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Coatomer, the coat protein complex of coat protein
(COPI) vesicles, is involved in the budding of these
vesicles. Its interaction with the cytoplasmic domains
of some p24-family members, type | transmembrane
proteins of the Golgi, has been shown to induce a
conformational change of coatomer that initiates po-
lymerization of the complex. From stoichiometrical
data it is likely that interaction of coatomer with the
small tail domains involves an oligomeric form of the
p24 proteins. Here we present the structure of peptide
analogs of the cytoplasmic domain of p23, a member of
the p24 family, as determined by two-dimensional nu-
clear magnetic resonance spectroscopy in the pres-
ence of 2,2,2-trifluoroethanol. An improved strategy
for structure calculation revealed that the tail domain
peptides form a-helices and adopt a tetrameric state.
Based on these results we propose an initial model for
the binding of coatomer by p23 and the induced con-
formational change of coatomer that results in its po-
lymerization, curvature of the Golgi membrane to
form a bud, and finally a COPIl-coated vesicle. © 2000
Academic Press
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Two types of coat protein complexes have been de-
scribed for the secretory pathway, COPI and COPII
coat protein), differing in their protein subunits. COPI-
coated vesicles mediate protein transport in the early
secretory pathway [1-3]. The COPI coat consists of a
small G protein, ADP-ribosylation factor 1 (ARF1) [4,
5] and coatomer, a hetero-oligomeric protein complex of
seven subunits (a-{ COPs) [6—8]. COPI bud formation
is initiated by membrane recruitment of ARF1, which
in its GTP-bound form [9, 10], together with members
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of the p24 family [11], provides membrane binding
sites for coatomer [12]. Subsequent coat assembly
leads to membrane deformation and the morphological
appearance of a bud [13]. Recently, it was shown that
upon interaction with peptides analogous to the cyto-
plasmic domain of p23 [14], a member of the p24 fam-
ily, coatomer undergoes a conformational change,
which induces the polymerization of the complex [15].
p23, a type | transmembrane protein, is highly en-
riched in COPI vesicles and is present in a ratio to
coatomer of approximately 4:1 [14]. The cytoplasmic
domain of p23 (YLRRFFKAKKLIE) contains a classi-
cal dilysine motif (KKXX) for retrieval to the endoplas-
mic reticulum (ER) [16-19], and binds coatomer with
the same efficiency as the KKXX motif [14]. p23 bind-
ing, however, depends on its phenylalanine residues as
well as its lysine residues. A dimeric form of the above
mentioned peptide, disulfide-bridged via additional
cysteine residues at the N-terminus, is far more effi-
cient in inducing the conformational change of
coatomer [15].

In view of the central role of the cytoplasmic domain
of p23 in the formation of COPI-coated vesicles, we
determined the three-dimensional structure of pep-
tides analogous to this functional domain. The follow-
ing peptides, known to bind to and to polymerize
coatomer, were investigated:

1 5 9 13
p23wt-m  YLRRFFKAKKLIE
p23wt-d CYLRHAFKAKKLIE

|
S
|
S
|
CYLRRAFFKAKKLIE

We decided to determine the structure of these pep-
tides in the presence of 2,2,2-trifluoroethanol (TFE)
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TABLE |

'H Chemical Shifts and Assignments for p23wt-m and p23wt-d, Respectively, 4.0 mM, at 280 K in 100 mM Potassium
Phosphate Buffer, 50 mM NaCl, pH 3.6, 40% d,-TFE Relative to DSS as an External Standard, =0.01 ppm

Res. HN C.H CxH C,H Others
p23wt-m
Y1 4.23 3.17,3.08 7.12 (H2/6); 6.84 (H3/5)
L2 8.47 4.33 1.62,1.57 1.48 0.88, 0.84 ()
R3 8.39 4.19 1.82,1.69 1.60 3.17 (8); 7.33 (¢); 6.83, 6.58 (nNH)
R4 8.24 4.15 171 1.49 3.10 (8); 7.28 (e); 6.86, 6.52 (nNH)
F5 7.9 4.46 3.03, 2.99 7.22 (H3/5); 7.04 (H2/6)
F6 7.99 4.39 3.12,3.04 7.32 (H3/5); 7.21 (H2/6)
K7 8.08 4.13 1.85,1.78 1.46, 1.37 1.67 (8); 2.96 (¢); 7.68 (eNH)
A8 8.03 4.15 1.41
K9 7.99 411 1.78,1.72 1.34 1.60 (8); 2.92 (¢); 7.61 (eNH)
K10 7.96 4.2 1.81 1.41 1.68 (8); 2.95 (e); 7.63 (eNH)
L11 8.01 431 1.7 1.58 0.88, 0.84 ()
112 7.73 4.2 1.87 1.47,1.13,0.89 0.84 ()
E13 8.03 4.31 1.99 2.43,2.16
p23wt-d
Co 4.43 3.37,3.24
Y1 9.09 4.61 3.08 7.10 (H2/6); 6.79 (H3/5)
L2 8.07 4.18 1.63,1.56 1.49 0.85, 0.79 (8)
R3 8.01 4.05 1.77 1.52 3.09, 3.06 (8); 7.33 (e); 6.83, 6.58 (nNH)
R4 8.01 4.06 1.85,1.70 1.62 3.20 (8); 7.41 (e); 6.88, 6.60 (nNH)
F5 7.92 4.33 3.04, 2.95 7.18 (H3/5); 6.97 (H2/6)
F6 8.11 431 3.15, 3.07 7.29 (H3/5); 7.22 (H2/6)
K7 8.11 4.12 1.85,1.68 1.40 1.52 (8); 2.95 (e); 7.69 (eNH)
A8 8.06 4.14 1.43
K9 7.96 4.06 1.77,1.68 1.27 1.56 (8); 2.85 (¢); 7.61 (eNH)
K10 7.92 4.15 1.85 1.41 1.67 (8); 2.95 (e); 7.62 (eNH)
L11 7.98 4.30 1.70 1.55 0.85, 0.83 ()
112 7.69 4.20 1.86 1.46, 1.11, 0.89 0.83 (8)
E13 8.03 4.32 1.99 2.44,2.16

[20]. Our studies show that the small cytoplasmic tail
domains of p23 adopt a tetrameric state, and offer a
model how the amino acid residues essential for bind-
ing coatomer are positioned within a tetramer on the
membrane surface.

MATERIALS AND METHODS

Synthetic peptides. p23wt-m and p23wt-d were obtained as a
commercial product (Deutsches Krebsforschungszentrum, Heidel-
berg). Dimers were formed by disulfide bridges linking the peptides
via N-terminally introduced cysteine residues. For this purpose,
newly synthesized monomeric peptides were oxidized in 20% di-
methyl sulfoxide in water for 48 h. Subsequently the dimers were
isolated by high pressure liquid chromatography.

Nuclear magnetic resonance spectroscopy of p23wt-m and p23wt-d.
The solution structures of p23wt-m and p23wt-d were obtained from
2D 'H NMR data (4.0 mM peptide, pH 3.6 in 9:1 H,0:D,0, 8:2
H,0:d,-TFE, 7:3 H,0:d,-TFE, or 6:4 H,0:d,-TFE, 100 mM potassium
phosphate buffer, 50 mM NacCl, 280 K. Complete sequence-specific
assignments of backbone and side-chain protons were obtained by
total correlation spectroscopy (TOCSY) with 80 ms mixing time [21,
22], correlation spectroscopy (COSY) [23], and NOE spectroscopy
(NOESY) (mixing times 150 ms and 300 ms) [24]. All spectra were

acquired on a Bruker DRX600 spectrometer using standard pulse
sequences [25]. Saturation of the water signal was accomplished by
continuous coherent irradiation prior to the first excitation pulse and
during the mixing time of the NOESY experiments. 4096 X 512 data
points were collected with a spectral width of 6024 Hz in both
dimensions. Base-line correction up to 6th order was applied for all
2D spectra in the F2 as well as the F1 dimension. A sinebell-squared
filter with a phase shift of #/2, /4 or «/8 prior to Fourier transfor-
mation was used. Zero-filling resulted in a data size of 4096 X 1024
data points in the frequency domain. In addition to the standard
Bruker spectrometer control software, the NDEE 2.0 software pack-
age (Software Symbiose, Inc., Bayreuth, Germany) was used for data
processing. Chemical shift values are reported relative to 2,2-
dimethyl-2-silapentane sulfonate.

For structure calculations, only NOEs visible in the spectra re-
corded in the presence of 40% TFE with 150 ms mixing time were
taken into account. Identical calculations combining information
obtained in the presence of 20% TFE resulted in virtually identical
structures for p23wt-d. The structure of p23wt-m, however, could not
be determined at TFE concentrations lower than 40%.

An estimate of secondary structure elements can be obtained from
the proton chemical shifts [26—29]. C,H resonances shifted to high
field relative to the corresponding random coil values [26] indicate
local a-helical structure, whereas downfield shifted resonances are
typical for local B-sheet conformation. Elements of regular secondary
structure are assumed to be present if a deviation from the random
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FIG. 1. Chemical shift plot of C,H(peptide)—C,H(random coil)
according to [27, 28].

coil value of more than 0.1 ppm is observed. To get a more reliable
picture it is suggested [26] that only resonances with the same sense
chemical shift deviation for a stretch of more than 3 sequential
residues be taken into account.

Restrained and unrestrained molecular dynamics calculations.
Simulated annealing calculations [30] were performed on SUN work-
stations with X-PLOR V3.840 [31]. The *J, coupling constants were
obtained from cross-peaks in a COSY spectrum. The NOE intensities
were classified as strong, medium, and weak and assumed to corre-
spond to proton-proton distances of 1.8-2.7, 1.8—4.0, and 1.8-5.5 A,
respectively. Stereospecific assignments for the methyl, methylene,
and aromatic protons have not been performed, and appropriate
corrections were added for constraints including pseudoatoms [32—
34]. Torsion angles were derived from *J,, coupling constants [35].
An interval of =30° around the experimental value was allowed.
Frequency degenerated cross-peaks were incorporated into the struc-
ture calculations as ‘ambiguous’ in order to extract as much struc-
tural information as possible from the NOESY spectra [31]. Subse-
quently, the proton-proton distances in the calculated structures
were determined using the program “BackCalc_db 2.0” (Software
Symbiose, Inc., Bayreuth, Germany) and compared with the combi-
nations of distances possible for each frequency degenerated NOESY
cross-peak. If only one of the possible distance combinations was
fulfilled in more than 50% of the calculated structures, the distance
information was used in further structure calculations. This proce-
dure was repeated several times.

Elements of regular secondary structure were deduced by chemical
shift analysis and the inspection of the NOE pattern. In addition, the
structures were checked for the existence of secondary structural
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FIG. 2. Sequential and medium range NOESY connectivities
versus peptide sequence. The height of the bars corresponds to the
relative intensity of the NOESY cross-peaks; a gray line indicates
that the NOE could not be identified because of spectral overlap. (A)
p23wt-m, (B) p23wt-d.

elements by MOLMOL 2.6 [36]. For the unrestrained molecular
dynamics simulation (MD) a water/TFE box consisting of 3392 water
and 768 TFE molecules with a spatial extension of 6.2 X 6.2 X 6.2 nm
was generated [37, 38]. The structure with the lowest energy was

TABLE 11

Energy Contributions to the Structure and Deviations
from Standard Geometry

NOE and X-PLOR statistics
p23wt-m p23wt-d dimer

No. of NOEs
Total 359 472
i—jl=0 180 223
i—j=1 66 89
li—jl=2345 113 145
li—j>5 0 15
Coupling constants 10 0
X-PLOR parameters after SA refinement
RMSD from ideality
NOEs (A) 0.062 0.047
Angles (deg) 0.675 0.655
Bonds (A) 0.006 0.006
Impr (deg) 0.448 0.442
Dihedral (deg) 1.225 n.a
Average energies (kJ/mol)
E total 457 1667
E bonas 45 154
Eangles 138 541
Enoe 292 854
RMSD among the 30 structures (nm)
Backbone 0.0014 0.031
All heavy atoms 0.0084 0.037
NOE violations (=0.5 A) 0 <2 (20.6)
Violations of dihedral angles (=30°) 0 n.a.

Note. All calculations were carried out using the standard X-PLOR
force field and energy terms. An SA protocol with subsequent refine-
ment was used to generate 100 structures from an elongated starting
conformation. The values are mean values over 30 structures.
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FIG. 3. (A) Superimposition of the 10 structures with lowest
internal energies of p23wt-m obtained from simulated-annealing
molecular dynamics using NOE-derived and dihedral restraints. The
heavy atoms of all structures are shown. (B) Ribbons depiction of
p23wt-m showing the secondary structure, diphenylalanine and the
dilysine motif. Top: view perpendicular to the helix axis; bottom:
parallel view. A similar representation from the structure of p23wt-d
dimer, representing the tetramer of the cytoplasmic domain of p23, is
shown in C.

chosen as the starting structure for the MD calculations. The further
calculation strategy was described earlier [37—-41].

RESULTS

Sequence-specific assignments of the spin systems
identified in the COSY and TOCSY spectra could be
performed with standard techniques [25] as the spec-
tra were well resolved (Table I). Chemical shift data of
the C_,H resonances was analyzed according to the
chemical shift index strategy [27,28], yielding an esti-
mate of elements of regular secondary structure (Fig.
1). An a-helical stretch from R3 to K10 (p23wt-m) and
from L2 to K10 (p23-wt-d) is clearly suggested. This
preliminary estimate was confirmed and refined by
analysis of NOESY cross-peak patterns: According to
sequential short-range dy.(i,i + 1) NOEs, medium-
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range d,(i,i + 3), d(i,i + 3), and d(i,i + 4) NOEs
(Fig. 2), p23wt-m as well as p23wt-d form «a-helices
from L2 to 112, fraying at Y1 and E13.

The solution structure as determined by restrained
molecular dynamics calculations (Tables I and II)
shows that the four residues involved in coatomer bind-
ing, F5, F6, and K9, K10 [14], are located at the same
side of a helix (Fig. 3B) that clearly shows amphipathic
character, its hydrophobic face composed of residues
Y1, F5, A8, and 112. Amphipathicity is increased by a
salt bridge between K9 and E13, stable in molecular
dynamics simulations (data not shown). The root-
mean-square deviation (rmsd) for the backbone heavy
atoms of the 30 structures with lowest internal ener-
gies of p23wt-m is 0.0014 nm.

The structure of p23wt-d, calculated under the as-
sumption of a monomeric state of the dimerized pep-
tide (data not shown), could not satisfactorily explain
15 long-range NOEs between 112 and Y1, and 112 and
F5 (at lower TFE concentrations, 20 and 15% (v/v),
additional NOEs between F6 and E13 could be ob-
served). This implies oligomerization of p23wt-d at
least to a p23wt-d dimer, analogous to a tetrameric
form of the p23 cytoplasmic domain. To analyze this
dimerization of p23wt-d biochemically, size exclusion
chromatography was performed at pH 7.4 without the
addition of TFE and under the conditions used for
NMR spectroscopy. Size exclusion chromatography
clearly confirms a dimeric state of p23wt-d even in the
absence of TFE (Experiments carried out under the
conditions used for NMR spectroscopy yielded identical
results) [15].

These results clearly show that p23wt-d, the dimer-
ized peptide, is dimerized in solution, i.e., forms a
complex of four p23-tail domains. Comparing the ex-
perimental NMR spectra with the spectra expected for
the four possible structures of a dimer (Fig. 5), only one
structure is plausible (Fig. 5D): Structure A cannot
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FIG. 4. Radius of gyration of p23wt-d during the 200-ps unre-
strained molecular dynamics calculation.
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Experimental observations met by the model
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FIG. 5. Possible structures of a p23wt-d dimer. The chains of the p23wt-d monomers are shown in green and red, respectively. The blue
spheres represent the Ca-atoms of K9. Only Model D fulfills all experimental data. MolMol 2.5.1 [36] was used for the generation of the

models.

explain the 15 observed NOEs between 112 (close to the
COOH-terminus) and Y1 or F5 (close to the NH,-
terminus). The same is true for Model B. While Model
C fulfills the above-mentioned distance restraints, it
does not reflect the symmetry detected by NMR spec-
troscopy. In the NMR spectra the four amino acids with
the same sequence position give rise to only one spin
system, i.e., the magnetic environment of the four res-

idues must be identical (Fig. 5). Only an arrangement
of the two p23wt-d similar to the one depicted in Fig.
5D meets all experimental constraints: (i) dimeric; (ii)
helical conformation; (iii) proximity of NH,- and
COOH-terminus; (iv) an identical magnetic environ-
ment for the four helices of a p23wt-d dimer.

In the Clean-TOCSY spectrum of p23wt-d dimer
(Fig. 6) three different spin systems, corresponding to
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FIG. 6. Clean-TOCSY spectrum of p23wt-d. The region of the
resonances between amid protons and e-NH protons of lysine, re-
spectively, and the protons of the side-chains is shown. Experimental
conditions: 4.0 mM p23wt-d; pH 3.6; 6:4 H,0:d2-TFE; 100 mM po-
tassium phosphate buffer, 50 mM NacCl, 280 K, 80 ms mixing time.

three different conformations, for each of the COOH-
terminal residues 112 and E13 are discernible. In both
cases, however, only one of the spin systems shows
interresidual NOEs, which were used in the structure
determination.

The overall structure of the p23wt-d dimer is bipar-
tite (Fig. 3C). The «-helices are well defined, and a
hydrophobic core is created through interactions of the
side chains of residues F5, A8, L11, and 112 of the two
dimers. A semicircle is formed by residues K9 and K10
of two antiparallel helices (Fig. 3C). The corresponding
diphenylalanine motifs of the two antiparallel
a-helices are separated by this “K-semicircle” (Fig. 3C).
Thus, p23wt-d dimer comprises a tetramer of the cyto-
plasmic domain of p23. This is in agreement with the
stoichiometry found for both p23 protein and coatomer
in isolated COPI vesicles and in coatomer precipitated
by p23wt-d [15]. We propose that this tetramer is the
species active in coatomer binding in vivo (Fig. 7).

The stability of the calculated structure was probed
by MD simulations over 200 ps, and in Fig. 4B the
radius of gyration, a measure for the compactness of a
molecule, as a function of the simulation time is shown.
After a rapid increase, which is caused by the equili-
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bration of the system, the radius of gyration decreases
slightly from 1.20 to 1.18 nm.

DISCUSSION

The differences between the NOESY pattern of
p23wt-m and p23wt-d can easily be explained by
slightly different secondary structures and structural
stabilities of the two peptides, and by the evaluation
strategy of NOESY spectra used in this work. Only
NOESY cross-peaks that could unambiguously be as-
signed to a single proton—proton distance were used for
the structure calculations. This strategy prevents the
overinterpretation of NOESY spectra, but minor differ-
ences in the spectra can result in seemingly very dif-
ferent patterns of sequential and medium range
NOESY connectivities (Fig. 2). Despite the dissimilar-
ity of the NOESY pattern of the two peptides, the
principal statement is identical: Both peptides adopt
an a-helical conformation. In the TOCSY spectrum of
p23wt-d three distinct spin systems, equivalent to dis-
tinct conformations of 112 and E13, are discernible,
suggesting a higher structural flexibility of these resi-
dues. The chemical shift plot (Fig. 1) and the observa-
tion that only the spin systems of 112 and E13 labeled
in Fig. 6 show interresidual NOESY cross-peaks con-
firm this notion.

A

FIG. 7. Hypothetical model for bud formation. According to this
model, interaction of coatomer with a tetramer of p23 induces a
conformational change of the complex. This leads to its polymeriza-
tion on the surface of a membrane resulting in the formation.
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It is also remarkable that the rmsd value of the
backbone atoms of p23wt-d dimer is nearly 20 times
larger than the value of p23wt-m. The reason for this is
easily found in the limited number of inter-monomeric
NOESY restraints used in the structure calculation of
p23wt-d dimer. This allows slightly different orienta-
tions of the helices relative to each other giving rise to
the observed rmsd value. The backbone of p23wt-m is
well defined by a large number of NOESY cross-peaks
and by dihedral restraints which is reflected by its low
rmsd value typical for such small peptides (see, e.g.,
Protein Data Bank entries 1aft, 1agp, or 3btb).

To avoid misinterpretations based on the influence of
TFE on the stability of secondary structure elements
[38, 42], we varied the concentration of TFE allowing
us to determine the influence of this helix-inducing
reagent on the structures of the peptides. At low TFE
concentrations, p23wt-m nearly completely lost its reg-
ular secondary structure whereas the structures of
p23wt-d are virtually identical at 20 and 40%, and even
at lower TFE concentration the a-helical conformation
is still present as determined by CD spectroscopy (data
not shown). The increased stability of p23wt-d is most
probably due to the observed hydrophobic core formed
by the dimer. The MD simulations carried out also
indicate that the dimer of p23wt-d and hence its hy-
drophobic core is stable under the conditions chosen for
the simulation (Fig. 4B).

The higher efficiency of p23wt-d in precipitating
coatomer compared to p23wt-m can easily be explained
by the increased structural flexibility of p23wt-m pre-
venting a defined orientation of its binding motifs.
Moreover, the structure of p23 that triggers the re-
cently observed conformational change of coatomer
[15] is a tetramer of four equivalent «-helical domains,
as judged from nuclear magnetic resonance spectros-
copy and molecular dynamics simulations. A tet-
rameric form of this domain is confirmed by size exclu-
sion chromatography and determination of its
stoichiometry in the precipitated coatomer complex
[15]. The structure arising from tetramerization of the
p23-tail domain represents a symmetrical molecule of
two equivalent halves (Fig. 5C). One such motif may be
directed toward the surface of the Golgi membrane and
may well be stabilized by interactions with membrane
lipid head groups, and the other motif may protrude
from the membrane and serve as a “plug” for coatomer.

Recently, it was shown that certain aminoglycoside
antibiotics and 1,3 cyclohexanebis(methylamine) can
bind to coatomer complexes by interacting with their
di-lysine binding sites [43, 44]. Furthermore, it was
proposed that the distance between two dilysine bind-
ing sites was approx. 12 A. This notion is supported by
our study: The distance between the two dilysine mo-
tifs in p23wt-d varies from 10 to 15 A in good agree-
ment with the proposed 12 A considering the flexibility
of a lysine side chain. Combining our results with the
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results of [15] leads to the model depicted in Fig. 7. The
axes of the four helices should be parallel to the plane
of the membrane, otherwise the tetramerization of the
p23-tail domain would not be possible. This is due to
the restraints that arise from the fact that p23 is a type
I transmembrane protein and the antiparallel orienta-
tion of the p23wt-d molecules in the structure deter-
mined in this study.
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