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ABSTRACT: We have recently found that a peptide from the mdm-2 binding domain of the p53 protein
induced rapid membranolytic necrosis of a variety of different human cancer cell lines. To determine the
role of solution structure in this peptide’s selective and rapid tumor membrane disruptive behavior, we
have performed two-dimensional NMR on a 32-residue sequence called PNC-27, in both an aqueous
cytosolic-like and a mixed organic membrane-mimetic solution environment. In an aqueous milieu, PNC-
27 contains three-helical domains connected by loop structures, forming an S shape, and another similar
structure with less helical structure. In a solution environment simulating a membrane, the helical domains
found in water increase in length, forming three classes of structures, all of which form a U-shaped helix
coil—helix ensemble. In both solvent systems, this peptide forms amphipathic structures such that its
hydrophobic residues coalesce on one face while the polar residues aggregate on the opposite face. The
ability to form these unique structures in these two solution environments may allow the PNC-27 peptide
to selectively and rapidly disrupt cancer cell membranes.

The p53 protein, which has a critical role in cell cycle from this mdm-2 binding domain that would compete with
control and apoptotic signaling, has been a major target for p53 for binding to mdm-2. This would result in the stabi-
anticancer therapy since mutated p53 occurs in at least 50%ization of wild-type p53, overcoming the effects of mutated
of human cancerd(2). Since p53 is catabolized in a process forms, thus promoting p53-dependent cell cycle arrest and
in which it binds to the mdm-#2murine double minute clone  apoptosis in cancer cellg)

2) to form a complex, whereby its transcriptional activity is Using this strategy, we have found that several peptides
blocked through a ubiquitin-dependent proteosome pathway.,from the N-terminal mdm-2 binding domain of p53, viz.,
we devised a strategy for enhancing its activity by designing (esiques 1226, 12-20, and 17-26. linked to a transfer
agents that block formation of this comple3).(Since the domain of Drosophila homeobox proteinAntennapedia
mdm-2 binding domain of p53 has been identifid), One penetratin (KKWKMRRNQFWVKVQRG), called penetra-
strategy was to inhibit complex formation using peptides (i on their carboxyl-terminal ends, all induced rapid,
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In designing the three N-terminal p53 peptides, we utilized delays of 1.5 ad 2 s were used for experiments in the
the X-ray structure of the p53 27 peptide bound to an  aqueous solution and in the mixed solvent system, respec-
mdm-2 fragment4). In this complex, the p53 peptide adopts tively.

a predominantlyx-helical structure. The penetratin sequence  The assignments were assisted and confirmed by natural
contains a high percentage of positively charged residues,abundancé3C—H HSQC and'3C HSQC-TOCSY. Con-
and since positive charges stabilize théelical conforma-  ventional phase cycling was used instead of gradient selection
tion of peptides if they occur on their carboxyl-terminal to avoid sensitivity loss. These heteronuclear data sets were
ends, we placed the penetratin sequence on the carboxylacquired with 1024 and 512 complex points, and sweep
terminal end of the three p53 peptided).(Since these  widths of 8000 and 20 000 Hz, ity (*H) and t; (:3C),
peptides exerted a cytotoxic effect on a variety of different respectively. Typically, a relaxation delay of 1.2 s was used
cancer cells that appears to be p53-independent but wereyith 64 and 128 scans for HSQC and HSQC-TOCSY,
designed to adopt a conformation that would bind to mdm-2 respectively. The WET scheme was used to suppress the
competitively with p53, we have been investigating whether water signal 9) in all experiments.

these peptides adopt arhelical conformation in solution The deuterium solvent lock was 5% DMS#p-for the
and the mechanisms by which they induce preferential canceraqueous solution and GDH for the mixed solvent system.
cell cytotoxicity. The chemical shift references are made as follows. DSS was

We have recently shown, using circular dichroism, that used in the 5% DMSQ@ aqueous solution to reference both
the p53 mdm-2 binding domain peptide, corresponding to *H and !3C shifts. The 13C/*H referencing ratioZ is
p53 residues 1226, linked to penetratin, called PNC-27, determined to be 0.251 449 60. On the other hand, TMS is
contains significant (almost 30%)-helical structure §). used in the mixed solvent system to referefideand *3C
Using time-lapse electron microscopy on breast cancer cellsshifts with the= ratio determined to be 0.251 450 06. These
that have been treated for different times with PNC-27, = ratios are very similar to published values of 0.251 449 52
we found that this peptide induces rapid membrane destruc-and 0.251 450 02 for DSS and TMS, respectivelg)(
tion that appears to correlate with itshelical content ). NMR data were processed with NMRPIPE1 and
Because, evidently, its anticancer activity is related to its analyzed with NMRVIEW {2). Proton and proton-associated
three-dimensional structure, we have undertaken to deter-carhon assignments (including aromatic groups) were com-
mine_ the three-dimensional structure of this peptide in plete except for some lysine side chainjate positions
solution. (Tables 1 and 2 of the Supporting Information). Unique NOE

In this paper, we report the determined three-dimensional distance constraints (480 from the aqueous solvent and 364
solution structures of the p53 426 peptide attached to  from the nonaqueous solvent) were calibrated with the
penetratin, using two-dimensional NMR, in aqueous and medium intensity at 2.7 A. Two hundred structures each were
nonaqueous (membrane-mimetic) solvents. The use of NMRcalculated for each solvent system using DYANES), and
mixed solvent systems to simulate a membrane environmentthe 20-30 best structures were selected for display. Com-
has been widely used to elucidate protein structures thatputer rendering of NMR structures was done using Molmol
cannot be attained by X-ray crystallograpby®). We further (14) and DS Viewer Pro 5 (Accelrys Inc., San Diego, CA).
propose a mechanism for our observed cellular effects, based
on peptide structure. RESULTS

EXPERIMENTAL PROCEDURES NOESY Resultg-igures 1 and 2 show the NHHA and
NH—NH NOESY spectra, respectively, for PNC-27 in
Peptide The p53 12-26 peptide (in bold) attached to aqueous solvent (left panels) and in nonaqueous solvent
penetratin (in italics)PPLSQETFSDLWKLL KKWKMR- (4:4:1 chloroform/methanol/water mixture) (right panels).
RNQFWVKVQRGcalled PNC-27, was synthesized using The residue assignments were largely based on the traditional
solid-phase methods and was purified by HPLC>t95% two-dimensionatH—H approach augmented by identifica-
purity. tion through the use dH—3C heteronuclear spectroscopies.
NMR ExperimentsPNC-27 was dissolved at a concentra- The latter approach removes all ambiguity in the side chain
tion of 4.0 mM in 10 mM phosphate buffer (pH 5.7) con- proton assignments. Both Figures 1 and 2 show that there
taining 5% DMSOds, and in the same concentration in a are many cross-peaks in both solvents, almost all of which
4:4:1 CDCHCD;OH/H,0 low-dielectric mixed solvent  range from short-rangé<i + 2) to intermediate-range-i
system. Samples in the latter solvent system were flame-+ 4) interactions. Importantly, there are many such peaks
sealed to ensure the constancy of the solvent composition.in the aqueous solvent (Figures 1 and 2, left panels),
NMR experiments were carried out on a four-channel Varian indicating significant structure.
UNITYINOVA 600 MHz spectrometer (Varian Inc., Palo Alto, Figure 3 shows plots of the distance constraint distribution
CA) equipped with a triple-resonance probe arakis pulsed versus interresidue distance for the peptide in aqueous (left)
field gradients. Experiments were carried out between 10 and nonaqueous (right) solvents. It can be seen that the
and 37°C. Only the 37°C results are presented here. Proton majority of the constraints are either intraresidual or sequen-
assignments were accomplished with TOCSY (mixing time tial. In the nonaqueous system, there appears to be imore
of 70 ms), NOESY (mixing times of 100 and 300 ms), and + 3 andi—i + 4 interactions. Figure 4 shows that these
DQF-COSY experiments3f. These homonuclear data sets interactions exist in extended regions throughout much of
were acquired with 2048 and 400 complex pointd,iand the molecule in the nonaqueous solution, as compared with
ty, respectively. Typically, data were scanned 16 times with a short middle section in the aqueous solution. Interestingly,
a sweep width of 8000 Hz in boti dimensions. Relaxation  the du(i,i+2) interactions, which may be indicative of the
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Ficure 1: NOESY fingerprint region spectra of PNC-27 in aqueous medium [5% DMSI@-10 mM phosphate buffer (pH 5.7)] (left)
and in nonaqueous medium (4:4:1 CR®leOH/H,O mixture) (right). Interacting protons are identified in both panels.
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Ficure 2: NOESY (NH-NH) regions of PNC-27 in aqueous (left) and nonaqueous (right) solvents. Interacting residue protons are identified
in both panels.

shorter 3¢-helix or turns, are more prevalent in the aqueous of our NMR experiments includetfC—H heteronuclear
solution. Thus, it can be deduced that the mixed solvent techniques that will not only confirm assignments but also
favors structures such ashelices, whereas in the aqueous shed light on the propensity of secondary structure.
solution, the helical pitch would be shorter and is more  The CSI prediction of secondary elements was computed
characteristic of @-helices. It can also be seen that the with a tcl script in the NMRVIEW programl2). The script
N-terminus { < 5) is relatively unstructured in both solvents makes adjustments with regard to the reference standards
and that the medium- to long-range NOEs are more prevalent(DSS or TMS) as well as pH and temperature. However, no
in the penetratin segment of the peptide (residues3 known adjustments can be made for the modification of
in the nonaqueous solution. solvent composition, such as 5% DMSip-or the mixed
Secondary Structure Propensity Predicted by the Chemical organic/water system. As shown in panels A and B of Figure
Shift Index (CSl)Although PNC-27 is a sizable peptide and 5, PNC-27 in the 5% DMS@}; aqueous solution exhibits a
a proposal was made that the C-terminal penetratin segmentigh helical propensity between residues 11 and 28 with an
might induce the formation of helical structur®),it was interruption at residues 22 and 23. The prediction is made
initially anticipated that the peptide might not display a well- with two of the most commonly used CSI databasEs) (
defined structure in aqueous solution. On the other hand, (16) and is consistent with the result of structure calculation
chemical shifts, particularly those of carbons, are known to (see below). The strength of the CSI structure prediction
be indicative of secondary structuds(16). Thus, the design  method relied almost exclusively on the HN and HA
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Ficure 3: NOE constraint distribution for PNC-27 (top) in aqueous (left) and nonaqueous (right) solvents as a function of the interresidue
distance and NOE constraints at each location (right): intraresidue (white), sequential (light gray), short- and intermediatei-rarigjye (

i—i + 3, andi—i + 4) (dark gray), and long-rangé~i + 5 and greater) (black) interactions from the NOE experiments for PNC-27 in
aqueous (left) and nonagueous (right) solvents.

assignments, because predictions basedooar@ @3 largely deviations among the 20 structures decrease t08.9852
canceled each other out. A for backbone and 1.78 0.61 A for heavy atoms if only
The CSI does not predict reliably the secondary structure the more ordered segment (residues20) is considered.
elements of PNC-27 in the membrane-mimetic system. Using As shown in Figure 6A, most structures, called class |
the random coil database from Wishattal. (15), PNC-27 structures, in agueous solvent were found to have an S shape
is predicted to be almost void of any structures (Figure 5C). with a-helices occurring between residues 7 and 11, 16 and
On the other hand, with Richarz and "Wich (16), a 19, and 24 and 28. As can also be seen in Figure 6A, residues
predominantlyo-helical structure is predicted (Figure 5D). 12—15 form a loop in these structures. A one-turshelix
The latter prediction turns out to be correct. Inspection of can also be fit to the NOE data for residues-18, resulting
Tables 1 and 2 of the Supporting Information indicates a in one helix between residues 7 and 19, as shown in Figure
general upfield shift in the carbon assignments in the mixed 6B. In structures containing this longer helix, called class Il
solvent relative to the aqueous solution. This can be largely structures, given the nonhelical NOE constraints for residues
ascribed to a difference of-B ppm when DSS is used 20-23, which form loops, it is not possible to fit arhelix
instead of TMS as reference standat&)( It is likely that to residues 2428, which then form three consecutive turns,
the modification of solvent composition adds a further as also shown in this figure.
variable that makes prediction based on carbon shifts less In the class | structures (Figure 6A), continguous helical
reliable. One should also note that although carbon shifts domains form at right angles to one another. In class Il
have proven to be very reliable in predicting secondary structures, the single helical domain forms a right angle to
structures in proteins, their use in peptide structures has notthe loop structures adopted by the penetratin domain on its
been adequately tested because they are less readily availablearboxyl-terminal end.
than proton shifts. Importantly, residues 12 and 12-15 correspond to
Peptide Structures in the Aqueous &oit In the aqueous  residues 1826 of p53 which are in the segment directly
solvent, PNC-27 contains several helical domains that areinvolved in the binding of p53 to mdm-2Y. In all structures,
connected by coiled structures, which differ considerably residues 711 (residues 1822 in p53, respectively) adopt
from one another (overall rmsd of% A). This is primarily an a-helical conformation, and in class Il structures, resi-
due to the diminished number of the medium- to long-range dues 719 (that includes residues 426 of p53) adopt
NOE constraints in the penetratin segment. The mean rmsthis conformation. In the X-ray structure of p53, residues
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Ficure 4: NOE connectivity diagrams for PNC-27 in aqueous (A) and nonaqueous solutions (B).

1926 occur in aro-helix when bound to mdm-24. Thus, (under the assumption that all structures contribute equally
in an aqueous solution, this domain appears to adoptto the ensemble average). This difference in helical content
structures in the unbound state that are similar to the oneis due to extension of the helical segment from residuek2?
that occurs when it is bound to mdm-2. in the aqueous solvent to residuesI4 or 722 (class |
Helical Content Since the number of residues in an and Ill structures, respectively) in the nonaqueous solvent
o-helical conformation is almost the same for each of the and from residues 2428 in a subset of the structures in the
structures that satisfied the NOE constraints, despite con-aqueous solvent to residues-22ll in all of the structures in
formational differences among them, we compute that the the nonaqueous solvent. In the nonaqueous medium, the
helical content of this peptide in aqueous solvent is 38%, penetratin segment (residues—1®) has moreo-helical
which is higher than the value of 27% from CD measure- structure since residues 281 areo-helical in all of the
ments B) and lower than the value of 50% computed for structures, while in the aqueous solvent, only two residues,
this peptide using an Ising model that includes the effects 18 and 19, occur in the-state in class Il structures (Figure
of charges in water. This comparison is limited, however, 4B) and, additionally, in class | structures, residues-28
by the assumption that all structures that fit the NOE (Figure 4A).
constraints contribute equally to an ensemble average. In any Recurrent Structural Motifs in Aqueous and Nonaqueous
case, it is clear that the peptide in the agueous solution Media Despite conformational differences among the struc-
contains significant helical structure. tural classes in each solvent and differences in structures for
Peptide Structures in the Nonaqueous :8at In the the peptide in the two different solvents, there appear to be
nonaqueous solvent, many structures also fit the NOE recurring common structural motifs. As noted for the
constraints but were significantly more similar to one another, structures in panels A and B of Figure 6 in the aqueous
the overall backbone and all-atom rms deviations being 1.0 solvent, all of the structures in the nonagueous solvent shown
and 1.2 A, respectively. These structures contained morein panels A-C of Figure 7 have two mainly helical domains
o-helical domains that those found in the aqueous solvent.that occur at roughly right angles to one another; these two
We found that we could classify all of the structures domains are separated by loops in the structures at either
satisfying the NOE distance constraints into three types of residues 16 and 17 (Figure 7A,B) or 23 and 24 (Figure 7C),
structures: class I, as shown in Figure 7A, witkhelices forming a bent U-shaped heli®oop—helix structure. As
from residues 714, two reverse turns at residues—1%, noted above, for the structures in the aqueous solvent (Figure
and a-helices at residues 182 and 24-31; class I, as 6A,B), these loops occur at residues—115 and 2123 in
shown in Figure 7B, with two reverse turns from residues class | structures while they occur at residues 20 and 21 in
7—9 and witha-helices from residues 1014, 18-22, and class Il structures.
24—31; and class Ill, as shown in Figure 7C, witkhelices Importantly, the p53 peptide segment of residuesld
from residues 722 and 24-31. (p53 residues 1226, respectively) and penetratin Lys16 and
The average helical content for this peptide in the Lysl17 form amphipathic structures, irrespective of differ-
nonaqueous solvent is 65% (for class | and Il structures) ences in the lengths of helices or of the conformations of
and 75% for class Il structures, a significant increase intervening loops. This is shown in Figure 8, in which a
compared with that of the peptide in the aqueous solvent representative space filling structure of the class Il non-
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FIGURE5: Secondary structure propensity predicted by the chemical PNC-27 Is Highly Structured in a Nonaqueous, Membrane-
shift index (CSI). Panels A and B are predicted for PNC-27 in the Mimetic Sobent In the nonaqueous solvent, the peptide also
aqueous solution and panels C and D in the 4:4:1 chloroform/ adopts structures that can be placed in three classes that
methanol/HO mixture. The random coil chemical shift database gre similar to the ones obtained in the aqueous solvent, ex-
of Wishartet al. (15) is used in panels A and C, and that of Richarz . : i
and Withrich (16) is used for panels B and D. The plots were made cept that the hehcal domains are eXtend.ed by several resi
such that the propensity for helix is designated+ds (shown in dues an_d:x-hellces occur that In(_:lude residues-115 and

red) and that for sheet asl (shown in blue). Chemical shifts within ~ 24—28 simultaneously as noted in the above paragraph and
the tolerance range of random coil are designated as 0 (shown inin the Results. However, in contradistinction to the classes
gray). The plots were made with NMRVIEW. of structures for the peptide in the agueous solvent, every

) ) ) . ) class of structures for the peptide in the nonaqueous solvent
aqgueous conformations is shown. Essentially identical resultSpas two helices that are oriented at roughly right angles to
were obtained for the other classes of structures in both 5,4 another, forming a bent hetioop—helix motif, re-

solvent systems (not shown). sembling a U-shaped rod.

This view shows that the peptide has a hydrophobic face  possible Conformational Transition Pathwaks noted
involving two clusters shown as green-colored residues. In above, class | structures in the aqueous solvent (Figure 6A)
one cluster, Prol, Pro2, and Leu3 form one domain, and onhave two sets ofi-helices at right angles to one another:
the same face, Leull, Trpl2, Leul4, and Leul5 (the Phe8residues #11 and 15-19, separated by a loop of residues
side chain also points toward this hydrophobic surface) form 12—14; and residues 1519 and 24-28, separated by a loop
a second hydrophobic domain. Hydrophilic residues protrude of residues 26-23. If the first o-helix is extended from
from the opposite face such that they form two subdo- residue 7 to 19, and the third helix is extended from residue
mains: one that involves negatively charged or neutral 24 to 30, the resulting structure strongly resembles the class
hydrophilic residues, shown in red in Figure 6, including Il structures in the nonagueous solvent where the helix from
Ser4, GIn5, Glu6, Ser9, and Asp10; and another that involvesresidue 7 to 19 (22 in the class IlI structures) is at right angles
positively charged residues, shown in dark blue, i.e., Lys13, to the one from residue 24 to 28 (30 in the class Il
Lys16, and Lysl7. The penetratin domain shows more structures). Alternatively, in the aqueous class | structures,
complex patterns that differ from structure to structure. if the loop structures of residues 2@3 are rotated so that
However, in all classes of structures, certain polar residuesthey are in line with the helix of residues 449, then the
form discrete hydrophilic domains: Lys19 (blue), Asn23 and helices of residues-712 are at right angles to the helices at
Asn24 (red), and Lys28 and Arg3l (blue). Since the residues 1519 and 24-28, in a structure resembling class
amphipathic distribution of residues is common to all | and Il structures in the nonaqueous solvent. From these
structures, it may point to a functional role for this peptide, considerations, it appears to be plausible that the aqueous
as discussed in the next section. class | structures may be the “predecessors” of the structures
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Ficure 6: Solid ribbon figures of the two classes (A and B) of structures that fit the NOE constraints for PNC-27 in the aqueous solvent.
Helical segments are shown as wide colored ribbons. Residue labels are shown along the backbone. Included with each ribbon structure is

a Co trace of the depicted structures.

Ficure 7: Solid ribbon figures of the three classes«{®8) of structures that fit the NOE constraints for PNC-27 in the nonaqueous solvent.
Helical segments are shown as wide colored ribbons. Residue labels are shown along the backbone. Included with each ribbon structure is

a Co trace of the depicted structures.

found in the nonaqueous medium that form well-defined  Functional Significance of Amphipathic Hetixoop—
helix—loop—helix structures. Helix StructuresThis structural motif has been observed in
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Ficure 8: Space filling model showing amphipathic structure
formation in PNC-27 for a class lll structure that satisfied the NOE
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