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ABSTRACT. Hemoglobin is known to be a source of peptides involved in several functions. The peptide
FLSFPTTKTYFPHFDLSHGSAQVKGHGAK (Hb3361) is a proteolytic product of the bovine
hemoglobino-chain found in the gut content of the cattle tidkpophilus microplusand it possesses
antimicrobial activity. Since in the past we showed that the amidated form of HBB3Hb33—-613 is

active against a few Gram-positive bacteria and fungi strains at micromolar concentrationg/lebgéc
(1999)J. Biol. Chem. 274253306-25334], we have been prompted to shed more light on its functional
and structural features. Here we show that the peptide is able to disrupt the bacterial membrane of
Micrococcus luteusA270. As for its structure, it has a random conformation in water, and it does not
interact with zwitterionic micelles. On the other hand, it binds to negatively charged micelles acquiring
a finite structural organization. The 3D structure [b33—61a bound to SDS micelles exhibits a
nonconventional conformation for an antimicrobial peptide. The backbone is characterized by the presence
of af-turn in the N-terminus and by /aturn followed by aa-helical stretch in the C-terminus. A hinge,
whose spatial organization is stabilized by side-chaikle-chain interactions, joins these two regions.
Interestingly, it preserves structural features present in the corresponding segment of the bovine hemoglobin
a-chain.Hb33—61adoes not possess a well-defined amphipathic nature, and H/D exchange experiments
show that while the C-terminal region is embedded in the SDS micelle, one face of the N-terminal half

is partly exposed to the solvent.

Peptides with antimicrobial activity have been found in

invading bacteria, fungi, and viruses. They may be produced

various organisms as plants, arthropods, fishes, amphibiansconstitutively or only after infection. Some are expressed

and mammals. Antimicrobial peptides (AMPs¥e part of
the innate defense apparatus of living systeins4) against
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under a tight gene regulation; others are the result of the
processing of endogenous or exogenous mature protkins (
5-10).

The structural motifs adopted by AMPs comprise the
amphipathica-helix, -hairpins,s-sheet, or turnsi{, 12).
As a result, an examination of the large collection of
structural data available for antimicrobial peptides does not
seem to evidence any formal relationship between structure
or charge and activityl3). Accordingly, because of their
diversity, it is difficult to categorize them. Nonetheless, based
on their primary sequence and 3D structure, AMPSs have been
grouped into four main classes: (a) linear peptides with an
amphipathic helix, (bp-sheet stabilized by disulfide bridges,
(c) peptides with the predominance of a certain amino acid
in their sequence, and (d) peptides with loop structut8} (

Interestingly, despite such a structural heterogeneity, the
AMP mechanism of action generally involves the invasion
of the microorganisms through membrane disruption. How-
ever, it is also known that AMP may interfere with
intracellular processes eventually via binding to targets in

NOESY, nuclear Overhauser enhancement spectroscopy; PI, propidiumihe pacteria cytoplasm{4—16).

iodide; RMSD, root mean square deviation; SDS, sodium dodecyl
sulfate; TFE, 2,2,2-trifluoroethanol; TOCSY, total correlation spec-
troscopy.

Some of the AMPs described so far are products of the
proteolysis of mature protein such Adactoglobulin @7,
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18), bovinea-casein 19), lactoferrin 6, 20, 21), ovalbumin bacteria with damaged external membranes, and it is also
(22), and hemoglobinG—8, 23, 24). able to quench the fluorescence of SYTO 9. As a result, when
It is long known that hemoglobin is a source of peptides bacteria are stained with a mixture of these two fluorescent
that are involved in several biological functior@s). The  dyes, the ones with intact cell membranes appear green,
existence of a hemoglobin fragment with antimicrobial Whereas the bacteria with damaged membranes turn out to
activity was reported for the first time in 1999. It was isolated be red. Briefly, the bacteria culture was incubated in Poor
from the gut contents of the cattle tidkpophilus microplus ~ Broth nutrient medium (10cells/mL) fa 1 h at 30°C in
(6), and identified as a C-terminal carboxyl-free endogenous the presence or absence of 62N Hb33—-61a The peptide
fragment of bovine hemoglobin encompassing the region concentration used in the assay corresponds to 12.5 times
33-61 of the a-chain, Hb33-61. Its synthetic amidated its minimal inhibitory concentration6j. Subsequently, the
form, Hb33-61a exhibited a significant antibacterial and culture was treated with a mixture of SYTO 9 and PI. The
antifungal activity, while being practically inactive against Viability of the cells was analyzed using a Zeiss fluorescence
eukaryotic cells such as bovine erythrocytes and the parasitemicroscope, Axiovert S100 (Germany), equipped with a
Leishmania amazoneng®6, 27). Subsequent reports docu- digital camera, Hamamatsu C5810 (Sanyo Denki, Japan).
mented the antimicrobial activity of intact hemoglobins of  Circular Dichroism Circular dichroism (CD) experiments
diverse origins 23) as well as of hemoglobins’ derived Were carried out using a Jasco 810 spectropolarimeter (Jasco
AMPs obtainedn vitro by cyanogen bromide digestioR3) International Co., Ltd.), coupled to a Peltier Jasco PFD-425S
or by pepsin hydrolysis2d). More recently, Nakajima etal. ~ system for temperature control. Spectra collected in the far-
(7) found, in the midgut of another tickDrnithodoros UV region, 196-250 nm, were averaged over four scans,
moubata(Acari: argasidae), two AMPs whose sequences using a 1 mmpath length quartz cell. Spectra collected in
correspond to residues-11 and 3-19 of rabbit hemoglobin ~ the near-UV region, 236300 nm, were collected using a 1
a-chain, thus calling for a similar immune mechanism of mm path length quartz cell and averaged over eight scans.
defense in the two major families of ticks. Finally, Liepke For the far-UV spectra, the peptide concentration used was
and co-workers, searching in a human placental peptide20 «M, and the measurements were performed either in
library, isolated and identified two hemoglobin-derived aqueous solution or in the presence of variable concentrations
AMPs (8), demonstrating the existence of natural hemoglobin of 2,2,2-trifluoroethanol (TFE), sodium dodecyl sulfate
fragments with antimicrobial activity also in humans. These (SDS), or lysophosphatidylcholine (LPC) at various pHs. The
peptides, that encompass residues -1B&6 of human pH was adjusted using small volumes of HCI or NaOH stock
y-hemoglobin and residues 11146 of humar3-hemoglo- solutions. In the case of the near-UV spectra, the peptide
bin, respectively, were also found in erythrocyte lysates. concentration was 2 mM, and the measurements were carried
Moreover, being able to interact with lipopolysaccharides, out either in water solution or in the presence of 200 mM
they turned out to be active, at micromolar concentration, SDS, pH 4.0, at 20 and 3. Following baseline correction,
against both Gram-positive and Gram-negative bacteria asthe measured ellipticity) (millidegrees), was converted to
well as against yeast. Overall, these results suggested thathe molar mean residue ellipticity] (deg-cn®-dmol™).
the hemoglobin-derived AMPs may be important effectors NMR Spectroscopyrhe NMR samples were prepared by
of the innate immune response against microbial invaders.dissolving the lyophilized peptidelb33—-61ain 200 mM
Recognizing that C-terminal amidation either may increase SDSd:s/water solution to yield a final peptide concentration
the peptide resistance to proteagé)(or may lead to the ~ ©f 1.5 mM, pH 4.0. The'H NMR experiments were
potentiation of its antimicrobial activity2@), and in view  Performed at 37°C using a Varian INOVA 600AS spec-
of the potential use of hemoglobin’s derived AMPs as trometer, operating at 599.68 MHz for the frequency. For
therapeutics in humans, we have been prompted to investigaté€guential assignments and structure determination, TOCSY
in more depth the functional and structural features of the With 85 ms mixing time 0), NOESY with 200, 300, and

non-native amidated form of Hb3%1, Hb33—61a (6). 400 ms mixing times31), and DQF-COSY2) experiments
were recorded. The water resonance was suppressed by using
EXPERIMENTAL PROCEDURES the WET sequence. Spectra were acquired with 1K complex

data points in the acquisition domain and 512 increments in

Peptide Synthesi§he peptide FLSFPTTKTYFPHFDL-  the time domain. The®J.-. coupling constants were
SHGSAQVKGHGAK-NH, (Hb33-618) has been synthe-  measured from the DQF-COSY spectra using a matrix of
sized, purified, and characterized as previously descri@ed (8K x 2K. DSS (2,2-dimethyl-2-silapentane-5-sulfonate) was

Biological Actiity. In situ viability assay was carried out added to the sample as an internal standard and set at 0.00
using Micrococcus luteusA270 obtained from the Pasteur ppm. The NMR data were processed with the Felix 2000
Institute Collection (Paris). The bacteria culture, in the middle software (Accelrys Inc.) using a Silicon Graphics Octane 2
of the logarithmic phase, was treated with the Live/Dead workstation. Resolution enhancement was achieved by
BacLight bacterial viability stain (L-7007; Molecular Probes, apodization of the free induction decay with shifted square
Eugene, OR) following the manufacturer’s instructions. This sine-bell window function. The data were zero-filled prior
kit utilizes a mixture of the green fluorescent nucleic acid to Fourier transformation, and the baseline was corrected
stain, SYTO 9, with the red fluorescent nucleic acid stain, using a fifth-order polynomial function. Automated assign-
propidium iodide (PI). These stains differ not only in their ments of NOEs were obtained with the program st2 NMR
spectral characteristics but also in their ability to penetrate (33). To obtain interproton distance constraints, the cross-
healthy bacteria cells. In fact, SYTO 9 stains the DNA of peak volumes of the 300 ms NOESY spectra were measured
all bacteria irrespective of whether they have the external and calibrated with respect to the cross-peak volume of
membrane intact or damaged. In contrast, Pl penetrates onlygeminals-protons that correspond to an interproton distance
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of 1.8 A. The obtained NOE values were classified as strong, a)
medium, and weak, corresponding to the upper bound
distances of 2.8, 3.5, and 5.0 A, respectively. The lower
bound was taken to be the sum of the van der Waals radii
(1.8 A) for the interacting protons. The proton amide
chemical shift temperature coefficientAduq/AT) were
obtained from a series of TOCSY spectra recorded every 5
°C in the temperature range 465 °C. The K, values of
His45, His50, and His58 have been determined from a series
of TOCSYH NMR spectra carried out in the pH range 4.5
9.0. The K, values have been derived from a least-squares
fit of the data to the HendersetHasselbach equation (see
the Supporting Information).

H/D Exchange Experimenté qualitative estimation of
the labile amide hydrogen atoms 6fh33—-61a in SDS
micelles at 377C was obtained by hydrogermeuteron (H/

D) exchange experiments. The sample containing the peptide
bound to the SDS micelles was lyophilized, and £IMH,0

(9:1 viv) solvent mixture was added immediately before
acquiring a series of TOCSY spectra with duration of 5 h
each 84).

Structure Calculations The peptide three-dimensional
structures, compatible with the experimental distance re-
straints, have been calculated using DYANBA5). The
struct_ures W'_th a targ_et fqnctlon smaller than 0:220'(_)2 Ficure 1: Viability of cells of M. luteusin the presence dfib33—

A2, with no distance violation larger than 0.2 A and with o g1ausing the fluorescent dyes SYTO 9 and propidium iodide: (a)
dihedral angle violation grater thar?,5vere energy mini- untreated culture; (b) culture treated with 62/8 Hb33-61a
mized with full consistent valence force fiel88) (Morse

and Lennard-Jones potentials, Coulombic term) by steepest a)
descents and conjugated gradients using several thousand B
interactions until the maximum derivative was less than 0.001
kcal/A. All calculations were carried out in a Silicon Graphics
Octane 2 workstation using the DISCOVER (Accelrys, Inc.)
software package, together with Insight Il as a graphic
interface. At the end, 20 models having the lowest energies
out of the 40 starting structures were selected for structural
analysis using PROCHECK-NMR3Y).
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Biological Actiity. The effect of Hb33—61a on the
viability of M. luteuswas examined by fluorescence mi-
croscopy using a combination of the fluorochromes SYTO
9 and PI. As expected, the untreated cell culture showed only
green fluorescence, indicating that exclusively SYTO 9
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entered the bacteria (Figure 1a). In Figure 1b instead, one "\:T?;

can appreciate that when the culture is treated Wit33— SEN N S o

61a at a concentration of 62.6M, all bacteria exhibit a -10

red fluorescence, indicating that the cell membrane has been . ) . .

damaged, allowing PI to enter the cell. As a control, we Moo 20 210 20 o 240 250

verified that bacterial membrane damaged by incubation with A (nm)

100% 2-propanol showed only red fluorescence (data notFgure 2: Far-UV CD spectra of (a) 20M Hb33-61ain aqueous

shown). solution (), in the presence of 5 mM LPC (---), and in the
Since these data show theb33—-61aexerts its antimi- ~ Presence of 200 mM SDS-(), pH 4.0, at 20°C. Inset: Plot of

bial ity b bilizi he b ial b —[60]222as a function of SDS concentration. (b) TFE titration of 20
crobial activity by permeabilizing the bacterial membrane, v "Hp33-61a (—) aqueous solution, (- - -) TFEA® (30:70),

the description of its membrane-bound structure turns out(...) TEE/H,0 (70:30), and £-—) TFE/H,0 (90:10). Inset: Plot
to be a prerequisite to reach an understanding of its of —[6].2; as a function of TFE/BD (v/v) mixture.
mechanism of action at a molecular level.

Circular Dichroism.The CD spectrum oHb33—61ain (Figure 2a). The CD spectra carried out by varying the
aqueous solution at acidic pH shows a negative band 88 peptide concentration (20M—2 mM), the pH value (47
nm that is typical of a peptide in random coil conformation range), and the ionic strength (NaCt-200 mM) evidenced



Structure of an Antimicrobial Hemoglobin Fragment Biochemistry, Vol. 44, No. 17, 2005443

—
o

[6] 10° (deg.cm’.dmol ")
H

)
. 3
A <3 g
6L £, 5 0
. 2 &
Y g ! 3
-8R £ ® 0 - .
2 2 ol
ok 2. I
Lt 2, 4
N 190 200 210 220 230 240 250 260 )
12k A (am) H
1 1 1 1 1 1 20 Il 1 1 1
190 200 210 220 230 240 250 260 260 270 280 290 300
A (nm) A (nm)

FiIGURE 3: Far-UV CD spectra of 2@M Hb33-61ain water, pH FiGURE 4: Near-UV CD spectra of 2.0 mMib33—61ain water,

4.0, at various temperatures: 10 (- --), 35°C (--+), and 70°C pH 4.0, at 20°C (—) and 37°C (—-—) and in the presence of 200
(—). Inset: Difference spectrum between 70 and°C0 mM SDS, pH 4.0, at 20C (- - -) and 37°C (--+).

that its secondary structure is insensitive to these experi- gnd His residues, respectively. In particular, the band at 261
mental factors (data not shown). _ ~nm can be attributed to the Phg transition; its red shift,

On _the other hand,_the CD spectra obtained as a fun_Ct'O”possibly, being the result of side-chain packing)( Interest-
pf variable TFE/_I—JO mixtures (Viv) reveale_d that _the peptide ingly, at 37 °C, we detect only a broad negative band
is able to acquire am-helical conformation (Figure 2b).  gpanning from 259 to 288 nm that reflects an increased

Nonetheless, the fact thal]p,> does not reach a plateau even  mopility with a consequent reduced spatial organization of
at 100% TFE (inset of Figure 2b) suggests the absence of &g gromatic side chains.

two-state conformational transition. Having verified that the
peptide conformation does not change in the pH interval 4
we inspected its structural features in the presence of
membrane mimetics at acidic pH as these conditions were
better suitable for the subsequent NMR experiments.

The addition of LPC micelles did not affect the CD
spectrum of the peptide, indicating that it is not able to

interact with zwitterionic micelles (Figure 2a). Differently, sugaests the presence of two pooulations of that tvrosine
in the presence of SDS micelles (Figure 2a), we observed ggests the p . pop Y '
one buried in the micelle and one exposed to the solvent

some changes in the CD spectrum such as a red shift of the i
band at 198 nm to about 202 nm and an increase of the(44’ 46). The band at 258 nm can be due to theransition

; : : of the Phe residues while the one at 264 nm could be
negative broad band in the region 22535 nm. The plot of . : . ; o
[6]222 against SDS concentration is reported in the inset of tentatively assigned to the His residudd)( At 37°C, where

Figure 2a, and it shows that, already at 20 mM SDS, the the NtMIR nj{teasu_reme_ntts _ha\ée Nbeent;]:alrrled '(t)l'Jt’ theﬂ?vE_rlall
pepe s reached  new sible confornaon, _SPeeta et s maiiened onetiless 1 sworue
The spectral modifications induced by the addition of SDS the same. the band at 258 nm and the broad baﬁd cente?/ed
(Figure 2a) point to the formation of turn elemens8)(or ' . " :
to the onset of interactions between aromatic side chd®s ( at about 278 nm are Ies; intense. Inaddition, the fine
40), together with the induction of some helical secondary structure of the Tyr band is almost lost.
structure (about 24% as judged by the valuesthf.f; 41). Overall, the CD spectra show th&th33-61a has a
Interestingly, the decrease in spectral intensity observedtendency to acquire elements of secondary structure in water
at high temperature in water (Figure 3) suggests that, asat high temperature. Moreover, they indicate that the peptide
observed for other peptided2), Hb33-61aundergoes an  interacts preferentially with negatively charged micelles,
inverse temperature transition leading to the acquisition of Perhaps a better mimetic of the negatively charged outer
elements of secondary structure. The inset in Figure 3 reportsSurface of a bacterial cell wall, where it undergoes confor-
the difference spectrum obtained from the CD profiles of Mational changes that involve both the backbone and side-
Hb33-61ain water at 70 and 10C. The presence of a  chain orientation.
positive and a negative band centered at about 194 and 218 NMR Measurement®©n the basis of the CD results, the
nm, respectively, is compatible with the existence of some peptide structure was determined in the presence of SDS
type of B-turn @3). A similar result has been observed also micelles at 37C. SDS has been selected, recognizing that,
with indolicidin, another antibacterial linear peptid&). since a long time, it is widely accepted as a suitable model
The near-UV spectra in aqueous solution and in the for amphiphilic systems when studying the structure of
presence of SDS micelles (Figure 4) reveal that the peptidemembrane binding peptidedq, 48). In these experimental
is able to undergo conformational transitions that involve conditions the 20H NMR spectra oHb33—-61aexhibited
also the spatial reorientation of the aromatic side chains. In acceptable sharp signals and a good chemical shift dispersion
water at 20°C, we observe the twoybands typical of a  allowing unambiguous assignment of all of the proton
Tyr residue exposed to the solvent at 282 nm and 216 resonances. It is worth noting that the peptide broad signals
nm (44, 45) while in the region 256270 nm, we find two observed at 20C (data not shown) and sharpening at 37
bands, 261 and 268 nm, that can be attributed to the Phe°C, together with the absence of exchange cross-peaks in

The near-UV CD spectra in SDS clearly reveal that the
aromatic side chains undergo a conformational rearrangement
with respect to their conformation in water. The positive
broad band spanning the region 27280 nm can be
attributed to the single Tyr residue. The presence of a
shoulder at 289 nm and of a broad peak at 284 nm, each
associated with a peak blue shifted by about86nm,
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Ficure 5: Summary of the sequential and medium-range NOE
connectivities for 1.5 mMHb33—-61ain 200 mM SDS, pH 4.0, at

37 °C. The intensities of the observed NOEs are represented by
the thickness of lines and were classified as strong, medium, and
weak, corresponding to upper bound constraints of 2.5, 3.5, and 5
A, respectively. The stars and the dashed line indicate potential
NOE connectivities that could not be obtained due to resonance
overlap.Adun/AT = amide proton temperature coefficient. Filled
circles indicatd AOun/AT| < 6 ppb/K. The symbo¥ indicates the
amide protons that do not exchange after 15 h from the addition of
90% D,0/10% HO to the lyophilized peptide/SDS mixture.

any of the NMR experiments, provide a good indication that,
in these experimental conditions, the peptide is bound to the
micelles.

Sequential NMR Resonance AssignmeBggjuential as-
signment was achieved by standard procedu@s The'H
chemical shifts andJun—o coupling constants have been
submitted to BioMagRes Bank (accession number 6048).

The analysis of the pH dependence of thel Hesonance
(49) of the His45, His50, and His58 imidazole ring,
monitored by 2D*H NMR spectra, provided the unusually
high pK, of 7.7, 7.7, and 7.8, respectively. As for the two
proline residues, the presence of NOEs between théRro
with the aH of the preceding residue indicates that the
peptide bonds are itrans conformation.

Secondary StructureThe summary of the interresidue
NOEs for the peptide is reported in Figure 5. It is recognized
that when studying small peptides, NOEs allow to qualita-
tively highlight the coexistence of conformational families
characterized by diverse secondary structure elemBéts (
52). As a result, while the concomitant presence OfHHN
and H'—H® connectivities indicates that the peptide is
exploring 8 and . conformational regions, the presence of
unfolded conformers impairs the possibility to use simply
dun(i, i + 1) connectivities to detect turns and loose helices.

Sforca et al.

Table 1: Structure Statistics for the Ensemble oft#83—-61a
Structures in 200 mM SDS, pH 4.0, at 3C

value
PROCHECK: Ramachandran plot analysis
most favored region (%) 68.8
additionally allowed region (%) 28.5
generously allowed region (%) 2.7
disallowed region (%) 0
RMSD?
backbone (all) 1.6% 0.65
backbone (residues 3813) 0.16+0.11
backbone (residues 4418) 0.24+ 0.07
backbone (residues 4%0) 0.25+ 0.09
heavy atoms (all) 2.220.77
heavy atoms (residues 383) 0.48+ 0.16
heavy atoms (residues 448) 0.75+ 0.26
heavy atoms (residues 480) 0.71+0.23

a2 Root mean square deviation from pairwise comparison between
all of the structures (A).

structure calculation using DYANA. Out of the 100 structures
generated, 40 were selected on the basis of their minimum
target function (0.22t 0.02 A?) and energy minimized using
the program DISCOVER. After minimization, 20 structures
were selected on the basis of the low residual distance
violation of their backbone. PROCHECK-NMR showed that
all ¢ andy angles are in the allowed regions, and the global
backbone RMSD (residues 381) turned out to be 1.6%
0.65 A (Table 1). Figure 6 shows a cartoon depicting the
stereoview of the NMR-derived minimum energy model.
Interestingly, the selective superposition of the regions that
present elements of secondary structure, residues Fhr38
Phe43 and Ser49Ala60 (Figure 7a,b), gives lower backbone
RMSDs: 0.16+ 0.11 and 0.25: 0.09 A, respectively (Table
1). This result indicates that the peptide bound to SDS
micelles consists of two, spatially independent, regions
connected by a hinge encompassing residues PrBhé48.
H/D Exchange ExperimentsFigure 8b,c reports the
contour plots of the amide region of two TOCSY spectra
obtained with the lyophilized sample éfh33—-61abound
to SDS micells 5 h after it has been resuspended in 90%
D,0 (the time required to obtain a TOCSY with good signal
to noise in our experimental conditions) and after 20 h,
respectively. Figure 8a is the spectrum of the SDS micelle-
bound peptide in water, and it has been used as the “time 0”
reference. The amide proton H/D exchange experiments
reveal the existence of two major families of NHs: one

However, these structural elements can be detected by thecorresponding to NHs that exchange in thetfissh and

presence of several medium-range interactie® %3). In

the case 0Hb33-614, the detection ofl,n(i, | + 3) together
with den(i, | + 2) connectivities is indicative of the presence
of 5-turns in the N-terminal and in the central region of the
peptide. In particular, two type If-turns spanning residues
Lys40-Phe43 and Ser49Ser52 were identified. On the
other hand, the presence of medium-radggi, i + 3) and
den(i, i+ 4) NOEs, together with thew(i, i + 1)
connectivities in the C-terminus, indicates the existence of
a helical element spanning residues AlaZ8a60. How-

another one corresponding to residues Ser35, Fhid$41,
Asp47, and Ser49Lys61 that do not exchange even after
20 h (Figure 8c). The exception is residue Tyr42 that
exchanges after about 10 h (Figure 8b). Figure 8d sum-
marizes these results, evidencing that the exchangeable amide
protons (yellow circles) are concentrated in the N-terminus,
in particular in the joint region. The nonexchangeable amide
protons are indicated in blue, and the Tyr42 NH, which
exhibits an intermediate exchange rate, is indicated in red.
The coefficients Adun/AT), representing the temperature

ever, the coexistence throughout the peptide sequence otlependence of the amig@roton chemical shifts dfib33—

dun(, T + 1) with don(i, | + 1) NOESs of comparable intensity,

61awhen bound to SDS micelles, are in good agreement

strongly suggests that the peptide backbone is affected bywith the H/D exchange data and are reported in Figure 5.

conformational fluctuations.
Molecular Modeling A total of 173 nonredundant distance
restraints, of which 62 were medium range, were used for

Values lower than 6 ppb/K are found in some N-terminal
residues, Ser35Phe36 and Lys40Tyr42, and throughout
the C-terminal half of the peptide. It is worth mentioning,
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FiIGURe 6: Stereoview of the minimum energy NMR-derived modeHtf33—61abound to SDS micelles, pH 4.0, at 3C. The C-terminus
is shown at the bottom.

however, that in these experimental conditions the reducedTable 2: NOEs Involving Aromatic Side Chains db33—61ain
values of theAdun/AT coefficients either might indicate that 200 mM SDS, pH 4.0, at 37C

the NHs are protected from the solvebd), being embedded Thr3s Tyrd2 His45 GIn54
in the micelle core, or might reflect the presence of secondary Hy He “Ho He
structure elements(, 55) or both. Hy HpB His50 GIn54
Thr39 Phe43 el He
HB He HB Hp
DISCUSSION Hy He GIn54 His58
Pro44 His45 K HO
The synthetic peptidélib33—61a, that encompasses the :g :?3 Hp Hp

region 33-61 of the bovine hemoglobia-chain, was shown
to have an antimicrobial activity selective against Gram-
positive bacteria and fungB). While a more comprehensive ~ cannot say at the moment. Preliminary experiments using
description of the structural and functional differences His45 methylated at HL have failed to provide new clues
between the amidated and carboxyl-free form of this peptide (unpublished results). Finally, the superposition of the peptide
will be presented elsewhere, here we demonstrate that itsportion that acts as a joint between the N- and C-terminal
biological activity can be related to its ability to permeabilize regions, residues Pro4Asp48 (Figure 7c), evidences that
the bacterial membrane. Aiming to describe the molecular also this part of the molecule possesses a preferred confor-
mechanism associated to this action and having verified themation. Though it does not present any conventional element
preferential affinity of the peptide for negatively charged Of secondary structure, its structural organization is well
surface, as a first step, we determined its structure whendefined due to the interaction of His45 with Pro44. This
bound to SDS micelles. To avoid the possibility of peptide ~ spatial arrangement, which corresponds also to the second
peptide interaction, we used a 130-fold molar excess of SDS.preferential orientation of the His45 side chain, is supported
Knowing that the SDS aggregation number is about 60, in by the detection of NOEs between Pro44 and His45 side
these experimental conditions we end up with about two chains (Table 2).
micelles per peptide molecule. Overall, the NMR-derived 3D structure d¢ib33—61a
Hb33-61a Micelle-Bound Structur@he superposition of  (Figure 6) discloses the existence of a complex pattern of
the N-terminal region, residues Thr3®he43 (Figure 7a), diverse intramolecular interactions that lead to an ordered
shows that two aromatic side chains are involved in spatial organization of the aromatic side chains distributed
hydrophobic interactions: Tyr42 and Phe43 with Thr38 and along the peptide sequence. The complexity of the structure,
Thr39, respectively, as already suggested by the detectionwhere a loose short helical stretch, tg«urns, and a number
of interchain NOEs (Table 2). Inspection of the superposition of aromatic residues with preferential orientations are present,
of the C-terminal region, residues Ser48la60 (Figure 7b), justifies the shape of the observed CD spectra.
reveals the existence of an aromatic cluster involving the Hb33-61a and the Boine Hemoglobir-Chain Figure
three His residues, all of them interacting with GIn54. The 9a,b shows two superpositions ldb33—61aon the corre-
interaction of the His side chains with the GIn54 side chain sponding sequence in the crystal structure of the bovine
carbonyl justifies their unusually highKp. Interestingly, hemoglobino-chain (PDB code 1G08). As can be seen, there
His45 shows two preferential orientations. Also, in this case is a good superposition for the helical stretch Alabys61,
such a preferential spatial arrangement is confirmed by the backbone RMSD 0.86 A (Figure 9a), and for the region
presence of inter side chain NOEs (Table 2). Whether theseTyr42—Phe46, backbone RMSD 1.09 A (Figure 9b). It is
chemical and structural features have a functional role we remarkable to note that, especially for the region Tyr42
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FIGURE 7: Superposition of the 20 minimum energy NMR-derived
models ofHb33—61abound to SDS micelles, pH 4.0, at 3C in

(a) the N-terminus, residues Thr3®he43, (b) the C-terminus,
residues Ser49Ala60, and (c) the joint region, residues Pre44
Phe48. The C-terminus is always shown at the bottom.

Sforga et al.

in the tetrameric hemoglobin reveals that, aslb33—614
the only side chains that are exposed to the solvent are the
ones of residues Pro44 and His45 (not shown).

Comparison with Other PeptideShe presence of a hinge
or a joint connecting regions that possess elements of
secondary structure seems to be a feature common to a
number of antimicrobial peptides. NK-2, a short and potent
antibiotic derived from the porcine NK-lysin, very effective
againstCandidaas well as against several bacterial strains
at micromolar concentration, has been suggested to possess
a helix—hinge—helix conformation §6). Cecropin A, active
against a variety of Gram-positive and Gram-negative
bacteria, had its structure determined in hexafluoroisopropy!
alcohol and showed a helitoop—helix conformation: one
helix being amphipathic while the other highly hydrophobic
(57). A similar type of turn-like structure is exhibited also
by tritrpticin, a member of the cathelicidin family character-
ized by a high content of Trp residues. In this case, however,
there are no amphipathic helical regions, and the ability to
bind to the bacterial membrane is associated to the presence
of a cluster of aromatic residue®§). Indolicidin is an
antimicrobial peptide, characterized by a noncanonical
secondary structure though presenting a bent conformation
and, in its central part, exhibiting an hydrophobic core rich
in aromatic residuess@). All of these peptides are able, in
some way, to insert into the hydrophobic core of a bilayer
or a micelle. In the case of the cecropin peptides, it has been
invoked the lack of a certain degree of flexibility in the region
connecting the hydrophobic C-terminus and the more polar
N-terminus to justify the preferential localization of cecropin
P1 at the bilayer surfacé().

Interestingly, it has also been reported that peptides
characterized by a similar molecular architecture may exhibit
biological activity other than the antimicrobial one. A peptide
from the herpex simplex virus protein ICP47 has been proved
to be able to block antigen presentatid@B)( Recently, it
has been shown that the chimeric 32-residue peptide, PNC-
27, resulting from the combination of segment-256 of
the protein p53, involved in cell cycle control and apoptosis
signaling, with the penetratin peptide, from theosophila
homeobox proteinAntennapediapenetratin, exhibits an
U-shaped structure reminiscent of an heli@op—helix
motif, and it is able to selectively kill cancer cell&1j.

Location of Hb33-61a in the SDS MicelleThe absence
of H/D exchange observed for those NHs that are also
characterized by a reduced value of the chemical shift
temperature coefficients (Figures 5 and 8), together with the
spectral features observed in the near-UV CD spectra (Figure
4), suggests that only certain regionsHif33—61apenetrate
the micellar surface. In this respect, the longer time required
by the Tyr42 NH NMR resonance to disappear in the H/D
exchange experiment is consistent with the hypothesis,
suggested by the near-UV CD spectra, that the residue may
exist in two preferential orientations: one more exposed and

Phe46, there is a very good match for the spatial orientationone less exposed to the solvent. Its possible functional
of the side chains of the aromatic residues. Overall, Figure significance is being investigated. On the basis of this
9c shows thaHb33—61a preserves the main elements of experimental evidence in Figure 10 is presented a cartoon
secondary and tertiary structure present in the hemoglobinthat depicts the possible locationtdb33—61arelative to a

a-chain (the helical stretch, residues Alad3ys61, and the
aromatic cluster, residues Tyr4Phe46, respectively) though

schematic SDS micelle represented as a sphere. The size of
the peptide has been obtained from the NMR-derived

with a different spatial organization. It is also interesting to structure while, for a spherical SDS micelles, we considered
note that a visual inspection of the aromatic residue location a diameter of about 35 A6@). The color coding of the amide
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Ficure 8: Contour plots of the amide region of TOCSY spectra obtained from (a) 1.34b88—61ain 200 mM SDS, pH 4.0, at 37C

(this spectrum has been used as the time 0 reference). Panels b and c represent the amide region of TOCSY spectra of lyophilized 1.5 mM
Hb33—61ain 200 mM SDS, pH 4.0, at 37C; afte’ 5 h it wasdissolved in 90% BO/10% HO and after 20 h, respectively. Panel d is a

cartoon showing exchanging (yellow circles) and not exchanging (blue circles) amide protons. The Tyr42 amide proton is indicated in red
because it exchanges after about 10 h. The C-terminus is always shown at the bottom.

protons is the same used in the NMR H/D exchange micelle-water interface, that is characterized by the presence
experiments (Figure 8d). of turn elements followed by a bend exposed to the solvent
Another chimeric 27-residue peptide formed by the fusion and by ana-helical structure in the C-terminus deeply

of residues +12 of the neuropeptide galanin with masto- embedded into the micelle4®). A similar structure has
paran, and called transportan, has been reported to exhibirecently been found also when it interacts with bicel&3) (
high affinity for SDS micelles, and its proposed structure It is remarkable to note that transportan is able to cross the
and location in such a membrane mimetic medium are quite cell membrane of several cell lines transporting cargo
similar to the one we have found féth33—61a In fact, it molecules and to enter the cell nucleus where it eventually
possesses an N-terminal region, located just below theexerts its activity §4).
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‘ ’ Phem Hb33-61a

' 1G08
«a-chain
_ L)

Ficure 9: Comparison between segments of the minimum energy NMR-derived moti3#-61abound to SDS micelles, pH 4.0, at
37 °C (blue) with the corresponding regions in the crystal structure of the bovine hemoglatiiain (PDB code 1G08; red/orange).
Superposition of (a) residues Ala58ys61 and (b) residues Tyr42Phe46 and (c) overall representatiorHif33—61aand bovine hemoglobin
o-chain superposed on residues Aladi3s61. Arrows identify the regions of superposition in panels a anéib33—61a (blue/yellow);
hemoglobina-chain (yellow/red).

Hb33-61a Surface Featuregnspection of the molecular  suggesting that, as observed for peptides with potency at
surface ofHb33—61ausing the program Insight Il (Figure  micromolar concentration, indeed the targetHif33—61a
11a) evidences the existence of hydrophobic patches all alongs the lipid membrane and not a specific recep@)(
one side of the peptide and of a polar strip extending over The possibility to superimpose independently various
the peptide length on the other side. Despite this, the peptideregions of the ensemble of the NMR-derived solution
cannot really be defined as amphipathic because there is nGstructures, leaving the remaining portion of the peptide
clear separation between hydrophobic and polar residues. Insomewhat spatially dispersed (Figure 7a,b), suggests that
addition, when the MOLMOL programé66) is used to  when bound to a membrane-like environment, the N- and
represent the average surface charge distribution (Figurec-terminal regions oHb33—61aare able to move indepen-
11b), it turns out that the peptide is mostly positively charged, dently, with the segment Pro44.eu48 acting as an hinge.
thus justifying its specific affinity for negatively charged such a structural flexibility might be partly responsible for

surface. the ability of the peptide to permeate the bacterial membrane
as hypothesized for other AMPSQ).
CONCLUSIONS Finally, the fact thatHb33—61a preserves the main

structural features present in the corresponding sequence of

The positive character of the peptide and the specific the bovine hemoglobira-chain though with a different
affinity for negatively charged micelles indicate that the spatial organization supports the hypothesis that hemoglobin
driving force of the interaction is primarily electrostatic, thus encodes in its primary and secondary structure a number of
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Ficure 10: Cartoon depicting the localization bb33—-61ain a

schematic SDS micelle represented as a sphere. The peptide

dimensions have been taken from the NMR-derived structure of
this work. Only the N-terminus is indicated. The diameter of the
spherical SDS micelle has been considered to be 3R Yellow

balls represent the solvent fast exchanging amide protons, while
blue balls indicate the nonexchanging ones as derived from the
NMR H/D exchange experiments.

Hydraphilic
-

| |
-~
Hydrophobic

Pasitive

-
Negative

Ficure 11: (a) Hydrophobic/polar surface obtained using Insight
Il and (b) potential surface describing the average positive and
negative surface charge obtained using MOLMO&5)( The
C-terminus is at the bottom. The two images on the right side of
panels a and b are obtained by 18®@tation around the axis
indicated in the center of the figure.

additional biological functions that are released through
proteolysis £5).

In conclusion, we believe thaib33—61a constitutes an
interesting model to progress in the understanding of the
molecular basis of AMP’s biological activity. Structural and
functional studies are in progress on truncated analogues in
order to identify the core of the peptide antimicrobial activity.
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One figure showing the least-squares fit to the Henderson
Hasselbach equation of the pH dependence of tk& H
resonance49) of the His45, His50, and His58 imidazole
ring, monitored by TOCSYH NMR spectra. This material
is available free of charge via the Internet at http:/
pubs.acs.org.
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