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Abstract

0-Defensins are mammalian cyclic peptides that have antimicrobial activity and show potential as
stable scaffolds for peptide-based drug design. The cyclic cystine ladder structural motif of ©6-
defensins has been characterized using NMR spectroscopy and is important for their structure and
stability. However, the effect of the pronounced elongated topology of 6-defensins on their
molecular motion is not yet understood. Studies of molecular motion by NMR relaxation
measurements have been facilitated by the recent development of a semirecombinant method for
producing cyclic peptides that allows for isotopic labeling. Here we have undertaken a multifield
15N NMR relaxation analysis of the anti-HIV ©-defensin, HTD-2, and interpreted the experimental
data using various models of overall and internal molecular motion. We found that it was
necessary to apply a model that includes internal motion to account for the variations in the
experimental T1 and NOE data at different backbone amide sites in the peptide. Although an
isotropic model with internal motion was the simplest model that provided a satisfactory fit with
the experimental data, we cannot exclude the possibility that overall motion is anisotropic,
especially considering the strikingly elongated topology of 6-defensins. The presence of flexible
side chains, self-association, interactions with solvent, and internal motions are all potential
contributors to the observed relaxation data. Internal motion consistent with the constraints
imposed by the cyclic cystine ladder was observed in that the order parameters, S2, show that
residues in the turns are more flexible than those in the B-sheet. This study provides insights into
the dynamics of 8-defensins and information that might be useful in their application as scaffolds
in drug design.
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INTRODUCTION

0-Defensins(1) are ribosomally synthesized cyclic peptides that are part of the innate
immune systems of old world primate species.(2) They are biosynthesized by the double
head-to-tail ligation of two nine-residue “demidefensins” to form an 18-residue-backbone
cyclic peptide. There is interest in developing 6-defensins as antimicrobial agents because
they have antibacterial and antiviral activity, including activity against HIV and antibiotic-
resistant pathogens.(3) Furthermore, 6-defensins have shown potential as scaffolds for
peptide drug design.(4) 8-Defensins comprise a cyclic peptide backbone cross-braced by
three disulfide bonds (Figure 1) in a structural motif that is known as the cyclic cystine
ladder.(2) The I1-VI, 1=V, and I11-1V disulfide connectivity of the cyclic cystine ladder
results in 6-defensins having an elongated topology (Figure 1) with a length of ~30 A and
cross-sectional dimensions of ~10 x 10 A2, This geometry suggests that 6-defensins might
have highly anisotropic overall motion in solution, approximating that of an axially
symmetric cylinder. Such geometry might also be expected to promote enhanced internal
flexibility of the turns at the molecular extremities.

Axially symmetric anisotropic motion has been well characterized by NMR spectroscopy for
a series of substituted phenylbicyclo[2.2.2]octanes (Figure 1).(5) These elongated organic
molecules are much smaller than 6-defensins but have a similar length to cross-section ratio
of ~3:1, and the two classes of molecules might be expected to have similar extents of
overall anisotropic motion. In a series of para-substituted phenylbicyclo[2.2.2]octanes, the
ratios of the diffusion coefficients parallel (5)) and perpendicular (D, ) to the symmetry axis
(Dratio = O/ D) ranging from ~3 to 12, i.e., indeed indicative of highly anisotropic overall
motion. Whereas small nonpolar substituents resulted in a D4tio Of ~3, bulky or polar
substituents restricted rotation perpendicular to the symmetry axis, increasing the Dyatig. In
the most extreme case of anisotropic motion, substitution with a carboxyl group caused
dimerization in chloroform solution, effectively doubling the length to cross-section ratio of
the molecule (Figure 1).(5)
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NMR spectroscopy has been used to study the structures of 6-defensins and their self-
association in solution(6, 8) and is also well suited to characterizing the molecular dynamics
of these elongated peptide structures. NMR relaxation measurements contain information
about the motions of molecules because the nuclear spin relaxation is mediated by
fluctuating local magnetic fields, caused by overall and internal molecular motion.(9) In the
initial structural study on RTD-1, the observation of some broadened peaks led to the
suggestion that the molecule is flexible in solution, undergoing a “butterfly”-type motion
(Figure 1c).(7) However, later structures of RTD-1 and other 8-defensins suggested a more
rigid backbone(6) based on minimal disorder in the ensemble of NMR structures. We
focused here on NMR relaxation measurements as these provide direct insights into local
motions at defined atomic sites in molecules. As shown in recent examples,(10-12) such
NMR relaxation data can facilitate an understanding of molecular binding properties and
mechanisms of action.

Molecular dynamics studies of proteins by NMR typically focus on the relaxation of 13C or
15N nuclei in the peptide backbone, as they are the most informative for understanding
backbone dynamics. Isotopically labeled proteins greatly increase the sensitivity of the
relaxation measurements and are easily accessible if the protein is produced recombinantly.
However, small cyclic peptides such as ©-defensins are usually synthesized chemically,
which makes isotope labeling immensely expensive. Recombinant synthesis of 6-defensins
is challenging because their biosynthetic mechanism is not well understood.(2) However,
recent developments in recombinant production using modified protein splicing and cell-free
ribosomal synthesis have allowed for the cost-effective production of isotopically labeled 6-
defensins for NMR applications.(13, 14) In the protein-splicing method, a precursor peptide
is produced recombinantly. The sequence includes a C-terminal modified protein-splicing
unit or intein and an N-terminal TEV (Tobacco Etch Virus) protease recognition sequence
that are used to cyclize the peptide /in vitro (or in vivo) using an intramolecular form of
native chemical ligation between an N-terminal Cys and a C-terminal a-thioester.(15, 16)

In this study we took advantage of developments in the recombinant expression of 6-
defensins(14) and NMR spectroscopic techniques(17) to investigate the overall and internal
motions of the elongated peptide 6-defensin HTD-2. This peptide is also known as
retrocyclin-2 and is a dimer of two demidefensins that differ by only one residue from one
another and thus has a high degree of symmetry.(18) The demidefensins are encoded in the
human genome; however, the mature peptide is not expressed because a stop codon in the
signal sequence of each demidefensin prevents translation. HTD-2 has potent anti-HIV
activity and so, ironically, its lack of expression in humans fails to produce a natural HIV
defense that might have been present in ancestral species.(19) Nevertheless, an exogenous
synthetic version is being investigated as a topical microbicide.(20) To understand the
molecular dynamics of HTD-2, the fit of the NMR relaxation data to isotropic and
anisotropic models of overall motion, with and without internal motions, was determined,
giving insights into the effects of peptide topology on molecular motion.
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EXPERIMENTAL

Peptide recombinant production and purification

The 15N-labeled HTD-2 used for NMR relaxation analysis was produced semirecombinantly
using the modified protein splicing method as previously described.(14, 21) Briefly,
synthetic DNA encoding the HTD-2-intein defensin precursor with an N-terminal TEV
(Tobacco Etch Virus) protease recognition sequence (Supporting Information Table S1) was
generated and cloned into plasmid pTXB1 using the Nael and Sapl restriction sites as
previously described.(16) The ligated plasmid pTXB1-TEV-HTD2-GyrA was transformed
into DH5a cells and screened as described above. The DNA sequence of the plasmid was
confirmed by sequencing. This plasmid was transformed into competent BL21(DE3) cells
for protein expression. Transformed cells were grown in 2 L of M9 minimal medium
containing 0.1% 1°NH,4ClI as the nitrogen source and ampicillin (100 pg/mL) to an OD at
600 nm of ~0.6 at 37 °C and expression was induced by the addition of isopropyl-p-d-
thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM at 30 °C for 4 h. The cells
were lysed and the intein fusion protein was purified on chitin beads as previously described.
(16) Cyclization and folding of HTD-2 was performed in a one-pot reaction by incubating
the TEV-HTD-2-intein precursor immobilized on chitin beads in freshly degassed TEV
protease reaction buffer (100 mM Nay,HPO,, 0.5 mM EDTA, pH 7.2) containing 100 mM
reduced glutathione and 0.5 mg/mL TEV protease at room temperature for 3 days. Folded
HTD-2 was purified by C1g-RP-HPLC, providing ~200 ug of 1°N-labeled HTD-2 per liter of
bacterial culture. Peptide purity was checked by analytical C1g-RP-HPLC and EM/MS
(Expected mass: 2050.6 Da, observed mass: 2049.4 + 0.2 Da) (Supporting Information,
Figure S1).

NMR relaxation theory

The NMR parameters Ty, T, and NOE contain information about molecular motion because
the relaxation of magnetically active nuclei is mediated by fluctuating local magnetic fields,
which are caused by overall and internal molecular motions.(9) For 15N nuclei in small
proteins, the main mechanisms of relaxation influenced by molecular motion are dipole—
dipole interactions with directly bonded protons and chemical shift anisotropy.(22) The
observed relaxation data 7; (=1/Ry), T, (=1/R5), and NOE are related by equations (1), (2),
and (3) to the spectral density function, fw).(23, 24)
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Here Lo is the permeability of a vacuum, yy and -y are the gyromagnetic ratios for 1°N and
1H, respectively, #is Planck’s constant, 7y is the N—H internuclear distance (1.02 A), cwp
and wy are the Larmour frequencies of 1°N and 1H, respectively, R is the chemical
exchange contribution, and ¢ = wnAc/V3, where Ao is the chemical shift anisotropy for 1°N
nuclei.(24) The spectral density function, fw), describes the energy available for transitions
at different frequencies and is dependent on the amplitudes and frequencies of overall and
internal motions. Mathematical models of molecular motion have been developed that define
Aw) in terms of motional parameters. Fitting the relaxation data calculated using these
models to the experimental data is used to select an appropriate model and evaluate the
associated motional parameters. In the “model-free” approach,(25, 26) overall molecular
tumbling is quantified by the overall correlation time, t,, and the amplitude and rate of
internal motions on the picosecond—nanosecond time scale are quantified by the generalized
order parameter, S2, and the internal correlation time, <;, respectively.

Four motional models were selected to fit with the experimental relaxation data for HTD-2.
In the isotropic rigid model (Iso rigid, eq. 4), the molecule is assumed to tumble
isotropically as a sphere with a single overall correlation time, t,, and T4 and NOE are
accordingly the same for all sites in the molecule. In the isotropic model with internal
motion (Iso + int, eq. 5), the amplitudes of the internal motions are described by the order
parameter, S, and their rates by an internal correlation time, ;. In the axial rigid model (Ax
rigid, eg. 6), motion is axially symmetric and the spectral density function is dependent on
the diffusion tensors parallel (4)) and perpendicular (D, ) to the principal axis and the angle,
0, between the bond vector and the principal axis. In the axial model with internal motion
(Ax +int, eq. 7), the spectral density function depends on the axial parameters, 0}, D, , and
0 and the internal motion parameters SZand ;.

:5 1+w27'§ (4)

2, F(1—82
J(w):g { 15733‘2 + 1(4:7917)} (5)
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The apparent overall correlation time for the axial rigid model is defined(27) as:

R 1
2Tr(D) — 2(D +D [ +D)) (8)

NMR spectroscopy

The peptide sample for NMR analysis was prepared in 90% H,0/10% D,0 at ~0.3 mM and
pH 3.4. NMR spectra were recorded on Bruker Avance-500, 600, or 900 MHz spectrometers
at 298 K. Spectra were processed with TopSpin (Bruker) using a zero scaling factor, phased,
and calibrated and then assigned with CCPNMR software.(28) Chemical shifts in the 1H
dimension were referenced to internal 4,4-dimethyl-4-silapentane-1-sulfate (DSS) and 1°N
dimensions were indirectly referenced to DSS.(29) Assignment of the 1N chemical shifts
was achieved using a 1°N HSQC-TOCSY spectrum.

71 (spin-lattice) 1°N relaxation times were measured using the Bruker pulse program
hsqctletf3gpsi. NMR spectra were acquired with a spectral width of 14.9 (500 MHz) or 16.0
(600 MHz) ppm over 2048 complex points in the 1H dimension and 35 ppm over 128
complex points in the 1°N dimension with 128 transients. A recycle delay of 5s (>5 x 77)
was included and 11-14 relaxation delays in the range 0.01 to 10 s were used for each 73
determination. Experiments were carried out in triplicate, with a different order of relaxation
delays used in each experiment. Peak heights (measured in CCPNMR) were fitted using a
two-parameter fit exponential equation to determine 7; values for the backbone NH of each
residue except for Cys3 and Cys12, which were overlapped with 1le6 and Ile15. Errors were
calculated as the standard deviation of the three calculated 7; values.

Measurements of 15N NOEs were made by determining the ratio of peak intensities from 2D
IH-15N correlation spectra via double inept transfer using sensitivity improvement with
decoupling during acquisition, using Bruker pulse program hsgcnoef3gpsi with a recycle
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delay of 55 ((7.4-9.6) x 77 at 500 MHz, (7.2-8.8) x T; at 600 MHz, and (7.0-8.9) x 7; at
900 MHz). A relaxation delay of ~10 x 77 has been recommended for heteronuclear NOE
measurements;(30) however, in a trial, we found that there was no difference between NOEs
measured using a relaxation delay of 5s (~8 x 7;) and 10 s (~16 x 77). NOE on and NOE
off spectra were acquired in an interleaved fashion with 32 scans being obtained in each
cycle and then split prior to Fourier transform with a zero scaling factor. The two spectra
were phased identically and the intensities of the respective peaks were measured using
CCPNMR software.(28) Experiments were carried out in triplicate on three different days
and errors were calculated as the standard deviation over the three NOE experiments.

Relaxation analysis

The 7; and NOE relaxation data were fitted to models described in the “model-free”
approach(25) (egs 4-7) using the “solver” function in Microsoft Excel (data presented in
Table 1) and the program Modelfree 4.15(24, 31) (data presented in Supporting Information
Table S4). Although 75 data are often included in dynamics studies,(27) we did not attempt
7> measurements in this study due to instrument limitations and chose instead to measure 7;
and NOE data at three field strengths, which provides six data points per residue, and
therefore should be adequate for fitting the selected models of motion. The errors in the
fitted values were estimated by fitting to simulated data generated using a Monte Carlo
algorithm. The mean and standard deviation of the fitted values from the Excel spreadsheet
and Modelfree are shown in Supporting Information Tables S5 and S6, respectively. The
amide bond length was fixed at 1.02 A and a 1°N chemical shift anisotropy value of —160
ppm was used in the calculations.(24, 32) For fitting of the axial rigid model, the average
structure of HTD-2 (PDB ID: 2LZI) was aligned with the principal axis of the molecule
along the z-axis and 6 was calculated as the angle of each N—H vector with the z-axis. A
predicted Dratig Of 2.44 and D) of 2.5 x 108 571, both obtained using Hydronmr,(33) were
used for computing the axial rigid model. Hydronmr(29) also provided an estimate of the
overall rotational correlation time (tg = 1.09 ns). In the optimization of the fit of the model
with the experimental data, the fit of the NOE values was given a 50% weighting compared
to the 77 values to take into account the higher uncertainty in the experimental NOE
measurements.(34) The fits were compared using the weighted average of the sum of the
squared errors.

RESULTS AND DISCUSSION

Synthesis of 1N-labeled HTD-2 was achieved using the modified protein-splicing method.
(14) Cyclization was carried out /n vitro and proceeded smoothly, as for RTD-1,(14) and the
peptide was further purified by HPLC (Supporting Information, Figure S1). The total yield
of pure cyclic peptide was ~400 pg, which provided a sufficient quantity for NMR relaxation
experiments.

A three-dimensional 1°N-HSQC-TOCSY spectrum was used to assign the 1°N chemical
shifts of HTD-2 (Figure 2a). The sequence comprises two nine-residue “demidefensins”,
which differ by only one residue (GICRCICGR and RICRCICGR). This degeneracy results
in significant spectral overlap and a three-dimensional spectrum was needed to assign the
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chemical shifts unambiguously. Secondary Ha chemical shifts were calculated as the
difference between the measured Ha shift of each residue and its respective random coil
shift (Figure 2b(35) and Supporting Information Figure S2).(36) The sign of the secondary
shifts is consistent with the B-strand (positive secondary shifts) and turn (negative secondary
shifts) structure of HTD-2. The magnitudes of the secondary shifts suggest that the peptide
is highly structured in the B-sheet region,(35) but less well structured in the turns.
Interestingly, the secondary shifts corresponding to the B-sheet regions show a two-residue
periodicity; specifically, residues 3, 5, 7 and 12, 14, 16 have much higher secondary shifts
compared with other residues within the -sheets. This pattern has been predicted for p-
sheets by Osapay and Case(37) and has been interpreted in terms of solvent exposure.(38) In
the 6-defensins that have been structurally characterized the two turns are of type B1’, a turn
type in which a glycine residue is usually found in the /42 position.(6) This preference for
glycine in the /A2 position provides an explanation for the broadening of the Arg10 NH peak
(Figure 2a) compared to that of Gly1. Peak broadening is a potential indicator of slow
conformational exchange, consistent with the Arg-containing turn being less defined or
stable than the Gly-containing turn.

Spin-lattice ( 77) relaxation times and NOEs were measured at 500, 600, and 900 MHz for
each of the backbone amides in HTD-2 (Figure 3a and Supporting Information Table S2).
The 77 relaxation times for residues in the turn regions (residues 8, 9, 10, 11 and 17, 18, 1,
2) are generally larger than those of the residues in the p-sheet region and smaller NOEs are
observed for the turn residues than for the g-sheet (Figure 3b and Supporting Information
Table S3). Parameters describing the molecular dynamics of HTD-2 were determined by
fitting models of molecular motion to the observed 7; and NOE data. The spectral density
equations used to describe the models were those developed in the “model-free” approach of
Lipari and Szabo,(25) as implemented in Modelfree 4.15.(24, 31) The experimental and
fitted data are shown in Table 1.

The simplest motional model used was that of a rigid isotropic rotor in which the motion is
described by a single overall correlation time, tg. As seen in Table 1, this model was unable
to fit the general trends in the 77 and NOE data seen at each site in the molecule
simultaneously; specifically, the increase in 7; with increasing magnetic field strength is not
reproduced well by this model. The average RMSD over all the residues was 0.24 + 0.07 and
the differences between observed and calculated 77 were all >10%, and thus outside the
range of experimental error. We therefore concluded that an isotropic rigid model is
insufficient to describe the motion of HTD-2 and that additional parameters (i.e., reflecting
anisotropic overall motion and/or internal motion) are needed to fit the observed relaxation
data. Nevertheless, as a rough estimate, the best fit overall correlation time, tg = 1.04 ns is
consistent with the molecular weight of HTD-2(22) and in excellent agreement with the
overall correlation time (tg = 1.09 ns) predicted by Hydronmr.(29)

In principle, a molecule with an elongated topology such as that of HTD-2 would be
predicted to have axially symmetric anisotropic motion. The axial rigid model describes the
motion of an axially symmetric molecule in terms of an overall correlation time, tg, and the
ratio of the diffusion tensors parallel (D) and perpendicular (D) to the symmetry axis of
the molecule (Dratio = Dy/D1). Using this model and a Drqtjo 0 2.44 predicted by Hydronmr,
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(29) we calculated 735 and NOEs at the three field strengths. However, examination of Table
1 shows that, as with the rigid isotropic model, this model was unable to provide a
satisfactory fit to the experimental data. The average RMSD over all the residues was 0.28

+ 0.07 and the differences between observed and calculated 7; were almost all (i.e., 46 of 47
data points) >10%.

In the rigid anisotropic model, the spectral density depends on the diffusion tensors parallel
and perpendicular to the principal axis of the molecule and specifically on the angle () that
the N-H vector of each residue makes with the principal axis (Figure 4a). In HTD-2, most of
the N-H vectors are approximately perpendicular to the principal axis (75-105°), as shown
in Figure 4a, so intrinsically even in the presence of anisotropic motion a high degree of
variation in relaxation parameters at different sites would not be expected.

As neither a rigid isotropic nor anisotropic model was able to satisfactorily fit the NMR
relaxation data, we concluded that a rigid model is unable to describe the dynamics of
HTD-2 and proceeded to models that included parameters describing internal motions. The
simplest of these models is an isotropic model with internal motion. In addition to the
overall correlation time of the molecule, tg, the amplitude of motion of each residue is
described by its order parameter, 2, and the rate of motion of each residue is described by
its internal correlation time, tj. As shown in Table 1, this model was able to adequately fit
the experimental data in both the magnitude and trends of the 7; and NOE data and the
predicted overall correlation time was tg = 1.09 ns. The average RMSD over all the residues
was 0.11 £ 0.06 and all calculated 77 values (except for three) were within 10% of the
experimental value. Furthermore, the calculated data fitted the experimentally observed
trend of increasing 7; with increasing field strength. The majority of the NOEs were within
+0.1 of the experimental value and the largest NOE deviation was 0.11 for Arg4 at 900
MHz. The isotropic model with internal motion therefore provided a satisfactory fit,
considering the experimental error of the measurements.

Although the isotropic model with internal motion fitted the experimental data, for
completeness we also tested an anisotropic model with internal motion. This did not produce
any further improvement in the fit (Supporting Information, Table S4). The anisotropic
model with internal motion describes molecular dynamics in terms of the overall correlation
time, o, and the ratio of the diffusion tensors (Dratio = D)D) for the molecule, as well as
the order parameter, 2, and internal correlation time, <;, for each residue. Using the
anisotropic model with internal motion and a predicted Dj,ti0 = 2.44, we calculated data for
the 71s and NOEs. Although no further improvement in the fit was gained over the isotropic
model, we cannot exclude the possibility that the overall motion is anisotropic. Although the
isotropic model with internal motion is the simplest model that fits the NMR relaxation data,
there is very little difference between the theoretical T and NOE values calculated for the
isotropic model with internal motion and the anisotropic model with internal motion.

The ability of the isotropic model with internal motion to fit the experimental data more
closely than the anisotropic rigid model suggests that factors in addition to the backbone
topology have a role in the molecular dynamics. This highlights several differences between
small organic molecules, such as the phenylbicyclo[2.2.2]octanes,(5) and peptides or
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proteins. One property that could increase the isotropy of HTD-2 is self-association in
solution. 8-Defensins have been shown to self-associate at millimolar concentrations and a
side-to-side alignment of three peptide units has been proposed.(8) However, based on NMR
diffusion measurements,(6) HTD-2 is not expected to self-associate at the concentration
used for the NMR relaxation measurements. The excellent agreement between the overall
correlation time predicted by Hydronmr(33) and that obtained by fitting our relaxation data
provides confirmation that HTD-2 is monomeric under the experimental conditions used.
Another difference between small organic molecules and peptides is the flexibility and
orientation of the side chains. Whereas in small organic molecules there are few rotatable
bonds and the positions of substituents are well-defined, peptides have various side chains
that could significantly alter the shape from the topology suggested by the backbone alone.
A further difference between peptides and small molecules is that the surfaces of peptides
are usually covered with polar functional groups that can interact with aqueous solvent. For
example, the five charged arginine residues in HTD-2 might attract a large solvent sphere,
resulting in a decrease in anisotropy. Although hydrophobic molecules such as the
substituted phenylbicyclo[2.2.2]ocanes would also attract a shell of nonpolar solvent, the
interactions would be far weaker than those between a peptide and a polar solvent.

The need to invoke internal motion to fit the relaxation data suggests that parts of HTD-2 are
more flexible than others, as supported by the observed variation in the S parameter
between the residues. Figure 4b shows the structure of HTD-2 with each residue shaded
according to the magnitude of its S parameter, determined using the isotropic diffusion
model with internal motion. Whereas the residues comprising the p-sheet (residues 4, 5, 6, 7,
13, 14, 15, and 16) have S > 0.77, the residues in the turns (residues 10, 11, 18, and 1) have
$? <0.71, suggesting that they are more flexible. Cross-bracing of the p-sheet by the
disulfide bonds and the network of cross-strand hydrogen bonds accounts for the lower
flexibility of the p-sheet compared to the turns. Overall, the order parameters of HTD-2 are
in agreement with those reported for two other cyclic disulfide-rich peptides: MCoTI-I and
MCoTI-II. Specifically, HTD-2 has S values of 0.67-0.96, similar to ranges of 0.76-0.94
and 0.72-0.91 for MCoT]I-1(39) and MCoT]I-11,(10) respectively. The proposed “butterfly”-
type motion of the ©-defensin structure cannot be verified by the differences in the 2
parameter between the B-strand and turn regions because flexibility described by the 52
parameter is on the picosecond—nanosecond time scale, whereas a “butterfly”-type bending
would occur on the millisecond time scale.

Knowledge of the relative flexibility of different parts of a peptide can guide their
application as stable scaffolds for peptide drugs. Furthermore, motion in solution might
affect the approach or binding of a peptide to its receptor. Both the cyclic cystine ladder and
the cyclic cystine knot have been demonstrated to be stable and versatile scaffolds and the
disulfide bonds cross-bracing the 6-defensin structure are important for their stability to
proteases in serum.(4, 40) In the case of the cyclic cystine ladder of 6-defensins, the
proteolytic stability of the cyclic cystine ladder is combined with the greater flexibility of the
turn regions, which could allow a flexible-fit interaction with a target protein. In the case of
the cyclic cystine knot proteins, for example, MCoTI-I and MCoTI-Il, variations in the
flexibility of the binding site have been reported between bound and free forms.(10, 39, 41)
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A small amount of conformational flexibility can be an advantage in binding to protein
targets. In a recent example, inclusion of the integrin-binding Arg-Gly-Asp epitope in the
loops of RTD-1 results in a different integrin selectivity profile to the more highly
constrained cilengitide peptide.(4) It is not yet understood whether flexibility of 8-defensins
has a role in their mechanism of action; however, 6-defensin analogues lacking one or more
of the disulfide bonds in the cyclic cystine ladder have the same membrane-binding and
antibacterial activities as the native peptide.(42)

CONCLUSIONS

Despite the elongated topology of HTD-2, we found that simply invoking an anisotropic
model of overall motion for a rigid molecule was insufficient to fit the observed NMR
relaxation data; a contribution from internal motion was necessary to fit the variations in 7;
and NOE observed. Although we cannot exclude the possibility that the overall motion is
anisotropic, an isotropic model with internal motion provides an acceptable fit of the
experimental NMR relaxation data. The order parameters, S2, are consistent with the
constraints imposed by the cyclic cystine ladder in that the residues in the loop regions are
more flexible than those in the B-strands. These differences in flexibility could be exploited
in the design of peptide therapeutics based on the 8-defensin scaffold and the motional
parameters provide further characterization of the 8-defensin structure.
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Refer to Web version on PubMed Central for supplementary material.
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NOE nuclear Overhauser enhancement

NMR nuclear magnetic resonance
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Figurel.
0-Defensins and phenylbicyclo[2.2.2]octanes have similar elongated topologies. (a) The

cyclic peptide backbone of HTD-2 (retrocyclin-2) is cross-braced by three parallel disulfide
bonds forming a cyclic cystine ladder (yellow bars). Amino acids are represented by their
one-letter codes, with residues 1 and 10 numbered. Cystine residues are shown as filled
black circles and the 1-VI, 11-V, and I11-1V connectivity of the cyclic cystine ladder is
indicated. (b) Solution structure of HTD-2 (PDB code: 2LZI1)(6) in space-filling
representation showing the molecular dimensions. The backbone is shown in black with
disulfide bonds in yellow, arginine side-chains in cyan, and isoleucine side-chains in green.
(c) NMR structure ensemble of RTD-1 (PDB code: 1HVZ)(7) showing a previously
proposed “butterfly”-type motion of the backbone (dotted lines). The structure is shown in
line representation with disulfide bonds in yellow. (d) Para-substituted
phenylbicyclo[2.2.2]octanes have similar length to cross-section ratio to 8-defensins. The
size and polarity of the substituent X affects the molecular dynamics. (e) Carboxyl-
substituted phenylbicyclo[2.2.2]octanes dimerize in chloroform solution,(5) effectively
doubling the length of the molecule. (f) Axially symmetric anisotropic motion. The diffusion
tensors perpendicular (D ) to the principal axis are assumed to be equal. Rotation parallel to
the principal axis is faster than rotation perpendicular to it.
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Figure2.

NMR data for HTD-2. (a) Assigned 1°N HSQC spectrum of 1°N-labeled HTD-2. (b)
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Secondary Ha chemical shifts of HTD-2. The secondary Ha shift is the difference between
the measured chemical shift and the random coil shift.(35) Cysteine residues are shown in
bold, B-sheet regions are highlighted in gray, and loops are underlined in gray in the peptide

sequence.
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Figure 3.
Experimental relaxation data for amide nitrogen nuclei in 15N-labeled HTD-2. (a) Variation

of 7 relaxation times along the peptide chain, measured at 500, 600, and 900 MHz. 7;
relaxation data for Cys3 and Cys12 could not be determined accurately because of overlap
of the peaks with Ile6 and 1le15, and so data for these residues were excluded from the
analysis. The mean value of three replicate 77 experiments is shown and the error bars
represent the standard deviation. (b) Variation in NOE along the peptide chain measured at
500, 600, and 900 MHz. The mean value of three replicate NOE experiments is shown and
error bars represent the standard deviation. Cysteine residues are shown in bold, p-sheet
regions are highlighted with a gray box, and the turns are underlined in gray.
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Figure 4.
Anisotropic and internal motion of HTD-2. (a) The backbone and disulfide bonds of HTD-2

(PDB code: 2L.ZI) are shown with the principal axis of the molecule aligned along the zaxis
(dotted line). The angles (©) that the N-H bond vectors (shown as black sticks) make with
the zaxis are mostly ~90°. Backbone atoms are shown as gray lines and disulfide bonds are
shown in yellow. (b) Backbone atoms of HTD-2 colored according to the S? parameter as
calculated for isotropic diffusion with internal motion: $2 < 0.76, red; 0.76 < $% < 0.81, blue;
&2 >0.81, dark blue. Disulfide bonds are shown in yellow. Residues 1 and 10 and the
disulfide connectivities are labeled.
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