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Abstract 

The structure of a nonspecific lipid transfer protein from barley (ns-LTPbWley) in complex with palmitate has been 
determined by NMR spectroscopy. The structure has been compared to the structure of ns-LTPbarley in the absence of 
palmitate, to the structure of ns-LTPbarley in complex with palmitoyl coenzyme A, to the structure of  ns-LTPmdi,, in its 
free form, and to the maize protein complexed with palmitate. Binding of palmitate only affects the structure of 
ns-LTPbarley moderately in contrast to the binding of palmitoyl coenzyme A, which leads to a considerable expansion of 
the protein. The modes of binding palmitate to the maize and barley protein are different. Although in neither case there 
are major conformational changes in the protein, the orientation of the palmitate in the two proteins is exactly opposite. 
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Plant lipid transfer proteins (LTPs) are a group of small, basic 
proteins. They exhibit a strong sequence as well as structural ho- 
mology, and with a few exceptions they contain eight cysteines 
conserved in four disulfide bridges (Desormeaux et al., 1992). 
Plant LTPs show a very broad specificity; hence, they are prefixed 
nonspecific (ns). 

In addition to being able to facilitate lipid transfer between 
membranes, a moderate binding of fatty acids, acyl-coenzyme As 
(CoA) and lyso-phosphatidylcholines (Lyso-PC) has been shown 
for a number of plant ns-LTPs (Rickers et al., 1985: 0stergaard 
et al., 1993: Gomar  et  al., 1996). This dual ability has led to a 
proposed function of these proteins in membrane biogenesis (Aron- 
del et al., 1990). However, a number of studies have shown ns- 
LTPs to be secreted, and this has led to the proposal of other 
hypotheses. Plant ns-LTPs are capable of inhibiting bacterial and 
fungal pathogens and are, therefore, thought to play a role in plant 
defense (Molina  et  al., 1993). Because of the location of  ns-LTPs 
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HB, helix B; Hc, helix C; HD, helix D; HSQC,  heteronuclear  single quan- 
tum coherence;  Lyso-PC, lysophosphatidylcholine; ns-LTP,  nonspecific lipid 
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in the cell wall, these proteins are also thought to transport cutin 
monomers required for the biosynthesis of surface wax (Sterk 
et al., 1991). 

The three-dimensional structure of  ns-LTPs are known for four 
different species including maize (Shin et al., 1995; Gomar et al., 
1996), wheat (Gincel et al., 1994), barley (Heinemann et al., 1996), 
and rice (Lee et al., 1998), and a ns-LTP like structure of Ace- 
AMP1 extracted from onion seeds (Tassin et al., 1998). These all 
show the plant ns-LTPs to be single compact domain proteins 
comprised of four a-helices and a long extended C-terminus with 
no regular secondary structure. In addition three structures of ns- 
LTPs in complex with ligands have been published. These are the 
crystal structure of ns-LTPmai,, in complex with palmitate (Shin 
et  al.,  1995), the structure solved by NMR of ns-LTPbarley in com- 
plex with palmitoyl coenzymeA (PCoA) (Lerche et al., 1997), and 
the complex between ns-LTPWheat and a diacyl phospholipid (DMPG) 
(Sodano et al., 1997). From these studies it is evident that although 
both the sequences and the three-dimensional structures are very 
similar among plant ns-LTPs, the binding modes of these proteins 
differ. 

Here, the structure determination by NMR spectroscopy of ns- 
LTPbWley in complex with palmitate is being described. It  is the aim 
of this work to understand the effect of the size of a ligand on the 
ligand binding-induced conformational changes in the protein struc- 
ture, and to compare the binding modes of palmitate in two dif- 
ferent ns-LTPs from barley and maize, respectively. 
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Results 

Assignments 

The IH assignments of ns-LTPbarley in complex with palmitate 
were performed using the Wiithrich strategy (Wuthrich, 1986) com- 
bined with the PRONTO spin system identification tool (Kjaer 
et  al., 1994). A list of the assignments has been deposited in the 
BioMagRes Bank, with the accession code 4142. 

An analysis of the three recorded NOESY spectra resulted in 
743 nonredundant intraprotein NOE-derived distance restraints and 
127 dihedral angle restraints. The distribution in sequence of the 
distance restraints is shown in Figures 1A and lB, along with a 
summary of the dihedral angles restraints in Figure IC. To assign 
the methylene groups of palmitate, 13C-HSQC-NOE spectra of the 
complex with I3C-labeled palmitate were recorded. This resulted 
in assignment of six methylene groups, and allowed 23 interprotein- 
ligand NOE-derived distance restraints. The 13C-labeling of palmi- 
tate made it possible to distinguish the methyl group and three 
additional proton resonances in the alpha end of the palmitate and 
three proton resonances in the  carboxyl  end of the  palmitate 
(Fig.  2). No restraints have been applied to the eight methylene 
groups in the middle of the chain. The protein residues close in 
space to the ligand are primarily hydrophobic residues in the core 
of the protein, but also the disulfide bridge, Cys13-Cys27, which 
links the second part of HA with HB is in the vicinity of the ligand. 

The NMR data, including 'H-NMR signals, coupling constants, 
stereospecific assignments, and the distribution of the sequential 
and medium range NOEs resemble the data of the free form of 
ns-LTPbarley. Thus, the secondary structure elements of the ns- 
LTPbarley in complex with palmitate are identical to the ones found 
in the free form. The  four disulfide bridges were likewise identi- 
fied by NOEs between P-protons in each pair, and Pro23 like in the 
structure of the free ns-LTPharley forms a cis-peptide bond (Heine- 
mann et  al., 1996; Lerche et  al.,  1997). 

Structure determination 

The structure calculations were carried out using the XPLOR 3.8 
protocol (Briinger, 1992). An evaluation in terms of identity and 
quality of the 20 lowest energy structures was performed partly by 
comparing the coordinates of the individual structures to a calcu- 
lated average structure and partly by calculating the average en- 
ergies  extracted  from the force  field used in the calculations 
(Table 1). When superimposed on an average structure the RMSD 
for the peptide backbone (N,Ca,C' and 0) is 0.81 f 0.15 A, and 
for all nonhydrogen atoms 1.22 f 0.20 A. In Figure ID the dis- 
tribution of the RMSD per residue is presented. The  RMSD for the 
two restrained ends of the ligand is 0.24 k 0.01 for the three 
residues in the carboxyl end  and  0.17 k 0.1 for the four residues 
in the methyl group end, respectively. The nonrestrained middle 
part of the acyl chain has a slightly higher RMSD of 0.6 -t 0.12, 
as seen in Figure 1E. The  RMSD  for the nonhydrogen atoms of the 
entire complex is 1.66 & 0.79 A (Fig. 3). Here, two significantly 
different conformations of the ligand are seen in the ensemble of 
20 structures. Two of the 20 structures differ from the remaining 18 
by placing four middle methylene groups of the acyl chain bent 
toward residues in helix HB. In the majority of the structures, the 
orientation of these methylene groups is toward helix Hc. 

The ligand is completely embedded within the hydrophobic pocket 
formed by residue V6, L14, and VI7 in HA; V31 and L34 in HB; 

V47, L51, and I54 in Hc; L61, L63, and I69 in HD, and I81 and 
I85 in the C-terminus (Fig. 4). The methyl group end of the palmi- 
tate makes contacts to Tyr79 and Arg44, placing this end of the 
ligand near the loop between HB and Hc. The other end of the 
palmitate, the carboxyl end, is situated near the loop between HA 
and HB close to the disulfide bridge, which keeps these two helices 
together. The H2 protons of the ligand make contacts to hydro- 
phobic residues in the C-terminus and to Ile69 in  HD. The carbox- 
ylate group of the ligand is within electrostatic range of both the 
-NH3+ group in Lys9 in HA and that of Lys72 in the far end of 
HD. However, there is no experimental observation that could 
support either of these latter interactions. 

Discussion 

Binding of a small and large  ligand to ns-LTPbarles 

The arrangement of the four cy-helices and the C-terminus is sim- 
ilar to the one seen in the structure of the free nS-LTPbarley. The 
RMSD between the backbone atoms (N,Ca,C',CO) is 1.33 8, for 
the two structures. When comparing the chemical shifts, the ap- 
plied distance restraints and the Ca-Ccy distances in the complex 
of ns-LTPbarley and palmitate with the similar parameters in the 
structure of the free ns-LTPbarley a uniform picture is formed. Over- 
all, there are no significant changes in chemical shifts between the 
two forms of ns-LTPbarley, although a few residues, Va177-Ile8  1, 
have changed up to 1 ppm (Fig. 5).  The perturbed residues are thus 
primarily in the C-terminal region, but also to a lesser extend in Hc 
and  in the second half  of  HA. The distance restraints applied in the 
structure calculation of the complex between nS-LTPbarley and palmi- 
tate are in most cases the same as those identified in the spectra of 
the free protein. Generally, the Ca-Ca distance differences in the 
two forms of ns-LTPbarley are small, and the differences are mostly 
seen in the C-terminus, which has moved closer in space toward 
the rest of the molecule (Fig. 6). This is opposite to the complex 
of ns-LTPbarley and the larger ligand PCoA. For this complex both 
chemical shifts and Ca-Ca distances significantly differs com- 
pared to the free form of ns-LTPbarley. It is noteworthy that the 
structural changes are recognized in the same regions in the two 
complexes compared to the free protein. The separation of  HB 
and Hc is in both complexes perturbed in order for the ligands to 
be accommodated in the protein structure. The position of the 
C-terminus in the complex with the larger ligand is pushed out- 
ward into the solvent, whereas in the complex between ns-LTPbarley 
and palmitate it has come closer in space to especially HB than in 
the free protein. The different behavior of the C-terminus, when 
ns-LTPharley binds the two different ligands, suggests that this part 
of the ns-LTP structure can be very flexible. 

Binding of palmitate  to  barley and maize ns-LTPs 

The complex between ns-LTPbarley and palmitate is the fourth ns- 
LTP structure in complex with a ligand to be reported. This work 
is a parallel study to the ns-LTP,,,,, complex with palmitate, and 
an extension of previous work with the complex of PCoA and 
nS-LTPbarley.  In the case of palmitate binding, the three-dimensional 
structure undergoes only significant structural perturbation in the 
corresponding residues, 77 through 83 of the C-terminus. How- 
ever, a comparison of the actual interactions between the ligand 
and the protein in the two complexes makes it clear that although 
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Fig. 1. Assessment and summary of structural restraints. A: The NOE distribution in complexed ns-LTPh,,,,, shown in stacked bars. 
Intraresidual NOEs (hottom black). sequential NOEs (dark  dots). medium range NOEs (light dots), and long range NOEs (top black). 
Boxes indicate the positions of a-helical structure. R: The NOE distribution of protein-ligand NOEs. Light squares represent NOEs 
between the protein and the methyl group  or  either of the three additional restrained methylenes in the omega end of the ligand. Dark 
squares represents NOEs between the protein and  either of the three restrained methylenes in the carboxyl end of the ligand. C: Average 
4, J/ ,  and x' angles extracted from the ensemble of 20 model structures. Boxes indicate the restraints applied. D: The RMSD for the 
complexed protein. The top figure show the RMSD of the backbone atoms (N,Ca.C' and 0). The bottom figure show the RMSD of 
all nonhydrogen atoms. E: The RMSD for the ligand. The ligand methylenes have been grouped according to the restraints applied: 
in order of appearance i t  is the carboxyl group, the first three methylene groups in the alpha end (C2. C3. C4). the middle nonrestrained 
eight methylenes (CS-CC), the methyl group (CG), together with the three last methylenes (CD. CE, CF). all nonhydrogen atoms. and 
finally. all ligand atoms. 
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Fig. 2. HSQC-NOE spectrum.  Diagnostic  ligand NOES. Lines  indicating the NOE pattern of the  assigned two ends of the  palmitate. 

Fig. 3. A stereo  view of an NMR bundle of the  complex  between  ns-LTPbarley  and  palmitate.  The 20 structures  are shown as a 
superposition of the  peptide  backbone. HA (red), HB (orange), Hc (blue), HD (cyan), and  the  ligand is colored  according to atoms, 
carbon  (green),  and oxygen (red). 
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Table 1. Structural statistics of  the family of 20 structures 
representing the complex between ns-LTPba,lq and palmitate 

Distance  restraints 
Intraresidual 152 
Sequential (Ji - j I = I) 218 
Medium range ( l i  - j I < 5) 199 
Long  range ( l i  - j I > 5) 174 
Intraligand 11 

Protein-ligand 23 
Hydrogen  bonds 35 

Dihedral  angle  restraints 
4 53 
X' 37 
X2 10 

Deviations from experimentally  derived restraints (per structure) 
NOE  violations > 0.3 A 0.1 
RMSD 0.029 f 0.002 
Angle  violations > 5" 0.05 
RMSD 0.41 f 0.086 
Hydrogen  bonds > 0.3 A 0.4 

Deviations from ideal geometry (RMSD) 
Impropers (A) 
Bonds (A) 
Angles (") 

Xplor38  energies (kcal mol")' 
Bond 
Angle 
Dihedral  angle 

Van der Waals 
Electrostatics 
Hydrogen  bonds 
NOE 
Dihedral angle restraints 

Impropers 

Procheck (RMSD)b 
4 and $ angles lying  in the core 

H-bond  energy SD (kcal/mol) 
x' pooled SD (") 
x' trans SD (") 

region of 'the Ramachandran  plot (%) 

RMSD with  respect to the  mean structure (AIc 
HA 
HB 
Hc 
HD 

Backbone  atoms (N, Ca, C',  and 0) of protein 
All nonhydrogen  atoms  of  protein 
All nonhydrogen atoms ligand 
All  nonhydrogen  atoms  complex 

0.42 f 0.02 
0.013 f 0.0003 

3.07 f 0.046 

45.76 t 1.61 
378.48 f 10.57 
487.21 f 10.24 

10.16 f 1.024 
-299.24 t 9.93 

- 1,456.36 f 29.85 
- 137.64 f 8.9 

28.26 f 3.19 
0.0068 f 0.0029 

71.1 Equiv.  res. 2.8 8, 
0.9 Equiv.  res. 2.2 8, 

24.6 Equiv. res. 2.8 A 
22.9 Equiv.  res. 2.5 A 

0.24 f 0.06 
0.24 f 0.06 
0.19 f 0.05 
0.29 +- 0.07 

0.81 f 0.15 
1.27 f 0.20 
1.65 f 0.79 
1.46 t 0.49 

'These  energy  terms  are  calculated  using  the full C H A R "  force field 

bCalculated using PROCHECK-NMR (Laskowski et al., 1993). 
T h e  mean structure was  calculated  by the fitting of N, Ca, C', and 0 for 

implemented in XPLOR. 

al l  residues. 

half  of HA and in HD. This is the  complete  opposite  in  the 
barley  complex. 

It  has  previously  been  suggested  that  the  binding site of  ns- 
LTPmaize is a  hydrophobic  groove  in  the  globular  structure, which 
is covered  by the  C-terminal  peptide  to  form  a  tunnel  with  a  wide 
opening in one  end  and  a  narrow  opening in the  other  end (Shin 
et al., 1995). The  wide  opening  is  considered  to  be  the  entrance. 
This  is  where  the  carboxylate  binds.  The  narrow  opening is con- 
sidered  a  closed  exit. This is where  the  methyl  group  binds.  The 
present  structure of  ns-LTPbaley in complex  with  palmitate, as well 
as  the  structure of the  complex  with  the  larger  and  acylated  ligand 
palmitoyl  coenzyme A, both  have  the  methyl  end of  the  fatty  acid 
at the  site  that  corresponds to the  carboxylate  site  in  ns-LTPmdze. 
In  ns-LTPhIey it seems  unlikely  that  the  larger  acylated  ligand 
could  have  entered at the  site  corresponding  to  the  proposed  en- 
trance in the  maize  protein. This difference  in  binding  mode  would 
suggest  that,  in  terms of  the  narrowing tunnel  model,  the  corre- 
sponding  entrance  and  exit in the  maize  and  barley  proteins  have 
been  interchanged. 

Instead,  the  different  binding  modes  seen in the  complexes of 
the  maize  and  barley  proteins  may  suggest  that  the  binding  is 
accomplished  after  a  relocation of the  C-terminal  peptide  that  ex- 
pose the hydrophobic  cavity  and  make an attachment of the  hy- 
drophobic  ligand  possible. A repositioning  of the  C-terminal  peptide 
over  the  ligand may  then exclude the hydrophobic  ligand  from 
nonfavorable  contacts with  water. This model  would explain  the 
properties of  both proteins for encapsulating  a  large  hydrophobic 
ligand.  Closing  over  a  larger  ligand  will  require  a  curl-up of  the 

Fig. 4. The complex between ~ S - L T P ~ , ~ ~  and  palmitate is shown as van 
corresponding  hydrophobic  residues  make  contact, the contacts der Ns-LTPb=lv is shown ribbon structure. palmitate is 

are different* In the maize the end Of the (red) and  shown in CPK  presentation. The hydrophobic  residues  con- 
colored  according to atoms,  carbon (green), hydrogen (white), and  oxygen 

P a t a t e  is in close to and m79, and  the  me- stiuting the  hydrophobic  pocket are colored  red  and  presented in CPK 
thy1 group  makes  contacts  to  hydrophobic  residues in the second presentation. 
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Fig. 5. Differences in chemical shift of  backbone HN and H" in liganded 
and unliganded  nS-LTPbarley.  determined  at pH 7.2. (A) The  differences in 
HN;  (B) the  differences in H". Bars  above  the  centered  zero  line  represent 
the  comparison  of  the  free  form of ns-LTPbarley and the  complex  with 
PCoA.  Bars  below  the  centered  zero  line  represents  the  comparison of the 
free  form  of  nS-LTPbarley  and the complex with palmitate.  Changes in 
chemical  shifts are primarily identified in the  C-terminal  region  of  espe- 
cially residue  Va177-Ile8 1. 

ligand and reposition the lid further apart from the rest of the 
protein than position in the native form of the protein, as seen for 
the binding of PCoA. 

A polar residue attached to the hydrophobic ligand will have to 
reside outside the binding site at a position determined by the 
orientation of the ligand in the binding site. 

Binding of larger ligands to ns-LTP 

The reported complex between DMPG  and ns-LTPwheat differ to 
some extend from the ns-LTPmai,, and ns-LTPharley complexed with 
palmitate. The RMSD between the free ns-LTPWheat structure and 
the structure of ns-LTPwheat in complex with DMPG is slightly 
larger, suggesting that the much larger ligand alters the protein 
structure to a greater extend than for the complexes with palmitate 
(Table 2). From the kinemage of the two forms of ns-LTPWheat in 
the report on the complexed ns-LTPWheat structure (Sodano et al., 
1997), i t  is evident that the perturbed residues in the C-terminus of 
the complexed ns-LTPWheat are pushed outward into the solution. In 
the structures of maize and barley LTP  in complex with palmitate, 
the C-terminus is closer to its positions in the respective free 
forms. In this respect the ns-LTPwheat complex resembles the com- 
plex between ns-LTPbarley and PcoA. 
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Fig. 6. Ca-Ca distance  differences  between the liganded and unliganded 
ns-LTPh,ley  structures.  Above  diagonal: Ca-Ca distance  differences  be- 
tween  the  free  nS-LTPbarley and the  palmitate  bound  nS-LTPb,ley.  Below 
diagonal: Ca-Ca distance  differences  between  the  free  ns-LTPbarley and the 
PCoA  bound  ns-LTPb,ley.  The  comparison was performed  using  the min- 
imized  average  structures,  calculated  from  the  three  sets of structures. 
Open  circles  indicate that the  complex has expanded  compared  to  the  free 
form  and  filled  squares  indicate a compression of  the  complex  structure 
relative  to  the  free  protein.  The  circles and squares  are  increasing in size 
representing  differences  in  distances  from i-2 to *8 A. Boxes  indicate 
sites  for  potential  helix-helix  interactions. 

Binding modes of ns-LTPs 

A comparison of the binding modes of different ns-LTPs sug- 
gests that these proteins have the capability of expansion or 
contraction. The result also suggests that the extend of expan- 
sion may depend on the volume of the lipophilic part of the 
ligand molecule. The analysis suggests that the C-terminal pep- 
tide of ns-LTP may play an important role in the interaction 
between these proteins and their ligands. From the known struc- 
tures of  ns-LTPs in a protein-ligand complex, it is clear that the 
C-terminal peptide is capable of contracting the protein structure 
as well as expanding the structure, depending on the volume of 
the ligand (Fig. 7). It is, therefore, possible that the ligand bind- 
ing and release of  ns-LTPs are controlled by the C-terminal 
peptide. 

In the complex between ns-LTPharley and PCoA, both the acyl 
chain and the hydrophobic parts of the CoA molecule are accom- 

Table 2. RMS differences between ns-LTP structures 

ns-LTP,,,,,-Pal/ns-LTP,,,, 0.53 A 
ns-LTPb,,,y-PCoA/ns-LTPb,l,y 2.26 A 
nS-LTPb,l,y-Pal/nS-LTPb,,~y 1.33 A 
ns-LTP,h,,,-DMPG/ns-LTPw,,eat 1.40 & 

aOnly  helical  areas  superimposed. 
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Fig. 7. A comparison of the two ns-LTPb,l,  complexes and the  ns-LTP&ze  complex. All protein  structures  are  shown  as ribbon 
structures, and the  ligands  are in CPK presentation  and  colored  according to atoms,  carbon  (green),  cysteine  (yellow),  oxygen  (red), 
and nitrogen (blue). The helices are. labeled in each structure.  In  the  upper  picture of ns-LTPb,ley in complex with PCoA, all the 
hydrophobic  parts of the ligand is  shown  (palmitoyl,  cysteamine, and pantothenic  acid),  whereas  only  palmitate  is  shown in the lower 
picture of the same  complex. 

modated in the  hydrophobic  pocket of  the  protein. This  large hy- 
drophobic  ligand  causes  a  major  conformational  change  in  the 
ns-LTP  compared to the minor  structural  perturbations  seen  in the 
complexes  with  palmitate  (Fig. 7). Binding  studies  have  shown 
that  acyl-CoA  esters  bind  more  tightly to ns-LTPs  than  the corre- 
sponding  fatty  acids,  though  none of the  measured  binding  con- 
stants  suggest  the  binding to be  highly  specific.  The  hydrophobic 
parts of the  PCoA  ligand  matches an  n-alkonoic  acid  of a homo- 
logue  range of  26  carbon  atoms. This is  one of the  most  common 
plant  epicuticular  wax  constituents. From the  location of  ns-LTPs 
in cell  walls (Thoma et al.,  1994),  and  from the detection of  high 
concentrations of these  proteins in the  surface wax (Pyee & Kolat- 
tukudy,  1994)  along  with  the  reported  binding  abilities,  it  is  pos- 
sible  that the biological  importance of these  proteins may  be  to 
contain  these very  long  acyl  monomers  necessary for the  biosyn- 
thesis of cutin. 

The  different ns-LTPs also  seem  to  use  the  hydrophobic  binding 
pocket  differently. A sequence  comparison of the  three  species for 
which  their  ligand  binding  has  been  examined  reveals  a  single 
mutation  in  the  binding  site of the barley  protein. In ns-LTPbmley 
the  charged  Lys9  replaces  the  corresponding  conserved  hydropho- 
bic position of the other ns-LWs. This lysine  residue  facilitates the 
formation of a  hydrogen  bond  or  salt  bridge  between  the  carbox- 
ylate of the  fatty  acid  and  the  amino  group of the  lysine.  The 
comparison of the maize  and  barley  ns-LTP  in  complex  with  palmi- 
tate  suggests  that  this  mutation may  be responsible for the  inver- 
sion of the  coordination of the  ligand. 

The  difference  in  binding  mode  between  maize  and  barley LTP 
may suggest  that ns-LTPs in different  species  could  serve  slightly 
different  biological  functions. 

Materials and methods 

Sample preparation 

ns-LTPbarley  was  isolated  and  purified  as  described  previously 
(S~rensen et al.,  1993;  Lerche et al.,  1997).  I3C-Labeled  palmitate 
was purchased  from  Cambridge  Isotope  Laboratories,  Inc.  (Cam- 
bridge,  Massachusetts). Two different  samples  were  prepared  from 
lyophilized  material: [bLTP]/[C16]:[2  mM]/[6  mh4]  and  [bLTP]/ 
[13C16]:[1.8  mM]/[6.2 mM] in  600 pL solutions.  The pH  was in 
both  samples  adjusted  to  7.2. 

Recording  and processing of NMR data 

All NMR spectra  were  recorded  at  3  10  K  on  a  Bruker  AMX600 
spectrometer  operating at a  frequency  of 600 MHz for ’H.  A  series 
of  homonucleus spectra  were  recorded  including  DQF-COSY (Pi- 
antini et al., 1982),  TOCSY  (Braunschweiler & Ernst,  1983),  and 
NOESY  (Kumar  et  al., 1981). All spectra  were  recorded  with  512 
and  2,048  complex points in the f1 and  the t2 dimensions,  and  the 
spectral  width  was  7,246  Hz.  The  distance  restraints  have  been 
derived  from  NOESY  spectra  recorded  with  mixing  times of 80, 
120,  and  200  ms.  The  free  induction  decays  were  zero  filled  to 
1,024  and  4,096  complex  points,  respectively,  in  the tl  and tz 
dimensions and multiplied  with  a  phase-shifted  sine-bell  function 
in  the tl dimension  and  a  sine  function  in  the rz dimension. To 
determine  the 3JH~He coupling  constants  (Ludvigsen et al., 1991) 
both  the  DQF-COSY  and  the 80 ms NOESY spectra  were  multi- 
plied  with  a Plfive phase-shifted  sine-bell  in  both  dimensions. 
Two  TOCSY spectra  were  recorded  one  with  a  mixing  time of 
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44 ms  and  one with 30 ms. The  TOCSY spectra were likewise zero 
filled to 1,024, and 4,096 complex points in the t ,  and t2 dimen- 
sions and subsequently multiplied with a phase-shifted sine-bell 
function in the t l  dimension and an exponential function in the 
t2 dimension. Two types of heteronuclear spectra were recorded, 
an HSQC (Bodenhausen & Ruben, 1980) and an HSQC-NOE 
(Muller et al., 1987) experiment. In these experiments 256 com- 
plex points were recorded with 512 transients in the t l  dimension 
and 2,048 complex points in the t2 dimension. The spectral width 
in the "C-dimension was 4,448 Hz. Two HSQC-NOE spectra 
were recorded with a mixing time of 120 and 200 ms, respectively. 
To obtain quadrature detection in t l  and pure line shapes, the 
method of States-TPPI was used in all recordings (States et al., 
1982). The recorded data were processed using the MNMR (Kjaer 
et al., 1994) or the XWINNMR software packages (Bruker, Karls- 
ruhe, Germany). 

Structure determination 

The assigned NOE cross peaks were divided into three classes 
according to the intensities, strong, medium, and weak. These were 
translated to distance restraints, 1.8-2.8, 1.8-3.7, and 1.8-5 A, 
respectively. In case of methyl groups, the upper limit distance was 
increased by 0.5 8, (Clore  et al., 1986). Secondary structure hy- 
drogen bonds were initially identified in the calculated structures 
and subsequently included as restraints in the final structure cal- 
culations. For N-0  distances 2.9 f 0.2 A, and in the case of HN-0 
distances 1.95 k 0.15 A. The 4 angles were derived from the 
measured 3JHyHm coupling  constants, and the measured inten- 
sity of the corresponding HN-H" NOE cross peak (Andersen & 
Poulsen, 1992). The 4 angles were restrained by k40" to the 
rotamer at either - 120, -57, or 60.  The side-chain dihedral angles 
were retrained by +60" to the determined rotamer at -60, 60, 
and 180. 

Initially, redundant distance information in the NOE-derived 
distance restraints were removed using the DIANA program (Gun- 
tert et al., 1991). Subsequently, the standard protocol and standard 
parameters of XPLOR version 3.8 were used to calculate structures 
of the complex. Forty protein structures of the ns-LTPharley com- 
plex with palmitate were calculated in the absence of the ligand. 
None of these structures had distance violations exceeding 0.3 A 
and angle violations beyond 5". These structures were combined 
one by one with calculated random structures of the ligand using 
the XPLOR 3.8 protocol. The 40 structures of the complex were 
further refined in a restrained dynamic step making use of the full 
CHARMM potential. All calculations were performed on an Ori- 
gin 200 (SGI). The structures were visualized on an Octane (SGI) 
and analyzed using the XPLOR 3.8 program, the WHAT-CHECK 
program (Hooft et al., 1996),  and the computer  program 
PROCHECK-NMR (Laskowski et al., 1993). The coordinates of 
an ensemble of the 10 lowest energy structures of the complex 
have been deposited in PDB, and are accessible by the accession 
code lbe2. 
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