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Phospholamban (PLN), an amphipathic intrinsic membrane protein of 52 amino acids, is the modulator of
the Ca?* pump of cardiac, slow-twitch, and smooth-muscle sarcoplasmic reticulum. In response to S-adrenergic
stimulation, it becomes phosphorylated at Ser!'¢ and/or Thr'’, and dissociates from the pump, which, in turn,
achieves its full activity. Here we present the three-dimensional structure of chemically synthesized, monomeric
PLN in an organic solvent. Monomerization (PLN normally forms homopentamers) was obtained by replacing
Cys* with phenylalanine (Phe =F), a modification that did not affect biological activity. The structure was
determined by high-resolution NMR in CHCl;/MeOH of the unphosphorylated state of [F*']PLN (C41F). Of
the hydrophilic cytoplasmic parts IA (Met! to Pro*) and IB (GIn* to Asn®) and the membrane-spanning
hydrophobic domain II (Leu® to Leu?) of PLN, domain IA, which contains the two phosphorylation sites Ser'
and Thr'’, and domain II have been suggested to be helical and connected through the less-structured hinge-
region IB. In the structural study presented here, [F*]PLN is composed of two a-helical regions connected by a
B-turn (type I1I). The residues of the S-turn (type II1) are Thr', Ile'®, Glu'®, and Met®, the first being one of the
two phosphorylation sites (Ser'® and Thr'?). The hinge region is located at the C-terminal end of domain 1A, and
domain IB is part of a second helix. The two a-helices comprising amino acids 4 —16 and 21 -49 are well-defined
(the root-mean-square deviations for the backbone atoms, calculated for a family of the structures, are 0.58 and
0.92 A, resp.). Pro? is at the beginning of the C-terminal helix and in the trans conformation.

Introduction. — Free Ca* in the myoplasm controls the contraction and relaxation
of muscles. The sarcoplasmic reticulum (SR) calcium pump (SERCA), a 110 kDa
protein belonging to the family of P-type ATPases [1] removes Ca’* from the
myoplasm and works in association with Ca?*-releasing channels in the SR membrane
to maintain the appropriate calcium level in the cell. In cardiac muscles, the activity of
the Ca?* pump is modulated by -adrenergic agonists, which regulate contractile force
and muscle relaxation [2]. These effects are mediated by the phosphorylation of a small
amphipathic SR protein, phospholamban (PLN), by two kinases [3][4]. PLN is a
membrane-intrinsic protein of 52 amino acids (see Fig. I) that interacts with the
cardiac, slow-twitch, and smooth-muscle isoforms of the SERCA pump, keeping it in an
inhibited state. Phosphorylation of PLN Ser!'¢ by the cAMP-dependent protein kinase
(PKA) [4] or of Thr'7 by a calmodulin-dependent kinase [5], or of both, causes PLN
dissociation from the ATPase, relieving its inhibition.

1) Also: Max Planck Institut fiir biophysikalische Chemie, Am FaBberg, D-37077 Gottingen, Germany.
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Fig. 1. Amino acid sequence of PLN. The two phosphorylation sites Ser'® and Thr!? are underlined, and the
position of the mutation (replacement of Cys* by Phe* yielding [F*']PLN) is doubly underlined.

Cross-linking experiments by James et al. [6] using a photoaffinity labeling probe
showed that Lys® of PLN in the cytoplasmic domain bound to a region of the Ca?* pump
just downstream of its phosphorylation site (Asp*'). The efficiency of cross-linking was
significantly reduced by calcium or when PLN was phosphorylated. These results
indicated that PLN inhibits the pump through electrostatic interactions involving basic
residues in the N-terminal, cytosolic domain of PLN and acidic residues near the active
site of the pump, i.e., the ATP-binding site and the phosphorylated aspartate. This view
was corroborated by mutagenesis experiments [7], which confirmed that residues 397 —
402 (*’DDKPV*®?) in the acylphosphorylation domain of the pump were critical for
the interaction, stressing the importance of charged side chains in the interaction of the
two proteins. On the other hand, recent mutational screening experiments [8][9] have
provided evidence for hydrophobic interactions between the transmembrane domains
of PLN (domain IT) and of the Ca?* pump, especially transmembrane helix 6 of the latter.

PLN has a strong tendency to form homopentamers. However, according to recent
evidence (see below), the form that regulates the SERCA pump in vivo is the monomer
[10]. It was thus decided to determine the structure of monomeric PLN, specifically,
that of the [F*]JPLN monomer (replacement of Cys* by Phe*), which has no
propensity to form pentamers and the biological activity of which is similar to that of
wild-type PLN [11]. Structural studies on portions of PLN have provided evidence for a
high helical content of the protein [12][13], in agreement with preliminary NMR
experiments on the PLN mutant [F*]PLN (also called C41F) [14]. The work presented
here describes the first determination of the three-dimensional structure of [F#JPLN,
obtained by two-dimensional homonuclear NMR spectroscopy. It shows that [F*'|PLN
is composed of two helical portions spanning residues 4—16 (adjacent to the kinase
substrates Ser!'® and Thr!7) and 21-49. The two helices are connected by a 3-turn (type
IIT) that includes one of the phosphorylation sites, Thr'’.

Results and Discussion. — NMR-Spectroscopy and Assignment of [41-Phenyl-
alanine Jphospholamban ([F*]PLN). The structure of [F*]PLN was determined by
two-dimensional homonuclear NMR spectroscopy in CHCl;/MeOH 1:1 (v/v), a
solvent mixture mimicking the environment of biological membranes [15]. The
'H-NMR assignments of the majority of amino-acid spin systems were obtained by a
combination of DQF-COSY and TOCSY experiments conducted according to standard
procedures [16]. Because of missing cross-peaks in the HYH* region of the DQF-
COSY due to small 3/, coupling constants or overlap of the cross-peaks, a TOCSY
with a mixing time of 30 ms was used to identify those cross-peaks. At an early stage of
the assignment, the unique amino acids Asp?, Lys’, Tyr%, and Pro?' were assigned
unambiguously. In the case of Asp?, Lys® and Pro?, the typical spin systems of the
amino acids were detected in the DQF-COSY, and in the case of Tyr® the resonances of
the aromatic side chain could be easily recognized in the 800-MHz NOESY. Most of the
other spin systems could be identified, but for the sequential assignment, the 800-MHz
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NOESY proved indispensible ( Fig. 2). Except for Ser!'?, Arg'4, Met?, Cys*, and Ile¥, all
spin systems could be determined by analyzing the sequential H* HN(i,i +1) and
HNHN(i,i + 1) cross-peaks. For the above-mentioned five amino acids, the assignment
was accomplished by means of the medium-range H*HN(i,i +3) and H*HN(i,i +4)
cross-peaks in the 800-MHz NOESY (Fig. 3). The assignments are listed in Table 1.

Only five 3Jynp, coupling constants could be measured from the fine structure of
COSY cross-peaks by comparison with the in-phase ms of cross-peaks in the NOESY
[17]. In this region of the spectra, several cross-peaks were missing due to small
coupling constants (<4 Hz) or overlap of the cross-peaks.

The H* chemical shifts of the residues Val* to Thr'” and GIn? to Val® are shifted to
higher field compared to their random-coil values, implying an a-helical structure
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Fig.2. HVH" Region of the 800-MHz NOESY, acquired at 300 K with a mixing time of 150 ms, of 1 mm
[F*]PLN in CHCIl;/MeOH 1:1 (v/v). Sequential NOEs are indicated in the spectrum, the first number refers to
the HN resonance in w,, the second to that in w,.
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Fig. 3. Fingerprint region of the 800-MHz NOESY, acquired at 300 K with a mixing time of 150 ms, of 1 mm
[F*]PLN in CHCl;/MeOH 1:1 (vlv). Assigned cross-peaks are indicated in the spectrum, the first number
refers to the H” resonance in w,, the second to the HN resonance in w,.

(Fig. 4,a) [18]. However, as discussed in detail below, Thr!” is part of a S-turn (type I11)
between the two helical portions. The H* resonances of Ile'$, Glu'®, and Pro?!, and of the
residues at the carboxy terminus, on the other hand, are at low field compared to their
random-coil values. Met! and Asp? at the amino terminus and Met?® show only a small
chemical-shift deviation from the random-coil value.

The 800-MHz NOESY experiment was used to identify 644 NOE restraints (398
intraresidual, 142 sequential, and 104 medium-range) within [F*]PLN (Fig. 4b),
corresponding to an average of 12.4 NOEs per residue. Fig. 5 shows the number of
NOE restraints per residue. NOEs that range longer than from residues i to i + 4 were
not observed.
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Table 1. [41-Phenylalanine Jphospholamban [F*]PLN 'H-NMR Assignment (CDCl;/CD;OH (1:1 (v/v))

Residue ~ HN H¢ H? Others

Met 1 8.76 4.45 2.22 (pro-S),2.28 (pro-R) H” 2.83 (pro-S), 2.77 (pro-R)

Asp 2 9.02 4.68 3.16 (pro-R), 3.03 (pro-S)

Lys 3 8.10 4.24 2.08 (pro-R), 2.21 (pro-S) H” 1.82 (pro-R), 1.68 (pro-S), H° 1.89, H* 3.12

Val 4 808 382 242 H7 1.28 (pro-R), 1.16 (pro-S)

Gln 5 853 420 243 H' 2.67 (pro-R), 2.54 (pro-S), He 7.55, 6.75

Tyr 6 8.28 4.27 331 H° 7.17, H¢ 6.89

Leu7 8.66 410 212 (pro-S), 1.79 (pro-R) H° 1.15

Thr 8 8.36 4.02 4.39 H 1.41

Arg 9 844 415 199 (pro-S),2.15 (pro-R)  Hr 1.80, H® 3.36, Hr 7.78

Ser 10 830 420  4.05 (pro-S), 3.96 (pro-R)

Ala 11 8.31 421 1.76

Ile 12 8.28 3.85 2.12 H” 1.74, H? 1.03

Argl3 866 410 213 H7 2.08 (pro-R), 1.78 (pro-S), H* 3.37 (pro-S),
329 (pro-R), H 7.81

Argld 879 416  2.14 HY 2.05 (pro-S), 1.85 (pro-R), H? 3.34, H* 7.52

Ala 15 8.78 423 1.74

Ser 16 8.59 4.36 4.26 (pro-S), 4.16 (pro-R)

Thr 17 7.88 422 4.53 H” 1.52

Ile 18 7.62 4.24 2.18 H' 1.88, H”? 1.15, H® 1.46

Glu19 824 444 238 (pro-S),231 (pro-R)  H’2.73,2.64

Met 20 8.40 4.58 2.56 (pro-R), 2.34 (pro-S) H” 2.97 (pro-S), 2.79 (pro-R)

Pro 21 447 2.49 (pro-S), 2.04 (pro-R)  H 2.45 (pro-R), 2.15 (pro-S), H® 3.91

GIn22 751 434 241 (pro-R),235 (pro-S)  H” 2.66 (pro-R), 2.61 (pro-S), Ht 7.75, 6.86

GIn23 843 416 243 (pro-R), 234 (pro-S)  H'2.55, Hr 7.46, 6.66

Ala 24 8.53 4.30 1.70

Arg 25 8.12 4.07 2.21 (pro-S), 2.14 (pro-R) H” 1.93 (pro-S), 1.83 (pro-R), H°® 3.44

Gln26 853 410 235 (pro-S),229 (pro-R)  H’ 2.54 (pro-S), 2.42 (pro-R), H* 7.26, 6.83

Asn27 870 464 322 (pro-R),2.88 (pro-S)  H?7.61,6.95

Leu28 825 425  2.04 (pro-R), 1.88 (pro-S)  H? 1.09

GIn29 851 421 245 (pro-R),235 (pro-S)  H’ 2.64 (pro-R), 2.53 (pro-S), Ht 7.49, 6.76

Asn30 871 465 325 (pro-R),2.95 (pro-S)  H’7.79, 6.84

Leu3l 848 470 220 (pro-S),2.11 (pro-R)  Hr 1.93, H’ 1.09

Phe 32 8.37 4.50 3.49 H° 7.40

Ile 33 8.81 3.78 2.26 H” 2.14, 1.54, H’ 1.15

Asn34 827 454 3.1 (pro-R),2.84 (pro-S)  H’7.41,6.66

Phe 35 8.67 443 3.45 H° 7.36

Cys 36 8.26 4.00 3.31 (pro-R), 2.76 (pro-S)

Leu37 820 414 216 H7 1.85, H? 1.08 (pro-S), 1.00 (pro-R)

Ile 38 8.11 3.86 2.17 H” 1.29, H? 1.03

Leu 39 791 4.11 1.87 H” 1.72, H? 0.95

Ile 40 8.26 3.79 2.20 H"' 1.97, H? 1.32, H® 1.00

Phe 41 8.34 4.40 3.25 H° 7.39

Leu 42 8.60 4.12 2.15 H” 1.73, H° 1.07

Leu 43 8.44 4.05 2.07, 1.61 H° 1.11

Leu 44 8.36 4.15 2.05 H” 1.86, H® 1.04

Ile 45 8.23 3.78 221 H"' 1.57 (pro-R), 1.23 (pro-S), H? 1.07, H? 0.79

Cys 46 8.15 4.14 3.46 (pro-R), 2.94 (pro-S)

Ile 47 8.25 3.78 2.16 H"' 2.33, 2.20, H? 1.30, H® 1.24

Tle 48 8.47 3.84 2.08 H”' 2.01, H? 1.30, H® 1.02

Val 49 8.32 3.85 2.38 H” 1.24 (pro-R), 1.14 (pro-S)

Met 50 8.02 4.44 2.57 (pro-S), 2.32 (pro-R) H” 2.96 (pro-S), 2.77 (pro-R)

Leu 51 7.84 4.59 2.06, 1.77 H° 1.06

Leu 52 8.02 4.53 2.08 H” 1.76, H® 1.04
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Fig. 4. a) CSI Plot of the protons H* according to [17]. b) Summary of sequential and medium-range NOEs

involving the protons H®, H*, and H? of modified phospholamban [F* ]PLN. Sequential and medium-range

NOE:s classified as strong, medium, and weak according to the intensity of the cross-peaks are indicated by
different heights of the connecting box, 3/(HN,H*) are represented by full circles.
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Fig. 5. Number of NOE restraints per residue
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Structure of [41-Phenylalanine Jphospholamban ([F#]PLN). The structural re-
straints listed were used in a simulated annealing protocol [19] in the program X-PLOR
[20] (for details, see Exper. Part) to calculate a final set of ten structures. Due to the
flexibility of the region between the N- and C-terminal a-helices, it is impossible to
superimpose the whole molecule. Fig. 6 illustrates a best-fit superposition of the
backbone atoms of the N-terminal a-helix and of the C-terminal a-helix. The residues
at the beginning and at the end of the helical parts are ill-defined by the NMR data and
appear disordered. The final ten structures are converged with an r.m.s.d. from the

i)

b)

Fig. 6. Best-fit superpositions of the backbone atoms of a) N-terminal helix (residues Val* to Ser'®). b) C-

terminal helix (residues Pro?! to Val*) of the final ten NMR-derived structures of [ F# |PLN. For the N-terminal

helix (Val* to Ser'®), superposition yields an r.m.s.d. value of 0.58 A and for the C-terminal helix (Pro?! to Val*)
an r.m.s.d. value of 0.92 A for all backbone atoms referring to a mean structure.
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mean structure of 0.58 A for all backbone atoms in the N-terminal helix of [F*]JPLN
(residues 4—16) and 0.92 A for all backbone atoms in the C-terminal helix of [F*|PLN
(residues 21-49). The ten structures exhibited no distance violations exceding 0.30 A
or dihedral-angle violations exceeding 5° and have an average 89.6% of all residues in
the most favorable region of the Ramachandran plot according to the PROCHECK-
NMR [21] procedure. None of the residues were found in disallowed regions of the
Ramachandran plot (Fig. 7). The structural statistics are summarized in Table 2.
The structure of [F*]PLN contains two a-helical regions connected by a f-turn
(type IIT) comprising the four residues N-terminal to Pro?! (Fig. 8). These four residues
(ThrY7, Tle'®, Glu!'?, and Met?°) have about as many restraints per residue as there were
for the residues in the a-helical regions. The mutual orientation of the helices was only
weakly restrained by medium-range distance NOEs in the turn. The o-protons of Pro?!
show only weak NOE:s to the H* of Thr'” and Ile!® and to the HN of Glu'. Therefore, the
relative orientation between the two a-helical parts of the molecule is not well-defined.
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Table 2. Characteristics of the Structure of [F*]PLN in CDCl;/CD;OD 1:1 (v/v)

Parameter Value
Distance restraints: total 644
intraresidual 398

sequential 142
medium-range 104

Dihedral restraints 5

R.m.s.d. [A] for region 4—16: backbone atoms 058+ 0.22
heavy atoms 151+ 041
R.m.s.d. [A] for region 21-49: backbone atoms 0.92+0.31
heavy atoms 1.424+0.56

¢ and v in core or allowed 99%

Owing to the structural imprecision in the turn, the family of structures displays a
dispersion in the relative position of the amino- and carboxy-terminal helices. But this
dispersion is limited, and the interhelical angle is ca. 68 £23° for ten structures, in
agreement with the observation by Pollesello et al. [12].

a) Arg )

Fig. 8. Ribbon representation of lowest-energy structure of [F*]JPLN. Arg’, Arg", Ser'®, Thr", and Pro?' side

chains are shown. In b), the orientation of the side chains Arg’, Arg'®, Ser'®, and Thr!” are shown. They point

towards the C-terminus with a rotation by ca. 60° around the N-terminal helix axis. The arrow indicates the

postulated transmembrane part of the structure, its length of 40 A corresponds to the thickness of a lipid
bilayer.
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Pro? does not break the helix as it is actually at the beginning of the C-terminal a-
helix. The two phosphorylation sites Ser!® and Thr!” are located inside the angle
between the two helical regions and face the C-terminal helix. After phosphorylation,
the structural arrangement could change and the orientation of the N-terminal helix
could differ from that of C-terminal helix as a result of the insertion of the charged
phosphate group at Ser!® and/or Thr'’.

Structure of Phospholamban and its Biochemical Implications. The three-dimen-
sional structure of [F#]PLN described here has been obtained for the monomeric form
of PLN, which retains full biological activity [11]. The question of whether the active
form of PLN in the membrane is a pentamer or a monomer is still controversial.
However, recent observations indicate that the form that binds to and inhibits the
SERCA pump in the membrane is the monomer rather than the pentamer [22]. This
prompted our decision to solve the three-dimensional structure of PLN in its
monomeric form to obtain information on its biological function.

Mutagenesis experiments in different laboratories have provided detailed informa-
tion on the domains of PLN and the SERCA pump involved in the interaction of the
two proteins. Recently, MacLennan and co-workers [8] have shown that replacing the
hydrophobic residues on one face of the transmembrane helix of PLN with alanines
reduced the ability of PLN to interact with the pump. Later on, the same group [9] has
provided evidence that all SERCA pump residues essential for the interaction are
located on one face of its transmembrane helix 6 (M6).

The cross-linking experiments by James et al. [6] have suggested an electrostatic
interaction between charged residues in the cytosolic domain of PLN and polar
residues of the SERCA pump, downstream of Asp*l Later experiments by
MacLennan and co-workers [7] have shown that charged residues in a loop region
between Asp*! and the ATP-binding domain (i.e., ¥’ DDKPV*®) of the pump, were
critical for its functional interaction with the N-terminal portion of PLN [7]. This was
corroborated by the finding by Hughes et al. [23] that the positively charged arginines of
the N-terminal part of PLN (especially Arg® and Arg'®) were involved in the association
with the SERCA pump: in the structure presented here, Arg® and Arg'? lie on the same
site of the N-terminal helix as Thr!'”. This was also observed by Pollesello et al. [12] on a
fragment of PLN (residues 1-36) in a H,O/CF;CH,OH mixture. It appears from the
biochemical studies that, to interact with the critical loop region of the SERCA pump,
PLN may have to assume a more extended conformation with the helical axes oriented
almost parallel to each other. Such a reorientation of the two helices appears possible:
When the backbone atoms of the C-terminal helix are superimposed, the N-terminal
helix is dispersed in a cone with an opening of almost 90° (Fig. 6,b). Thus, the
potentially required flexibility of PLN around the central hinge region is indeed
observed, which may be critical for the ability of the molecule to inhibit the ATPase
through the interaction between essential polar residues. Clearly, it will now be
important to investigate the structural consequences of the phosphorylation of Ser!®
and/or Thr!'” on the cytosolic region of PLN. It will also be important to perform
structural studies on the interaction of PLN with peptides corresponding to the regions
of the SERCA pump that are involved in the interaction with PLN. Experiments on
these issues are in progress in our laboratories.
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Experimental Part

Sample Preparation. The PLN mutant [F*]PLN (C41F) was synthesized and purified as described by
Vorherr et al. [24]. The synthesis was accomplished by double couplings and efficient capping procedures. The
crude peptide was purified by HPLC ion exchange and gel-permeation chromatography (CHCl;/MeOH). The
NMR sample was prepared by solubilizing 6 mg of [F*]PLN in CDCL;/CD;OH 1:1 (v/v). The solvents used
were CD;OH (99.8% ) and CDCl; (99.96% ). After sonification and centrifugation, the soln. was transferred into
a 5-mm NMR tube.

NMR Spectroscopy. All spectra were recorded at a temp. of 300 K using Bruker-DRX600 and -DRX800
spectrometers equipped with a Z-gradient probe. DQF-COSY [25], TOCSY [26] with mixing times of 30, 50,
and 70 ms, and NOESY [27] with mixing times of 100 and 150 ms, were recorded using States-TPPI phase cycling
[28] for quadrature detection. Relaxation delays of 1-2 s were used (for details, see Table 3). Solvent signals
were suppressed with selective presaturation or by a gradient echo sequence (WATERGATE) [29]. All data
were processed with UXNMR (Bruker Instruments, Rheinstetten, Germany) including zero-filling and
weighting the indirect dimension with a squared-sine bell function. The spectra were analyzed with FELIX,
version 98 (MSI, San Diego, CA). Chemical shifts were reported with respect to the signal of the OH group of
MeOH at 4.9 ppm.

Table 3. Acquisition and Processing Parameters for NMR Experiments

Experiment Dimen- Acquisition Spectral Number Matrix Spectrometer

sion points width of scans  dimension
(complex) [Hz] (real points)

DQF-COSY 11 768 8802 32 1024 DRX 800
17 4096 8803 8192

TOCSY (30 ms mixing time) 1 768 6601 48 1024 DRX 600
2 4096 6614 4096

TOCSY (50 ms mixing time) 1 768 6601 40 1024 DRX 600
2 4096 6614 4096

TOCSY (70 ms mixing time) 11 768 7201 48 1024 DRX 600
2 4096 7184 4096

NOESY (100 ms mixing time) 1 768 7201 32 1024 DRX 600
12 4096 7184 8192

NOESY (150 ms mixing time) 1 876 8803 32 1024 DRX 800
2 4096 8803 8192

Structure Calculations. Distance restraints were determined from the cross-peak intensity by calibration
against known interproton distances of geminal protons and classified on the basis of peak intensity with upper
bounds of 2.8 A (strong), 4.0 A (medium), and 5.0 A (weak). A correction of 0.5 A was added to the upper
bounds of restraints involving pseudoatoms for Me, CH,, and aromatic groups [30]. For the lower bounds of the
distance restraints, the sum of the van der Waals radii was used. The interresidual restraints were treated in the
same way as the intraresidual ones. 3/, coupling constants were measured by the method described by Titman
and Keeler [17] from the fine structure of resolved COSY cross-peaks by comparison with the in-phase ms of
cross-peaks observed in the NOESY and calibrated by the Karplus equation [31]. No backbone H-bonds were
included in the structure calculations.

All calculations were performed with the X-PLOR program, version 98.1, by Briinger [20]. The ab initio
simulated annealing protocol started with a 32.5 ps high-temperature phase at 2000 K, followed by a first cooling
phase of 25 ps, where the temperature was lowered to 1000 K in steps of 50 K. In the second cooling phase, the
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temp. was lowered to 100 K, followed by a final energy minimization. A total of 644 NOE-derived distance
restraints were applied with a square-well potential and a force constant of 50 kcal-mol~'- A=2. Restraints
involving not stereospecifically assigned CH, protons and diastereotopic Me groups of Val and Leu were treated
with the floating assignment procedure of X-PLOR. A total of five dihedral-angle restraints from */(HN,H*)
coupling constants were also applied with a force constant of 200 kcal - mol~! - rad~!. The final ten structures with
the lowest energy were used for the structural statistics. This ensemble of ten structures satisfied the criteria of
no NOE violations >0.30 A and no dihedral-angle violations >5°. All structural representations were created
with the program MOLMOL [32].

The S-turn (type II1) comprising Thr'’, Ile'8, Glu', and Met® was defined by the distances between the C*(i)
and the C*(i 4 3), which are in a range of 5.6 A as described by Rose et al. [33]. The second evidence for a f-turn
(type III) were the torsion angles ¢(i+1)=—120° and y(i+1)=—30° for Ile'® and ¢(i+2)=—30° and
Y(i+2)=-120° for Glu". No H-bond could be detected between the O’ of Thr'” and the HY of Met®. The
coordinates of the final ten PLN (C41F) structures have been deposited with the Brookhaven Protein Data Bank
under the PDB iD code 1FJP.
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