Biochemistry2006,45, 15931-15940 15931

Membrane Interactions of Dynorphifis

Jesper Lind, Astrid Giglund, and Lena Mar*
Department of Biochemistry and Biophysics, The Arrhenius Laboratories, Stockholrersity, S-106 91 Stockholm, Sweden
Receied June 16, 2006; Resed Manuscript Receéd September 20, 2006

ABSTRACT. The dynorphins are primarily endogenous ligands tostfupioid receptor, but a variety of
non-opioid effects have also been observed, including direct effects on membranes. The peptides are rich
in Arg residues, a characteristic feature of the cell-penetrating peptides. In this investigation, we have
examined the interaction of the two peptides dynorphin A and dynorphin B with model membranes. A
variety of NMR methods, as well as CD and fluorescence spectroscopy, have been used to characterize
the structure of the two peptides and, more importantly, the position of the peptides in phospholipid
bicelles. Both peptides interact to a large extent with both zwitterionic and partly negatively charged
bicelles but are only marginally structured in either solvent. Dynorphin A was found to insert its N-terminus
into the bilayer of the bicelle, while dynorphin B was found to reside on the surface of the bilayer. Despite
the high degree of similarity in the sequence of the two peptides, it has previously been observed that
dynorphin A has membrane perturbing effects and causes leakage of calcein from large unilamellar
phospholipid vesicles while dynorphin B has no such effects. Our results provide a possible explanation
for the difference in membrane perturbation.

Opioids constitute a general class of both natural and but have also been shown to bind to teand u-opioid
synthetic signal substances regulating the pain and rewardreceptors 13, 14). In addition to the versatility of these
system through interaction with any of the threeod-, and neuropeptides, experiments with the opioid receptor blocker
u-opioid receptors in the central nervous system. This group naloxone have revealed that Dyn A causes non-opioid effects.
contains among others morphine, heroin, endorphins, andThese effects involve the NMDA receptor and may cause
dynorphins {). hyperalgesia, uncomfortable nociceptive behavior, and even

Dynorphins are all derivatives of prodynorphi?),(and paralysis {0, 11, 15).
they were first isolated during the late 1970s with the purpose  Dyn A is rich in Arg and Lys residues, which is a
of finding a way to regulate pain without the negative side characteristic feature of the so-called cell-penetrating peptides
effects of already known synthetic opioid8, (4). This (CPPs). These peptides have the ability to internalize into
powerful family of neuropeptides is mainly connected with cells with high efficiency, with low toxicity, and seemingly
pain regulation and analgesic effects §). It has also been  wjthout any receptor while carrying large hydrophilic cargoes
discovered that they are involved in a wide Variety of (16, 17) Endocytotic mechanisms like raft_dependent mac-
physiological effects, such as influencing the motor system ygpinocytosis have been shown to be a dominant mechanism
(7), causing hyperalgesi8) and inducing apoptosis, among  of internalization for CPPs like penetratiag). However,
others 9, 10). direct membrane interactions are also important for CPPs

Two central derivatives of prodynorphin are the Big either for endosomal escape or for direct cell membrane
dynorphin fractions dynorphin A (Dyn AYGGFLRRIR- translocation which may also contribute to their internaliza-
PKLKWDNQ) and dynorphin B (Dyn B, YGGFLRRQFKV-  tion (17). Several models for the direct membrane translo-
VT) (11). These peptides are two of the most basic naturally cation have been proposed, e.g., the carpet mdd®|qr
occurring peptides in the bodZ). Dyn A and Dyn B are  the pore formation mode2(). Although peptides possessing
primarily endogenous ligands to theppioid receptor (KOR)  CPP characteristics most often adephelix conformation
when interacting with phospholipid bilayers, it has been
" This work was supported by grants from the Swedish Research Shown that peptides with other structural propensities can

Council, The Carl Trygger Foundation, and the Magnus Bergvall act as CPPs2(l).
Foundation.

*The chemical shifts for dynorphin A and dynorphin B in® ~ Afirst step toward understanding the dynorphieceptor
zwitterionic bicelles, and 20% negatively charged bicelles have been interactions is to investigate the peptieteembrane interac-
deposited with the BMRB as entries 7168 and 7169. tion. A likely pathway for receptor binding has been
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nuclear magnetic resonance; TOCSY, total correlation spectroscopy;only would simplify the interaction process between the

NOESY, nuclear Overhauser enhancement spectroscopy; DHPC, 1,2—; ;
dihexanoylsn-glycero-3-phosphatidylcholine; DMPC, 1,2-dimyristoyl- signal substance and the receptor but also can induce

snglycero-3-phosphatidylcholine; DMPG, 1,2-dimyristsyiglycero- structure and orientation O_f the peptide necessary for receptor
3-phospho-1-glycerol. interaction 22). Mechanisms for the initial interaction
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between dynorphins and the lipid bilayer have been proposedTOCSY spectra37) were recorded to investigate structural
but proved to be difficult to verify in a natural membrane and interaction features of Dyn A and Dyn B (1 mM) in
environment 23, 24). Several structural studies of neuropep- neutral and partly negatively charged bicelles (250 naM,
tides in different membrane mimetic environments, such as = 0.25-0.3). In the charged bicelles, 20% of the DMPC
helicogenic solvents, SDS, and DPC micelles, have beenwas replaced with DMPG. The NOESY spectra were
conducted 25—28), but due to nonrealistic membrane recorded with mixing times of 100, 150, 300, and 800 ms,
properties of such solvents, nothing is known about the and the TOCSY spectra were recorded with mixing times
molecular details of the interaction between the peptides andof 65 and 30 ms; 2048 512 complex data points were
the membrane, e.g., the position in the membrane. collected using 4864 scans. Water suppression was achieved
In this paper, the endogenous peptides Dyn A and Dyn B €ither with the excitation sculpting sequen@S8)(or with
are studied in the presence of phospholipid bicelles. Bicelles Watergate 9). The spectra were processed and analyzed
are disk-shaped aggregates composed of long chain lipidswith FELIX (Accelrys, version 2001.1), and the processing
arranging themselves as a bilayer surface with its rims included zero filling to 4096x 2048 data points and
covered by a deterger?g, 30). The large curvature of small ~ apodizing the FIDs by multiplication with a 9&hifted sine
detergent micelles, which may induce unnatural peptide bell function prior to the Fourier transformation.
structure changes, and even loss of enzyme acti@y-( To determine the position of the peptides in bicelles,
32), is replaced with the phospholipid bilayer surface of the saturation transfer difference TOCSY (STD-TOCS¥p)
bicelle, which better describes the native environment of experiments were performed at 500 MHz with a sample
membrane-active peptides. The size of the bicelles as wellcontaining 2 mM peptide in 250 mM undeuterated DHPC/
as the net surface charge is easily regulated by adjusting thd®MPC bicelles ¢ = 0.30). Various DMPCH resonances
lipid/detergent ratio and by replacing neutral lipids with Were saturated with a variable repetition of a 50 ms Gaussian
charged. Bicelles can be made sufficiently smali( 0.5) pulse, leading to saturation times of 150, 300, 600, 800, and
to attain tumbling times suitable for liquid-state NMR 1000 ms. The irradiations were performed at frequencies
spectroscopy while retaining the characteristic and useful disk corresponding to the acyl chain methyl protons (0.86 ppm),
shape 83). These properties make the bicelle comparable the acyl chain methylene protons (1.24 ppm), or the glycerol
with vesicles as a membrane mimetic and enable solution-3-methylene protons (3.99 ppm). A reference spectrum was
state NMR studies of the position of peptides in the recorded by moving the carrier 30 ppm from the center of

membrane 34, 35). the spectrum41). Intensity changes of 4-H® cross-peaks
for Leu5, Lys11, Lys13, and GInl17 for DynA and Gly2,
EXPERIMENTAL PROCEDURES Valll, and Vall2 for DynB were recorded and plotted as a

) ) function of the saturation tim@s,. The excitation sculpting

Sample Preparationlhe peptides Dyn A and Dyn Bwere  sequence was used for water suppression, 204800
purchased from NeoMPS SA and used as received. Thecomplex data points were collected using 32 scans, and
deuterated phospholipids 1,2-dimyristeytglycero-3-phos-  gpectra were processed as described for the previously
phocholine (DMPGds,) and 1,2-dihexanoy$n-glycero-3- recorded TOCSY experiments.
phosphocholine (DHP@,,), the spin-labeled 1-palmityl-2- As a complementary method for determining the position
steroyl-(5-DOXYL)sn-glycero-3-phosphocholine, and un- ¢ the peptide, the effect of spin-labels on peak heights in a
deuterated DMPC and DHPC were obtained from Avanti nyvR spectrum was monitored by recording a two-
Polar Lipids. The deuterated 1,2-dimyristayiglycero-3-  gimensional (2D) TOCSY spectrum prior to and after adding
[phosphorac-(1-glycerol)] (DMPGésq) was obtained from i japeled lipids. Peak intensities in th-+He fingerprint
Larodan AB. region were measured in the 2D TOCSY spectrum of both

Bicelles were produced by mixing DMPC thoroughly with - DynA and DynB in either neutral or 20% negatively charged
H20 until a slurry was formed. An aliquotf@ 1 M stock  bicelles with a mixing time of 65 ms. A small amount (2.5
solution of DHPC was added to obtain the desicechtio ulL) of 0.1 M 1-palmitoyl-2-steroyl-(5-DOXYL)snglycero-
(0.25-0.30), and the sample was vortexed and centrifuged 3-phosphocholine dissolved in methanol was added to a 500
until a clear liquid was obtained. The size of the bicelles is 4L sample to yield a final spin-label concentration of 0.5
controlled by the ratio of the lipid and the detergent and can mM, and a second TOCSY experiment was conducted.

be estimated with the formulg = [long chain lipid)/ Increased line broadening of the peaks due to the paramag-
[detergent] R9). Bicelles with negatively charged surfaces netic relaxation enhancement is related to the distance to the
were produced by exchanging-180% of the zwitterionic lipid interface zone; thus, the relative position of the residues

DMPC for the negatively charged DMPG. The pH was in relation to the membrane can be determined. Because of
adjusted to 5.7 with 50 mM phosphate buffer, and the peptide the mobility of the lipid hydrocarbon chains, it is, however,
was added to the ready-made bicelles. In the NMR experi- difficult to determine where in the membrane a certain part
ments, deuterated lipids (DHP®,, DMPC-dss, and DMPG-  of a peptide is located, but the method gives a good
dss) were used, and 10%:D was added for field frequency  approximation whether it is located inside or outside the
stability purposes. membrane %4, 42, 43). The positioning studies were
NMR Spectroscopyhe NMR spectra were recorded on performed on the same samples that were used in the TOCSY
a Bruker Avance NMR spectrometer equipped with a and NOESY experiments.
cryoprobe operating at 1 frequency of 500 MHz and a Amide proton-deuterium exchange was measured at 600
Varian Inova NMR spectrometer equipped with a triple- MHz as a function of time for both peptide& 1 mM sample
resonance probe head operating at 600 MHz. All measure-of Dyn A and Dyn B in 250 mM neutral bicelleg| & 0.25)
ments were carried out at 3. NOESY spectra3g) and was prepared as described above, freeze-dried, dissolved in
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650uL of D,0O, and instantly placed in the spectrometer. A a 10
4 h 2D TOCSY (2048x 220 points, 16 scans) spectrum ~ YGGFLRRIRPKLKWDNQ
was then repeatedly recorded at &7 for both peptides. dunlid+1) -_———
To estimate the level of binding of the peptides to the :“‘”:T’&:; - —_ -
bicelles, TOCSY spectra were recorded (at 500 mHz) with BT - -
several different total lipid concentrations (150, 250, and 300 dnlii+2}
mM total phospholipid). don(ii+2)
Circular Dichroism Spectroscop)All CD spectra were dnlii+3)
recorded on a JASCO J-720 CD spectropolarimeter with a dnliie3)
0.01 mm cuvette at 37C. Spectra were recorded with 20 o
scans over the interval of 19@50 nm, with a bandwidth deli+4)
of 0.2 nm and a speed of 50 nm/min. Measurements were b 10
made for Dyn A (10QuM) and Dyn B (100uM) in neutral YGGFLRRQFKVVT
bicelles (250 mM,g = 0.30) and 30% negatively charged dn(ii+1) —
bicelles (250 mMg = 0.30) and a phosphate buffer solution don(ii+1) N _
(50 mM, pH 5.7). dpnlii+1) —
Fluorescence Spectroscopdl measurements were per- dn(ii+2)
formed on a Perkin-Elmer LS 50B luminescence spectrom- dnlii+2)
eter with FL WINLAB. The experiments were conducted at dndiir3)
room temperature with 4 mnx 10 mm cuvettes. Fluores- N
cence excitation of Trp was at 280 nm, and the emission daplii+3)
was detected over the interval of 27500 nm. Fluorescence donlii+4)

excitation of Tyr was at 272 nm, and emission was detected Ficure 1: Summary of helical NOEs observed for Dyn A (a) and
over the interval of 275400 nm. Scans were recorded with  Dyn B (b) in neutral bicelles. The NOE connectivities were obtained
a 4 nm bandwidth at a scan speed of 200 nm/min, and five rom a 500 MHz NOESY spectrum recorded with a mixing time
scans were recorded and averaged for each sample. Measun%( 151)90 ms at 37C. The image was prepared with DYANA (version

ments for Dyn A (containing one Trp residue) were

conducted with a peptide concentration ofuM. Measure-  yanides in phosphate buffer and water were close to identical

ments for Dyn B (containing one Tyr residue) were  gitrered greatly from the spectra in bicelles. Assignment
performed with a peptide concentration of 10@. Forboth ¢ yhe pyIk of the side chain resonances was made for Dyn

peptides, experiments were performed in neutral bicelles (2005 in neutral bicelles (84% of the side chain resonances),
~ ) . ;

mi/l, q = 0.30), 30% negatively charged bicelles (200 MM, - yypich enabled determination of 68 NOE constraints, 22 of

q = 0.30), and a phosphate buffer solution (50 mM, pH 5.7), which are inter-reside restraints (Figure 1). The major part

and the flporescence was quenched with aprylamide alyt the detected NOEs involves N-terminal residues Gly3
concentrations of 0, 4, and 40 mM. The quenching constantSppas and also Arg7 and lle8, for whickhelical HV—HN

(Ksy) for each system were calculated through linear regres-
sion with the SteraVolmer equation for a dynamic process
(44):

cross-peaks were observed; on the other hand, the C-terminus
is much less represented and very few charactexishielix

NOE cross-peaks could be found. These data are consistent
= with previous results, indicating limited secondary structure.

F— 1+ KslQ] Very few (and weak) inter-residue NOEs were found for
Dyn B (Figure 1), which shows that, despite the sequence
where F and Fq are the fluorescence intensities in the similarity between the two peptides, Dyn B is even less
presence and absence of the quencher, respectively, and [Q$tructured in bicelles. As for Dyn A, however, the chemical
is the concentration of acrylamide. shifts are very different in bicelles compared to those in water
or buffer, indicating a membrane interaction of Dyn B.

RESULTS Secondary chemical shifts foriprotons were calculated

Assignment and Secondary Structure of the Peptiies: according to the method of Wishart and SykéS)( In the
dimensionalH TOCSY and NOESY spectra were recorded figure containing i secondary chemical shift for Dyn A in
for Dyn A and Dyn B in neutral bicelles, partly negatively bicelles (Figure 2a,b), a propensity for the N-terminal
charged bicelles, water, and phosphate buffer (pH 5.7). All residues to adopt a helix structure can be observed, a
backbone proton resonances of Dyn A with the exception tendency that becomes stronger with charge and which is
for Tyrl and Pro10 were assigned. All backbone resonancesnot present in buffer (Figure 2c). This suggests that the
of Dyn B with the exception of Tyrl were assigned in both N-terminal residues may be more deeply involved in the
bicelle solvents. Arg7, Lys10, and Thrl13 in Dyn B were not interaction with the bilayer than the rest of the peptide, and
assigned in a buffer/#D solution. The assignments have been this induces a propensity for structure in the first five residues
deposited with the BioMagResBank as entries 7168 and of the peptide. Dyn B in bicelles shows no tendency to adopt
7169. any defined structure from interacting with bicelles, although

Only small variations in the chemical shifts could be the resonances clearly differ from the typical random coll
observed between charged and zwitterionic bicelles for eithershifts measured in a phosphate buffer solution (Figure 2d,e).
of the peptides, although the increased charge of the lipid The H* secondary chemical shifts in buffer solution are very
bilayer led to significant line broadening. The spectra of close to random coil values for both peptides.
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Ficure 2: Secondary M chemical shifts for DynA and DynB. (a) Secondary chemical shifts for DynA in 250 mM DHPC/DMPC bicelles
(g = 0.25). (b) DynA in 250 mM (20%) acidic bicelleg| & 0.25; [DMPG]/[DMPC]= 0.2). (c) DynA in 50 mM phosphate buffer. (d)
DynB in 250 mM DHPC/DMPC bicellesg(= 0.25). (e) DynB in 250 mM acidic bicelles (20%j) € 0.25; [DMPG]/[DMPC]= 0.2). (f)
DynB in 50 mM phosphate buffer.

To investigate peptidebicelle binding, the effects of  with the hydrophobic interior of the bicelle (Figure 3). The
varying the total lipid concentration were examined. TOCSY same result is seen in either neutral or partly negatively
spectra were recorded for the peptides dissolved in a neutrakcharged bicelles. This indicates that this part of the peptide
g = 0.25 bicelle solution with total lipid concentrations of (the N-terminus) interacts with the bicelle in a different way
150, 250, and 300 mM. The chemical shifts of the majority than the rest of the peptide. For Dyn B, no specific tendencies
of the H¥ and H* resonances remain totally unaffected by in chemical shifts related to any part of the peptide could be
the change in lipid concentration, and the maximum change observed. Again, similar observations are made in both types
is less than 0.05 ppm. This is in contrast to the large of bicelle solution.
differences in chemical shifts seen for the peptides in bicelle  To further investigate the interaction between the two
solutions compared to buffer solutions. Since varying the peptides and the bicelles, phospholipids labeled with a
lipid concentration does not affect the spectrum of the paramagnetic doxyl group in position 5 in the acyl chain
peptides, the conclusion can be drawn that they are mostlywere added to both neutral and partly negatively charged
bound to the bicelle, with no evidence of any significant bicelles, and the effect on peptidé'HH® cross-peaks was
exchange between the free and bound peptide. monitored (Figure 4). First, we see that for both peptides,

Position of the Peptides in BicelleBifferences between the paramagnetic probe has a very similar effect on the
measured M chemical shifts and random coil values can intensities in the two bicelles, indicating that the membrane
reveal information about the environment of the residue, as interaction is independent of surface charge. For Dyn A, the
well as hydrogen bonding within helical structures, or to results show that the paramagnetic spin-label affects the
water molecules4b, 46). Typically, chemical shifts for M N-terminus the most, which indicates that this part of the
resonances in residues in a hydrophobic environment arepeptide is spatially closest to the paramagnetic label, i.e.,
shifted to higher values relative to the average, while they the acyl chains of the lipids. The C-terminus is not affected
are shifted toward lower values in a polar environment. Here and is thus more likely positioned within the headgroup
we see that the Mshift differences for resonances in the region, or outside of the bicelle.

N-terminal residues (Gly2Phe4) in Dyn A differ signifi- For Dyn B, the results are again less clear and a somewhat
cantly from the rest of the peptide, indicating an interaction different picture is seen. Every three or four residues in the
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Ficure 3: Differences between observed and random c8ithemical shifts for Dyn A and Dyn B. (a) Differences in chemical shifts for
DynA in 250 mM DHPC/DMPC bicellesg(= 0.25). (b) DynA in 250 mM acidic bicelles (20%) & 0.25; [DMPG]/[DMPC]= 0.2). (c)
DynA in 50 mM phosphate buffer. (d) DynB in 250 mM DHPC/250 mM DMPC bicelles=(0.25). () DynB in 250 mM acidic bicelles
(20%) @ = 0.25; [DMPGJ/[DMPC]= 0.2). (f) DynB in 50 mM phosphate buffer.

sequence are greatly affected by the 5-doxyl group (residuesto compare relative distances between a residue and different
Phe4, Arg6, and Phe9). The effect of the spin-label indicatesparts of the lipid.

that the peptide most likely associates with both bicelle | Figure 5, the cross-relaxation buildup curves obtained
surfaces in a somewhat loose way. from intensity changes in M-H® cross-peaks in TOCSY
We examined the interaction between the peptides and thespectra for Leu5, Lys11, Lys13, and GInl7 of Dyn A are
bicelle in more detail by conducting saturation transfer plotted as a function of the irradiation time of the frequencies
difference (STD) experiments. The changes in intensity [i.e., corresponding to the proton resonances in DMPC indicated
(lo — Isa)/lg] of HN—H cross-peaks of selected residues were in Figure 5e (terminal acyl chain methyl, acyl chain
measured and plotted as a function of saturation time (Figuresmethylene, and glycerol methylene groups). Starting with
5 and 6) for various DMPC resonances. The methyl group Leu5 (Figure 5a), we see that the strongest effect on the

signal for DMPC was seen to overlap with that ofi@ethyl intensity for this proton is from irradiating the methylene
protons in lle8 in Dyn A. Furthermore, the glycerol signal protons, while irradiating the glycerol and methyl group
overlaps partly with that of one of the*Hprotons in Gly3. protons has a weaker effect. We interpret this result as

Therefore, we did not investigate the effect on these and evidence that residues close to the N-terminus insert into
sequentially close residues. One should also point out thatthe bilayer.

the signals corresponding to the different sites in DMPC  For Lys11, a similar trend is observed, with the strongest
chosen for irradiation are not equivalent with regard to cross-relaxation being from the methylene and methyl group
intensity, especially the signal corresponding to the bulk of protons. One should keep in mind that the resonance
the acyl chain protons. Furthermore, longer mixing times corresponding to the acyl chain methyl group overlaps with
will render greater spin diffusion effects which makes it that of the C protons in lle8, which may be spatially close
difficult to estimate actual distances, but it is still possible to Lys11, leading to an overestimate of the degree of cross-
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FiGUre 4: Remaining intensity of M-H* cross-peaks in a TOCSY spectrutpi{ = 65 ms) after the addition of 0.75 mM 1-palmityl-2-
steroyl-(5-DOXYL)snglycero-3-phosphocholine. (a) DynA in 250 mM DHPC/DMPC bicellgs<0.25). (b) DynA in 250 mM acidic
bicelles (10%) ¢ = 0.25; [DMPG]/[DMPC]= 0.1). (c) DynB in 250 mM neutral bicelleg| & 0.25). (d) DynB in 250 mM acidic bicelles
(20%) (@ = 0.25; [DMPG])/[DMPC]= 0.2).

Ficure 5: Observed STD effect of selectedHH* cross-peaks in Dyn A calculated dg { 1sa)/lo during selective irradiation of various

DMPC resonances: (a) Leu5, (b) Lys11, (c) Lys13, and (d) GInl7. The saturated protons in DMPC are indicated by nuB)berttie

structure displayed in panel e. Experimental results from irradiation of the acyl chain methyl protons (point 1) are marked with squares,
from irradiation of acyl chain methylene protons (point 2) with filled circles, and from irradiation of the glycerol methylene protons (point
3) with empty circles.

relaxation from the lipid. Turning to the results for Lys13 irradiating the glycerol protons, while no significant cross-
and GIn17, we find that the most pronounced effect is from relaxation between the acyl chain methyl group protons and
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Toa () was observed for N-terminal residue Asnl6. For Dyn B,

Ficure 6: Observed STD effect of selected'HH* cross-peaks cross-peaks between the lipid and the peptide were generally
in Dyn B calculated asl{ — I/l during selective irradiation of ~ Weak, and only weak cross-peaks between the glycerol
various DMPC resonances:(a) Gly2, (b) Valll, and (c) Val12. The protons and the peptide could be observed.

saturated protons in DMPC are indicated by number3)Lin the HNHydrogen-Deuterium Exchang@D TOCSY (recorded

structure displayed in Figure 5e. Experimental results from irradia- gyer 4 h) experiments were conducted for each of the

tion of the acyl chain methyl protons (point 1) are marked with : ; : : N
squares, from irradiation of acyl chain methylene protons (point 2) peptides in a neutral blcelle S_olutlon. .A” H)roto_ns Wgre
with filled circles, and from irradiation of the glycerol methylene ~€Xchanged for deuterium during the first experiment; thus,

protons (point 3) with empty circles. no peaks could be seen in the spectrum for either Dyn A or
Dyn B. This is much faster than previous studies with more
these residues is observed. This shows that the residues closeteeply buried cell-penetrating peptides as well as more
to the C-terminus preferentially interact with the headgroup transmembrane peptidest7/{ 48) and agrees with the
region of the bilayer. conclusion that the peptides are bound to the bicelle surface
For Dyn B, H'—H* cross-peaks for three residues, Gly2, and exposed to the solvent9).
Valll, and Vall2, were analyzed in the same way (Figure Circular Dichroism SpectroscopD measurements give
6). In all cases, we found that the strongest cross-relaxationan overview of the secondary structure of a peptide induced
was seen to be due to irradiating the glycerol protons. For by its surroundings. Spectra were recorded for Dyn A and
Gly2, an appreciable amount of cross-relaxation is also Dyn B in phosphate buffer solution, neutral bicelles, 30%
observed when irradiating the methylene protons. No sig- negatively charged bicelles, and 99% TFE, and the results
nificant effect was observed from irradiating the acyl chain are presented in Figure 7.
methyl group protons on any of the residues. This shows The CD spectra of both Dyn A and Dyn B in buffer
that the entire Dyn B peptide has a position close to the solution reveal a typical random coil structure and do not
headgroup region of the bicelle bilayer. show any dominating secondary structure (Figure 7a-i,b-i)
The cross-relaxation results were confirmed by analyzing (50). The spectra for the peptides dissolved in neutral and
cross-peaks in a NOESY spectrum with a long mixing time charged bicelles show to some extent shifts of the spectra
(800 ms). For Dyn A, a relatively large cross-peak between toward ana-helix appearance, but the overall conclusion is
the methylene protons in the lipid and Phe4 was observed,still that both peptides have largely unordered conformations.
while the corresponding cross-peak between the glycerol However, certain differences in the appearance of the spectra
protons in the lipid and Phe4 was very weak. The opposite for both peptides can be observed, especially in the region
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Table 1: Tryptophan and Tyrosine Fluorescence for Dyn A and T_he d'ﬁeren_ce between the two _must be related to subtle
Dyn B differences in membrane interactions.
DynA (Trpas  Dyn B (Tyr as In this stl_de, we have examined t_he differen_ces in the
the fluorophore) the fluorophore) membrane interaction of the two peptides and bicelles. The
saturation transfer difference (STD) experiment provides a

A' eal K l eal K . . .

oy M em (MY very elegant opportunity to determine the surroundings of
phosphate buffer 352 30.7 302 29.0 single residues without disturbing the system with additives
neutral bicelles 348 135 306  13.9 between measurements. Together with methods such as

30% negatively charged bicelles 347 11.8 306 15.9 analysis of K secondary shifts and additions of spin-labeled
lipids, a very consistent picture of how the peptides are
positioned in a phospholipid bilayer can be made.

around 200 nm. This is in good agreement with previous )
studies of the dynorphins in phospholipid vesicles and shows 1€ combined results from all methods support the

that the two peptides interact with both neutral and negatively conclusion that Dyn A is bound to the surface of the bilayer
charged bicelless(). with the N-terminal residues inserted into the hydrophobic

bilayer region and the C-terminal residues more loosely
attached to the surface. In addition, the amide proton
exchange results indicate a position of the peptide that makes
it available for the solvent and not buried in the membrane.
This is in excellent agreement with solid-state NMR results,
which showed that Dyn A inserts the first five residues into
the membrane5d). In their study, however, they observed
a more pronounced helical character for this part of the
peptides interact with the bicelles in a manner similar to what pepndg ‘h"’?” what is observed here. Earll_er !n.ves.t|gat|ons of
. P Dyn A in micelles 9) and of Dyn A (L—13) in lipid bilayers

has previously been observed in liposomss, (52), the (55) also indicated a helical N-terminus, but the location of
intrinsic fluorescence of Trp and Tyr was measured for both L : -
peptides in neutral and 30% negatively charged bicelles asthe peptide in the membrane medium differed somewhat,

' Dyn B also binds to the bilayer, as evidenced from CD

well as in the buffer environment. Dyn A contains a Trp and fluorescence experiments, which affects its surroundings
residue at position 14, while Dyn B lacks Trp but has a Tyr o Expert I’ 19
esulting in chemical shifts different from those observed in

as its first residue. The quencher acrylamide acts as a neutral : . . -
o : water or buffer, but it does not insert any parts into the lipids.
hydrophilic quencherg3), and the fluorescence quenching None of the results presented here (chemical shifts, para-

as a function of quencher concentration can be monitored magnetic broadening, or STD resuilts) indicate that the

V'a_ll_:]le.r?tergi\éﬁlgﬁr; qnu:tlr?;s‘(:).eak emission wavelenath N-terminus is different from the rest of the peptide, which
of 352 nrr:w and a Steerolmer qu%nching constant of 33 was seen for Dyn A. The results can be interpreted as a more
M- in buffer solution. which are close to the values of free parallel orientation throughout the peptide in relation to the
Trp in water (354 nm'and 35 M, respectively) 45, 53). A bilayer. Very few interresidue NOEs were observed for this
Trp residue completely situatet’d in a hydro)pl)holsic e.nviron- peptide, indicating even less structure than what is seen for
Dyn A. This lower structural propensity may be the cause

g)ir::tl:gj t?}gteimﬁiss'ocr;;neaﬁren#:n Zr?]g?gesezol n&;ﬂg%nviﬁhﬂefor the difference in orientation between the peptides and
P Py may partly explain previous observations that Dyn A is

the bicelle.. The presence of either neut(al or partly negatively capable of causing leakage in phospholipid vesicles but Dyn
charged bicelles decreases the quenching constant by a faCIOé is not 62). It is striking that the two peptides interact and

T Ca e S e oy afect T memorane n Sich fernt waye, even hagh
not influinge the proton CEIemicaI shifts and indicates that the first seven residues of these short peptides are identical.
P The major difference in sequence is the occurrence of five

tthnpneeprthl'eh:amreersacli V;'rt: _kr)lotf:)(t))épgs roefekr).:](;er:ltes It?] a i';?”ﬁ;spositively charged residues in Dyn A, while Dyn B only has
Lo u ng greern With W three 61, 52). The net charge of the peptides is, however,
previously been observed in phospholipid vesickEd.(

h ducti ¢ of2) in th hi not that different 4 for Dyn A vs +3 for Dyn B). The
The same reduction (‘.”‘ actor ) In the quenching  gyent of the interaction with the membrane, however, does
constant is seen for Tyrl in Dyn B when it is placed in either

) ST . not seem to be dominated by charges, since virtually no
bl_celle solvent (Table 1), |nd|cat|ng_that the peptlde_ INtEracts yitterences are observed for either peptide in the two different
with both neutral and partly negatively charged bicelles. types of bicelles. The only significant difference that can be
DISCUSSION Qetected is the.increased line proadening_in the NMR §pectra

in partly negatively charged bicelles, which has previously

The dynorphin peptides have previously been shown to been explained with the stronger electrostatic interaction
interact with phospholipid vesicles, resulting in only minor restraining the mobility of charged peptides within the bilayer
secondary structure changésl), Despite the fact that the and thus affecting the relaxatiod9).
first seven residues of Dyn A and Dyorphin B are identical, In conclusion, the results presented here show that Dyn
a remarkable difference in membrane perturbation has beerA and Dyn B interact with phospholipid membranes. Only
observed%2). Dyn A has been shown to induce a consider- weak secondary structures are induced in the peptides despite
able amount of leakage in large unilamellar phospholipid the strong interaction with the bicelles. In addition, our results
vesicles, while Dyn B induces virtually no leakage at all. provide further understanding of the differences between the

Organic solvents such as TFE can be used to elucidate
the propensity of a peptide to undergo a structural conversion.
Using 99% TFE as solvent results in a significant increase
in a-helix structure content for Dyn A (Figure 7a). The same
trend is observed also for Dyn B in 99% TFE (Figure 7b),
but in agreement with the results with the other solvents,
the induced structure content is less than that for Dyn A.

Fluorescence Spectroscopyo determine if the two
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cellular effects of Dyn A and Dyn B. The deeper insertion
of the N-terminus of Dyn A into a membrane may be linked
to its internalization into cells and its non-opioid properties
which are significantly different from those of Dyn B(@).
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