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ABSTRACT. The three-dimensional structures of eel calcitonin (CT) and two glycosylated CT derivatives,
[Asn(GIcNAC)3]-CT (CT-GIcNAc) and [Asn(MafGIcNAC,)3]-CT (CT-M6), in micelles were determined

by solution NMR spectroscopy. The topologies of these peptides associated with oriented lipid bilayers
were determined with solid-state NMR. All of the peptides were found to have an identical conformation
in micelles characterized by an amphipatbitelix consisting of residues Ser5 through Leul9 followed

by an unstructured region at the C-terminus. The overall conformation of the peptide moiety was not
affected by the glycosylation. Nevertheless, comparison of the relative exchange rates of the Leul2 amide
proton might suggest the possibility that fluctuations of theelix are reduced by glycosylation. The
presence of NOEs between the carbohydrate and the peptide moieties of CT-GIcNAc and CT-M6 and the
amide proton chemical shift data suggested that the carbohydrate interacted with the peptide, and this
might account for the conformational stabilization of thehelix. Both the unmodified CT and the
glycosylated CT were found to have orientations with their helix axes parallel to the plane of the lipid
bilayers by solid-state NMR spectroscopy.

Glycopeptides are involved in a variety of important  The newly developed chemoenzymatical synthesis method
biological functions, where the carbohydrate moieties are has made it possible to modify peptides with carbohydrates
essential for specific activitiesl( 2). Further, there are  (10—12). By applying this method not only could the peptide
indications that the carbohydrate moiety is involved in the derivatives with potent biological activities be developed,
folding and stabilization of the three-dimensional structure but also the functions of carbohydrates in glycopeptides could
of polypeptides. The structures and dynamics of severalbe clarified. We have already synthesized glycosylated
glycosylated proteins have already been elucidated by NMR calcitonin (CT} and reported preliminary results about
or X-ray studies. While some of these studies have shownbiological activity changes by the glycosylatioh3(-16).
that the three-dimensional structures of the peptide moietiesin such studies, it is also necessary to understand the
are not affected by the presence of the carbohydrate, instructural and dynamical consequences by the carbohydrate
several notable cases the peptide conformation has beersubstitution on the polypeptide.
shown to be stabilized and its fluctuations restricted by the This article compares the structures of the unmodified and
glycosylation 8—9). At present, however, there is little the synthesized glycosylated eel CT derivatives: [Asn-
knowledge on the mechanism of how carbohydrates con- (GIcNAc)3]-CT (CT-GIcNAc) and [Asn(MagGIcNAC,)3]-
tribute to the stabilization of peptide conformation. CT (CT-M6). Eel CT is a calcium-regulating peptide hor-
mone composed of 32 amino acid residues and is not nat-
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calcium regulation is thought to couple with membrane-
bound receptor proteing%, 26), the amphipathic structural
character of CT may play an important role in mediating
interactions between peptide molecules and membrane-bound
receptors. The proposed two independent binding sites in
the receptor means that there is a possibility that different
modes of peptide binding to the membrane may result in
different interactions with the receptor and ultimately mech-
anisms of expression of biological activit@3). Thus, for
further understanding of the function and the mechanism of
calcitonin activity as well as the influence of the glycosy-
lation, the topology of the peptide in the membrane is also
an important issue.

The combination of solution and solid-state NMR analysis
is a powerful method to determine structures of membrane-
associated proteins. Proteins in micelles are studied by
solution NMR spectroscopy to determine the high-resolution
three-dimensional structure. Solid-state NMR spectroscopy
of peptides in oriented phospholipid bilayers is capable of
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membrane. This method has been successfully applied to

several membrane-associated peptides and proirsg). s
Our investigation of the unmodified and the glycosylated FIGURE 1: Chemical structures of CT, CT-GIcNAc, and CT-M6.

eel CT addresses the conformational changes and the

stabilization of the peptide by the glycosylation, the orienta- SPecific resonance assignment methods introduced tiirithi

tion of the sugar moiety relative to the peptide in micelles, €t al. @4). In cases where there was spectral overlap with

and the topology of the peptide molecule associated with Hz0, spectra were also recorded at 338 K. For glycosylated
lipid bilayers. CTs, however, we obtained assignments for only about half

the protons of the carbohydrate moiety due to resonance
overlap.
) NMR-Derived Constraints.Nuclear Overhauser effect
Sample Preparatiorel CT was purchased from Bachem  (NOE) distance constraints were obtained from NOESY data
California. CT-GIcNAc was synthesized by Boc strategy in sing the FELIX programs (Molecular Simulation Inc.). The
solid phase using\*-(tert-butyloxycabonyl)N“-(2-aceta-  strong, medium, and weak NOEs observed in the experiments
mido-2-deoxye.-D-glucopyranosyl)-asparagine (Boc-Asn-  yjith 150-ms mixing time were grouped into three distance
(GIcNAC)) (13). CT-M6 was prepared using chemoenzymatic yanges: 1.82.9, 1.8-3.8, and 1.85.0 A, respectively. A
synthetic methods1@), where Mag-GIcNAc moiety was  tqta] of 184 NOES for CT, 183 NOES (intra-polypeptide, 178;
transglycosylated to CT-GIcNAc bgndoef-N-acetylglu-  polypeptide-carbohydrate, 5) for CT-GIcNAc, and 185 NOEs
cosaminidase 14, 15). The purity of each sample was (intra-polypeptide, 175; polypeptide-carbohydrate, 5; inter-
checked by reverse-phase HPLC monitoring UV absorption carhohydrate residue, 5) for CT-M6 were used as constraints
at 214 nm. CT-GIcNAc containdl-acetylo-glucosamine  for distance geometry calculations. Additionally, hydrogen
(GIcNAc) attached to the Asn3 residue of calcitonin. CT-M6 ponds identified on the basis of slowly exchanging amide

contains N-linked high-mannose-type oligosaccharide, M6, protons were incorporated as distance constraints with 1.8
binding at Asn3. The chemical structures of these are showni < ¢, , < 2.2 A and 2.8 A< dy_o < 3.3 A. These

in Figure 1. hydrogen bond constraints were applied only for the pairs

Solution NMRThe calcitonin samples were dissolved in  of residues where helical NOEg(i,i+3) and das(i,i+3),

0.22 mL of HO/D,0 = 9/1 containing 0.05 M CECOOD, were apparently observed. The hydrogen-bonding pairs were
together with sodium dodecyl sulfate (SD&)-at peptide/  also confirmed by checking structures calculated using only
SDS molar ratio of 1:100. NOEs.

All solution NMR spectra were obtained with a Bruker Distance Geometry and Simulated Annealing Calculations.
DMX 750 spectrometer. The series of two-dimensional NMR  Structure calculations were performed with NMRchitect
experiments, including DQF-COSY, TOCSY, and NOESY, (Molecular Simulation Inc.) using the distance geometry/
used in the structural analysis was recorded at 308 K in thesimulated annealing (DG/SA) protocol. In the calculations
phase-sensitive mode using time proportional phase incre-for the glycosylated CT, the carbohydrate residues were fixed
mentation. In these experiments, the water signal wasin the boat form. The calculations were started from 20
suppressed using a 2-s presaturation pulse during the recycleandomized structures. On the basis of the number of
delay. A series of NOESY spectra was recorded with severalconstraint violations and the energy values, the 10 best
mixing times: 100, 150, and 200 ms. TOCSY spectra were structures were selected and statistics compiled from these
recorded with 40-, 60-, and 80-ms mixing times for mag- structures.
netization transfer. The assignments of peptide resonances Solid-State NMR Spectroscogyor the solid-state NMR
except for some protons of Pro32 (CT) or Thr31 and Pro32 studies, specifically'fN]Leul2-labeled CT, CT-GIcNAc and
(CT-GIcNAc, CT-M6) were achieved using the sequence- CT-M6 were synthesized usitgN-labeled Leu in a similar

N
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manner as described in the sample preparation. Membraneregion of GIn26-Tyr22 the NOE patterns typical for an

bound samples were prepared as follows:42ng of each
peptide was mixed with palmitoyl-oleoyl-phospatidylcholine
(POPC) (80%) and palmitoyl-oleoyl-phospatidylglycerol
(POPG) (20%) at approximately 1 mol % peptide in the
lipids. The peptide and lipids were then dissolved in
chloroform containing trace amounts of®land hexafluoro-

o-helix were observed as mentioned above, the amide
protons in these residues showed rapid exchange with
deuterium. Also the intensities of thehelical NOEs of this
part were weaker compared with those observed in the
o-helix region. From this observation we propose that the
residues of GIn28Tyr22 retaining a helical character adopt

2-propanol (HFIP) and spread onto 25 thin glass plates (11a somewhat fluctuating conformational intermediate between

x 11 x 0.05 mm). After air-drying, the glass plates were
stacked and placed in a sealed chamber fer2&h together

the random structure and tlehelix. As for the N-terminal
end of the helix, the observation ofdgs(i,i+3) NOE from

with a saturated ammonium phosphate solution which Leu4 to Cys7 suggests that the helix termination may include
provided a 94% relative humidity atmosphere. The sample Leu4. However, the backbone dihedral angles of the calcu-
was sealed with plastic film before insertion into the coil of lated structures start spreading from the residues of Ser5 and

the NMR probe.

All solid-state NMR spectra were obtained with a home-
built 700-MHz NMR spectrometer. For the one-dimensional
15N chemical shift NMR spectra, 256 data points were

Leud. Thus we assigned the range of the helix from Ser5 to
Leul9. The rmsd among the backbone atoms of the helical
stretch of the CT peptide was 0.51 A for the best 10
structures.

acquired using cross-polarization at a field strength of 52  Three-Dimensional Structure Determination of CT-GIcNAc

kHz with a mixing time of 1 ms and high-power proton
decoupling at a field strength of 62 kHz during the data
acquisition time and the recycle delay of 8 s. Two-
dimensional'H—N dipolar coupling®N chemical shift
PISEMA spectra33) were measured with 700 (CT) or 1400
(CT-GIcNAc, CT-M6) transients for each of 16 (CT-
GIcNAc) or 32 (CT, CT-M6)}t; increments. The mixing time

in Micelles.The NOE connectivities, chemical shift indices,
and exchange data for CT-GIcNAc are shown in Figure 2B.
Some NOEsdn(i,i+3) andd,s(i,i+3), characteristic for an
o-helix were overlapped in the two-dimensional spectrum
and thus were omitted from Figure 2B. This results in the
smaller number of NOEs for the-helix than for unmodified
CT. However, the pattern of NOEs of CT-GIcNAc as well

for cross-polarization was 1 ms, and the recycle delay wasas the slow exchange amide protons is identical to those of

8 s. The data were processed using the FELIX program.

RESULTS

Three-Dimensional Structure Determination of Unmodified
CT in Micelles.The intra- and interresidue NOEs were

unmodified CT. Further, the negative chemical shift values
up to Thr21 and those corresponding to the random coil in
the C-terminal region of the peptide show the same trend
observed in unmodified CT.

In the calculated structures shown in Figure 3, the CT-
GIcNAc has the same features as unmodified CTo-dmelix

assigned starting from_the peptide resonance assignments, Ser5-Leul9 with a random coil conformation at the
The NOE pattern of CT is summarized in Figure 2A, together ¢ _terminus. Between them comes a somewhat disordered
with the deuterium-exchange rates of the amide protons andiniermediate structure (GIn2aTyr22). In the N-terminus

the chemical shift indices. In the region of Letiflyr22, dy-
(1,i+3) and dys(i,i+3) NOEs were observed, which is
characteristic for an-helix conformation. The existence of
the a-helix was also indicated by successigigy connec-

looplike conformation through the disulfide bridge between

Cys1 and Cys7 occurs. The rmsd of the helical stretch among
the backbone atoms for the best 10 structures is 0.45 A. Thus,
there is no apparent difference between the structures of CT

tivities in this region and the slower amide proton exchange g4 CT-GIcNAc, indicating that the overall conformation

observed in the region of Serbheul9 except for Hisl7.

Slowly exchanging protons are generally regarded as in-

of the peptide structure is not influenced by the GIcNAc
residue.

volved in hydrogen bonding as those protons are unlikely  thyae_pimensional Structure Determination of CT-M6 in

to be buried in the interior of a biomolecule as small as CT.

Micelles. Although as is the case for CT-GIcNAc, some

Further the negative values of the chemical shift indices NOEs characteristic for a helical structure were overlapped

support the presence of arhelix in this region.
The C-terminal region of the peptide, Pro2Bro32,

showed no medium or long-range interresidue NOEs. Also,

in this region, the chemical shifts were mostly identical to
those of the random coiBd). Therefore, the C-terminal 10
residues are considered to be a random structure.

The structure calculation of CT was performed by

with other signals, the same structure components in the
identical region with CT and CT-GIcNAc, the-helix region,

the random caoil structure in the C-terminus, and the looplike
structure in the N-terminal region were indicated by the NOE
pattern, slow exchange amide protons, and chemical shift
indices (Figure 2C). The calculated structures (Figure 3)
show the same conformational feature as CT and CT-

incorporation of the NOE data and the deuterium-exchange GIcNAc. And as observed in CT and CT-GIcNAc, GIn20

data into the DG/SA protocol. From the 20 calculated

Tyr22 residues, leading to the-helix, have somewhat

structures, 10 were selected based on the energy value andpreading conformation compared with those in the helix
the number of constraint violations. The superposition of the region. The degree of spreading was the same in all three
10 structures is shown in Figure 3. As expected from the samples. Thus, CT-M6 was revealed that, though containing

NOE connectivities, CT is mainly characterized byoahelix
in Ser5-Leul9 and it frays open at the region of GIn20
Tyr22 followed by a random coil structure. The N-terminal

the M6 oligosaccharide of such a large molecular size, the
peptide moiety has the identical overall conformation with
CT and CT-GIcNAc. The rmsd among the backbone atoms

residues form a looplike structure to accommodate the of the helical stretch of the peptide moiety was 0.55 A for
disulfide bridge between Cysl and Cys7. Although in the the best 10 structures.
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Ficure 2: Summary of NOEs, &H chemical shift index, and NH exchange data of CT, CT-GIcNAc, and CT-M6. NOE intensities are
indicated by the height of the bars. Ambiguous NOEs due to resonance overlaps are omitted from the maps. Circles indicate slow exchange
NH protons which were still visible afte5 h in D,O.

Orientation of the Sugar Moiety in MicelleSIOEs were the carbohydrate and the peptide moieties. A detailed analysis
observed between the carbohydrate and the peptide moietiesf the calculated structures of CT-GIcNAc suggested that
in CT-GIcNAc. As shown in Figure 4, GIcNAc1 protons (H1, the GIcNAc1 residue could adopt two possible conformations
-2, -3, -5) had NOEs with the Thr6é methyl protons, which that are consistent with the NOE data. As depicted in Figure
are located near the beginning of théhelix. Since the H4 6, in conformation A the H1, H3, and H5 protons were close
and H6 proton chemical shifts could not be assigned, theto the Thr6 methyl group, while in conformation B, only
NOEs from these protons were unclear. From these observedhe H2 was close to the Thr6 methyl protons.

NOEs as well as the calculated structures, the GIcNAcl CT-M6 also has the similar pattern of NOEs to that
moiety was found to have a somewhat restricted conforma- observed for CT-GIcNAc (Figure 4), and in the calculated
tion that interacted with the N-terminal portion of thehelix. structures two conformations A and B (Figure 6) of GIcNAc1
Also, chemical shift data may suggest this interaction. Figure in the M6 moiety were observed. No additional NOEs arising
5 shows the chemical shift differences between the threefrom the interaction between the peptide and the carbohydrate
samples. The large chemical shift changes of the amidegroups were observed. Although NOE data showed that only
hydrogen resonances around Seval8 in CT-GIcNAc the GIcNAc1 residue in the M6 moiety had interactions with
(Figure 5A) were likely the result of interactions between the peptide moiety, we obtained the chemical shift data
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Ficure 4: NOEs between the GIcNAc1 residue protons and the
Thré methyl protons in NOESY spectra with 150-ms mixing time.
NOE peaks are assigned to (A) Thré &HGIcNAc1 H5; (B) Thré
CHz—GIcNAc1 H3; (C) Thré CH—GIcNAc1 H2; (D) Thré CH—
GIcNAcl H1.

(Figure 5B) that could be evidence for interactions between
the central region of the-helix and the sugar moiety. While
CTTG|CNAC showed large .Chemical shift changes of the FIGURE 6: Schematic drawing of possible conformations of the
famlde protons at the !\l—term_lnus up to Val8, the M6 structure 51cnAcl residue. CT-GICNAG, Re H: CT-M6, R = GICNAC2.
influenced the chemical shifts as far as the GIn14 residue. The rotation of Asn3 side chain could make these two different
The lack of NOEs between M6 and the helix except for the orientations.
GIcNAc1 residue, however, suggests that the interaction of
the M6 moiety and the helix is weak and transitory. helix perpendicular to the lipid bilayer would result in values
Orientation ofa-Helices of CT, CT-GlcNAc, and CT-M6  of 210-220 ppm chemical shifi) and about 20 kHZN—
in Lipid Bilayers.To obtain information on how CT interacts  *H dipolar coupling, and an unoriented helix shows a powder
with membranes and whether the glycosylation affects it, pattern. The one-dimension#N chemical shift spectrum
solid-state NMR experiments were performed on the un- of [?®N]Leu12-CT together with a calculated powder pattern
modified and the glycosylated CTs in oriented phospholipid is shown in Figure 7A,D. A narrow single-line resonance
bilayers. In these experiment8N chemical shift as wellas  was observed at 70 ppm. Although this resonance arises from
15N—1H dipolar coupling frequency provides angular con- the backbone amide nitrogen site of Leul2 alone, since
straints on the orientation of the helix axis relative to the Leul2 is situated in the center of thehelix, this result can
plane of the lipid bilayers35—38). When the sample is  be considered to represent the orientation of the entire helix.
arranged so that the glass plates, which correspond to therThe chemical shift indicates that thehelix lies in the plane
lipid bilayer plane, are orthogonal to the direction of the of the lipid bilayer. Furthermore, as is indicated in Figure
applied magnetic field, th&N chemical shift of 76-80 ppm 7B,C, both glycosylated peptide$Nl]Leul2-CT-GIcNAc
(o) and the approximately 10 kH2N—H dipolar coupling and fSN]Leul2-CT-M6 also had the same chemical shift
constant indicate the presence of an in-plane helix orientationvalues in their solid-state NMR spectra. The orientation of
relative to the lipid bilayer. In contrast, an orientation of the the peptide helices was confirmed by the two-dimensional
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Leul2-labeled CT, CT-GIcNAc, and CT-M6 in oriented lipid 8 kHz (CT-M6).
bilayers. The chemical shifts of samples are 71.3 ppm (CT), 70.1
ppm (CT-GIcNAc), and 69.4 ppm (CT-M6). The experimental bond between residues Cysl and Cys7. These structural
spectra are compared to a calculaté amide chemical shift  featyres have already been reported for CTs of different
powder pattern with the positions of the principal elements marked. species. The length of the-helix varies according to the
amino acid sequence and the sample solution (e.g., salmon
CT in 90% methanol, Val8Tyr22 (18); salmon CT in SDS,
Thr6—Tyr22 (20); elcatonin in 40% trifluoroethanol, Thr6é
Thr21 1); human CT in SDS, Leu9Phel6 22)). The
resemblance in the length afhelices between salmon CT,
elcatonin, and eel CT may result from their similarity of the
amino acid sequences, while human CT having the lower
sequence similarity results in the shorter helix. The confor-
mation of the C-terminal region of CTs has been an issue.
One example indicated that the peptide chain in the C-
terminal region folds back toward the-helix (20), while
others indicated no association between them, showing an
extended random coil structure in the C-terminlig, £2).
However, as salmon CT showed different conformations in
the C-terminus according to the sample solution, the solvent
system can affect the conformation of CTs.
Elcatonin is a synthetic analogue of eel CT, and the
sulfide bond is replaced by an ethylene bridge by substitut-
ing 7-aminosuberic acid for the 1 and 7 positions of eel CT.
Comparison of elcatonir(l) and our results shows that both

of the peptides retain similar features. However a difference
DISCUSSION is found in the length of the-helix (elcatonin, Thré-Thr21).

CT, CT-GIcNAc, and CT-M6 have essentially the same Further, they suggest from thiky(i,i+2) NOE that a turn
structure in SDS micelles, characterized by afhelix structure occurs in the segment of Arg24sp26, which is
followed by a random coil region at the C-terminus. The not found in our case. Again, we have to take into con-
N-terminus has a looplike structure induced by the disulfide sideration the effect of the solvent system.

IH—15N dipolar coupling®N chemical shift PISEMA spectra.
Figure 8 shows that both the unmodified and the glycosylated
CTs had 8-10 kHz dipolar couplings corresponding to the
value for ano-helix in plane relative to the lipid bilayer (CT,
9 kHz; CT-GIcNAc, 10 kHz; CT-M6, 8 kHz). The experi-
mental dipolar coupling frequencies measured for the limited
number of samples are similar and may be the same within
the limitations of preparing separate samples, aligning the
material on glass plates, and then aligning the plates in the
coil of the spectrometer. The practical limit on determining
the orientation of a helix in a bilayer with multiple single-
site-labeled samples is likely to be abouf 18lthough the
experiments and interpretations are fundamentally capable,
of higher structural resolution.

The combination of thé®N chemical shift with théSN—
1H dipolar coupling data indicates that the peptide adopts
an in-plane helical configuration and that the glycosylation di
does not alter the orientation of the peptide with respect to
the lipid bilayers.
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The comparison of the structures, unmodified and glyco- bilayers. As the amino acid sequence and the biological
sylated CTs, indicates the overall conformation is not affected activity of eel CT resemble those of salmon CT, we suspect
by the glycosylation, despite the large molecular size of the the interaction with the membrane might also be the same
M6 moiety attaching to the peptide. Examples, in which for both CTs.
three-dimensional structures of peptides are not affected by The comparison of the solid-state NMR data between the
glycosylations, have been reported. For example, Mer andunmodified and glycosylated CTs revealed that the glyco-
colleagues39) have compared the structures of fucosylated sylation does not affect the binding topology of the helix.
and free PMP-C and found the conformational changes only The accumulation of this structural knowledge for CTs of
in the vicinity of the fucose moiety. They, however, various species as well as the influence of glycosylation will
suggested that the fucosylation was responsible for an overallclarify the function and the mechanism of the CTs. Further,
decrease of the dynamic fluctuations of the molecule from this will be applied to the design of new materials with higher
the amide proton-exchange experiments. Wyss et4@). (  activities, such as the ones modified with carbohydrates. At
proved that the N-linked high-mannose-type oligosaccharide present we are continuing the investigation of the influence

in the adhesion domain of human CD2 adopted a well- of glycosylation on the binding affinity of CT to the receptor
defined conformation, in which mobility of the carbohydrate and the biological activity of the molecules.

moiety was restricted. Further, they suggested that the
carbohydrate stabilizes the protein fold.

We compared the amide proton-exchange rate between
samples by two-dimensional NOESY spectra poZolution
and found that the glycosylated CTs showed a lower
exchange rate at Leul2 than the unmodified CT (data not
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