A for CFC-Mut at

of proper additions of 0.12 M NaOH, the pH of both solutions was pH 6; mean global backbone rmsd6.14+ 1.22 A for CFC at
increased. In particular, the pH of both solutions turned out to be pH 3, 5.22+ 0.90 A for CFC at pH 6, 5.4% 1.19 A for CFC-
equal to 6. Therefore, a further series of NMR experiments were Mut at pH 3, 5.25+ 1.19 A for CFC-Mut at pH 6) were subjected
carried out on these samples to obtain structural information in to restrained energy minimization by use of the SANDER module
conditions close to the physiological ones. of the AMBER 6.0 package>6The 1991 version of the force field
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was used/ with a distance-dependent dielectric consten}. A

distance cutoff of 12 A was used in the evaluation of nonbonded
interactions. Distance restraints were applied as a flat well with
parabolic penalty within 0.5 A outside the upper bound; a linear
function beyond 0.5 A with a force constant of 16 kcal nmioh—2

was used. The restrained energy minimization was carried out with
a total of 2000 steps of conjugated gradient minimization, after

Journal of Medicinal Chemistry, 2006, Vol. 49, No7Q81

(15) Gerecht-Nir, S.; Dazard, J. E.; Golan-Mashiach, M.; Osenberg, S.;
Botvinnik, A.; et al. Vascular gene expression and phenotypic
correlation during differentiation of human embryonic stem cells.
Dev. Dyn. 2005 232 487—497.

(16) Li, Y.; Powell, S.; Brunette, E.; Lebkowski, J.; Mandalam, R.
Expansion of human embryonic stem cells in defined serum-free
medium devoid of animal-derived produdBiotechnol. Bioend2005
91, 688-698.

200 of steepest descent, for each analogue. The best structures in(17) Liu, H.; Harris, T. M.; Kim, H. H.; Childs, G. Cardiac myocyte

terms of the fitting with experimentally derived restraints were
selected from those with a residual restraint energy lower 36

kcal mol* and —67.5 kcal mot? for CFC at pH 3 and at pH 6,
respectively, and-81.0 kcal mof! and—90.3 kcal mot? for CFC-

Mut at pH 3 and at pH 6, respectively, to represent the peptides’
solution structures. The molecular graphics program MOLMOL
was employed to perform the structural statistics analysis.
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