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The molecular structure of an insect fatty-acid-binding
protein isolated from Manduca sexta
L. has been determined
and refined to a nominal resolution
of 1.75 A. Crystals used in the
investigation
were grown from 1.6 M-ammonium
sulfate solutions buffered at pH 4.5 with
50 mlvr-sodium succinate,
and belonged to space group P2, with unit cell dimensions
of
a = 27-5 A, b = 71.0 A, c = 28.7 A and B = 90.8”. An electron density map, phased with four
heavy-atom
derivatives
and calculated
to 2.5 A resolution,
allowed for complete tracing of
the 131 amino acid residue polypeptide
chain. Subsequent
least-squares
refinement
of the
model reduced the R-factor
from 46.09/, to 17.3O/” using all measured X-ray data from
30.0 A to 1.75 A. Approximately
92 “/b of the amino acid residues fall into classical secondary
structural
elements including ten strands of anti-parallel
b-pleated sheet, two a-helices, one
type I turn, three type II turns, four type II’ turns and one type III turn. As in other fattyacid-binding
proteins, the overall molecular architecture
of the insect molecule consists of
ten strands of anti-parallel
B-pleated sheet forming two layers that are nearly orthogonal
to
one another. A helix-turn-helix
motif at the N-terminal
portion of the protein flanks one
side of the up-and-down
/?-barrel. The functional
group of the fatt,y acid is within hydrogenbonding distance of Gln39, Tyr129,
Arg127 and a sulfate molecule, while the aliphatic
portion of the ligand is surrounded
by hydrophobic
amino acid residues lining the B-barrel.
The binding of the carboxylic
acid portion of t’he ligand is very similar t’o that observed in
P2 myelin protein and the murine adipocyte lipid-binding
protein, but the positioning
of the
hydrocarbon
tail after approximately
(16 is completely
different.
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1. Introduction

proteins:

vast variation
among these animals, and many have
reasonably
short life cycles. Also of importance
is
the fact that experiments
with insects are not
subject to the limiting regulations
imposed on vertebrate systems.
The validity
of insects as models for structural
investigations
of lipid-protein
interactions
has been
demonstrated
within
the last five years by the
X-ray
crystallographic
studies
of insecticyanin
isolated from the tobacco hornworm,
Manduca sexta
protein
L. (Holden
et al., 1987). bilin-binding
obtained from Pieris bras&cue (Huber et al., 1987).
and apolipophorin-III
purified
from the African
migratory
locust, Locusta migratoria (Breiter et al.,
1991). In the case of insecticyanin
and bilin-binding

In recent
years it has become
increasingly
apparent that insects can provide valuable information regarding lipid metabolism
in general, and can
serve as ideal model systems for lipid-transport
protein structure
and function studies. The advantages of working
with insect systems are indeed
numerous (Law & Wells, 1988). For example, many
insect species can be reared in the large numbers
required for biochemical
studies with less laboratory
maintenance
than their vertebrate
counterparts.
In
addition, their tissues tend to be less fragile, there is
t Author to whom all correspondence should he
addressed.
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protein. bot’h are involved
in the transport
of the
y-isomer of biliverdin
IX and both contain eight
strands of anti-parallel
b-pleated
sheet forming
a
barrel that is flanked on one side by an a-helix of
approximately
4.5 turns. While this type of threedimensional
architecture
had already been observed
in the X-ray models of human serum retinol-binding
protein (Sewcomer
et al., 1984; Cowan rt al.. 1990)
and bovine b-lactoglobulin
(Sawyer et al., 1985;
Monaco et al.. 1987). it was the structure determinations of the insect proteins that suggested this fold
to be more common t,han was once anticipated.
By
contrast,
until the three-dimensional
struct’ure
of
the insect apolipophorin-III
had been determined,
there had been no direct visualization
of an apolipoprotein.
Subsequent
X-ray
crystallographic
analyses
of a fragment
of apolipoprotein
E.
however, revealed that the human molecule has a
very similar
st,ructural
motif of an up-and-down
helical hundle as observed
in the insect protein
(Wilson et ul., 1991).
Like any organism
with a circulatory
system,
insects must possess a mechanism
by which longchain fatty acids can be safely transported
throughout hot h intraand extracellular
compartments.
Cytosolic
fatty-acid-binding
proteins
appropriate
for this purpose have recently been identified in the
tlight muscle of t’he migratory
locust, Schistocerca
yrryaria
(Haunerland
& Chisholm,
1990), and from
t,he midgut of Manduca sexta L. (Smith et al., 1992).
In the midgut cytosol of Manduca sexta L.. there are
t.wo abundant
fatty-acid-binding
proteins
referred
to as MFBI and MFBZ. They are 55.7”/;, identical
with
respect
to amino
acid sequence
and are
restric+d
to the midgut (Smith et al.. 1992). MFBl
is found predominantly
in the anterior
two-thirds
while MFB2 is located in the posterior two-thirds
of
the midgut. Both have relative molecular masses of
approximately
14,000 and both have been demonstrat,ed to contain bound fatty acids in a 1 : I molar
ratio. Interestingly,
in the MFB2 molecule there is a
I,vsine residue that is tvpically
an arginine residue in
other fatty-acid-binding
proteins
(Smith
et al..
1992).
Here we describe the crystallization,
structure
determination
and refinement
to a nominal resolution of 1.75 19 of MFB2 (1 a = 0.1 nm). At present.
the three-dimensional
structures
of five fatty-acidbinding
proteins
from
vertebrate
sources have
already been determined
to various resolutions:
the
fatty-acid-binding
protein
from
rat
intestine
(Sacchettini
et Al., 1988). 1’2 protein from the bovine
peripheral
nervous
system
(Jones et al.. 1988),
cahickrn
liver
basic
fatty-acid-binding
protein
(Scapin et al.. 1990), the fatty-acid-binding
protein
from bovine heart muscle (Miiller-Fahrnow
et al..
1991) and the murine adipocyte
lipid-binding
protein (Xu et al., 1992). All five proteins contain ten
strands of anti-parallel
p-pleated sheet and a helixturn-helix
mot,if. The long chain fatty acid binds in
the interior of the up-and-down
p-barrel. While the
overall three-dimensional
architecture
of the insect
molrc>ule t)o be described
here is similar
to that
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observed in the forementioned
vertebrate
proteins,
the long chain fatty acid binds to the protein in a
completely
different
manner.
The
X-ray
coordinates
for MFB2 have been deposited
in the
Brookhaven
Protein
Data Bank (Bernstein
et al..
1977) or may be obtained immediately
clia:
HOLDEN@VMS.MACC.WISC.EDC
(INTERNET)
or HOLDEN@WTSCMAK
(BTTNET).

2. Materials and Methods
(a) C’rystallization and preparation
heavy-atom deritlatices

Of

The fatty-acid-binding
protein referred to as MFR2 was
from day-2 5th.instar-larval
midgut
tissue as
previously
described
(Smith et al.. 1992). Crystallization
trials were conducted
by the hanging drop method of
vapor
diffusion
(for a review,
see McPherson.
1982).
Micro-crystals
were first’ observed
growing
overnight
onI>
at low
pH
in droplets
equilibrated
against
3.0 M-ammonium
sulfate. Subsequently.
somewhat
larger
rrystals
were grown more slowly from 1.8 M-ammonium
sulfate
solutions
containing
50 mM-Na+/K
’ succinate.
5 mM-KaEu’, (pH 45). These crystals were still not large
enough for X-ray data collection,
however. and t,ended to
grow as bundles of rods. Attempts
to grow crystals
at
higher pH values were not successful.
To ensure a reproducible
supply of single crystals,
the
technique
of macro-seeding
was subsequently
employed
with the sitting drop method of vapor diffusion
(Thaller et
al.. 1985). For these experiments,
20 ~1 of protein
at
11 mg/ml and buffered
with
10 mM-N-d-h?rdroxyethylpiperazine-W2-ethanesulfonic
acid (Hepes), pH 7.0, were
mixed with 20 ~1 of a 1.4 M-ammonium
sulfate solution
containing
50 miw-h-a+/K+
succinate.
5 mM-NaN3
(pH 4.5). These droplets
were equilibrated
for 5 days in
glass Petri
dishes against
10 ml of I.4 M-ammonium
sulfate. buffered
with 50 mM-succinate
at pH 4.5. Small
protein crystals previously
grown in hanging drops were
then rapidly washed in 1.0 M-ammOniUm
sulfate solutions
at pH 4.5 and transferred
to the equilibrated
sitt,ing
drops. At the time of the seeding process, the solution in
the bottom of the Petri dish was replaced with 10 ml of a
1.B M-ammonium
solution
buffered
sulfate
with
50 mM-succinate
at pH 4.5. All crystallization
experi-

isolated

ments were conducted

at room temperature

and were

generally
complete within 4 weeks.
Based on precession
photographs
recorded
with
a
conventional
rotating
anode X-ray
source and p = 13”,
the crystals were assigned to space group f’21 with unit
cell dimensions
of a = 27.5 A, h = il.0 A. c = 2&7 b and
j = 9OW. The asymmetric
unit contained
1 molec*ule.
From still setting photographs.
the maximum
resolution
of measurable
X-ray
data was estimated
to be 1.7 A
resolution.
For the preparation
of heavy-atom
derivatives,
crystals
were transferred
to a synthetic
mother liquor containing
1.X M-ammonium
sulfate,
50 mM-succinat’e,
5 rnM-NaN,
(pH 45) and various
heavy-metal
reagents.
Precession
photography
was used to monitor
the binding
of the
heavy atoms to the crystalline
protein. Four isomorphous
heavy-atom
derivatives
were readily prepared by soaking
the protein
crystals
in 5 mM-K3C02F5
for 7 days.
1 mM-UO,(OCOCH,),
for 48 h, 2.5 mM-NaAu(‘1,
for 20 h.
and 2.5 mM-KaAuCl,
for 24 h followed
by “backsoaking”
in synt,hetic
mother liquor for 1 h. The gold derivative
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I?merge(%o)§
Total reflections
measured
Independent
reflections

Anomalous measurements
Resolution (A)
i\verage isomorphous
differences

(0+)11

? Single site derivative.
$YDouble site derivative.
5 R = CIZ- f@Z. Rmergegives the overall agreement between symmetry-related
reflections.
II R = ~IF,I-IF,I/EJF,J,
where lFNl is th e native structure factor amplitude and JF,,J is t)he derivative

was of particular
interest in that the soaking solution was
bright yellow but the crystals turned very deep purple.
t,hus indicating
a change in the co-ordination
geometry of
the gold ion upon binding to the protein.
Before
the search
for heavy-atom
derivatives
was
initiated,
several attempts
were made to solve the strucaturr of the insect protein by molecular
replacement
using
of the P2 myelin
as a search model the X-ray co-ordinates
protein generously
supplied to us by Dr T. illwyn
,Jones.
A convincing
solution
to t,he rotation
and translation
function
was never obtained,
however, and in light of the
fact that heavy-at,om
derivatives
were easily prepared,
it
seemed prudent to proceed with the structure
determinat’ion by multiple
isomorphous
replacement.
Tn retrospect.
a comas suggested by the reviewer
of this manuscript.
posite search model derived from the X-ray co-ordinates
of the 5 previously
determined
fatty-acid-binding
proteins
may
have provided
a more effective
search model for
molecular
replacement,
(t)) X-ray

data

collection

and

processing

Three-dimensional
X-ray data sets were collected from
the native and the 4 heavy-atom
derivative
crystals
to
1.75 A and 2.5 a resolution,
respectively,
at 4°C with the
Siemens XlOOOD area detector system. These X-ray data
were subsequently
processed
with the data reduction
software
XDS (Kabsch,
1988a,b) and internally
scaled
according
to the algorithm
of Fox & Holmes (1966) as
implemented
by Dr Phil Evans.
Friedel
pairs were
measured for 2 of the heavy-atom-derivative
X-ray data
sets, namely the double site NaAuCl,
derivative
and the
K,l:O,F,
derivat,ive.
Crystals used for X-ray data collection were typically
0.5 mm X 0.5 mm X 0.2 mm in size.
Only 1 crystal was required per X-ray data set. The X-ray

structure

factor

amplitude.

source was nickel-filtered
copper Kcr radiation
from a
Rigaku RU200 X-ray generator
operated
at 50 kV and
50 mA. Each heavy-atom-derivative
X-ray data set was
placed on the same scale as the native X-ray data set by a
“local”
scaling
procedure
developed
at the Enzyme
Institute.
University
of Wisconsin,
by Drs G. Wesenberg.
W. Rypniewski
and I. Rayment.
With this method. the
scale for a particular
reflection
was computed
from the
neighboring
reflections
in a volume defined by a sphere or
a rectangular
prism. The relative contribution
of a reflertion to a scale factor
was weighted
according
to the
distance
of the reflection
from
that which was to be
scaled. Relevant’ X-ray data collection
and scaling st,atistics may be found in Table 1. The native X-ray data set
contained
96%
of the total
t)heoretical
number
of
observations
tjo 1.75 !I resolution.
((3) Computational

mathods

The binding positions of the heavy atoms to the crystalline protein were determined
by inspection
of appropriate
difference
Patterson
maps calculated
with X-ray
data
from 30 a to 5.0 A and were placed on a common origin
Fourier
maps. Each uranyl
derivative
by difference
displayed
1 unique metal-binding
site. The derivativtx
prepared by soaking a crystal in NaAuCl,
for 20 h had 2
heavy-atom-binding
sites, whereas the derivative
from
NaAuCl,
that had been subsequently
“backsoaked”
in
synthetic
mother
liquor
had only
I of these sites.
Positions,
occupancies
and thermal
paramet,ers
for the
with the
heavy atoms were refined to 2.5 a resolution
origin-removed
Patterson-function
correlation
method
(Rossmann,
1960; Terwilliger
& Eisenberg,
1983). These
refined parameters
may be found in Table 2. Anomalous
difference
Fourier
maps (Lalculated from 30 .& to 5.0 A

Table 2
Re$ned heavy atom parameters

Site no.

Relative
occupancy

s

!/

l:O,(OCOCH,),

I

147560

0.2417

04000

0 1069

NaAuCl,
NaAuCI,

1
1
2
1

89982
95943
12.3940
-5.7741

o-4441
0.4346
04460
0.872”

- W2060
-0.1141
-0~2031
- 04149

0.9499
0.8860
09492
(b7596

Derivative

K,I’O,F,

+. v, z are the fractional

atomic

co-ordinates.

z

Location
Between
Lys20
Side-chain
Bide-chain
Between
Between
Awl4

turn

45-48

and symmetry-related

His92
His92
Met41. LyslO5 and Tyrl07
Asp46 and symmetry-related
aud Asp16
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Table 3
Phase calculation statistics
Resolution
m-8%6

5.64

$42

3.76

range
332

3.0 1

*77

2.58

No. of reflections

153

323

398

469

538

590

634

660

Figure of merit
Phasing power (I’O,(OCOCH,),)

0.81
1.13
1.74
1.64
2.68
1.02
1.59
1.05
1.09

0.82
1.69
164
1.55
2.24
1.95
2.30
0.59
0.89

0.77
1.11
1.45
1.23
1.64
125
I .68
058
065

0.71
0.95
1.08
1.16
1.33
1.09
1.29
O-43
0.58

0.71
983
1.15
1.43
1.53
1.13
1.54
638
0.55

0.69
1.13
1.33
1.70

063
I.17
l.l!I
I.70
I+%
1%
146
0.40
0.56

0.57
2. I 8
1.49
1.30
141
1.01
1.:io
032
0.55

Phasing power (SaAu(!l,)‘f’
Phasing power (NaAu(IJ$
Phasing power (K,L’O,Fs)

Centric
Acentric
Centric
Acentric
Centric
Acentric
Centric
Acentric

Phasing power is the ratio of the root-mean-square

heavy-atom

scattering

factor amplitude

l$if.?
1.01
1.73
656
956

to the root-mean-square

lack

of closure

error.
t Single-site derivative.
JoDouble-site derivative.

were used for det,ermining the correct hand of the heavyatom c>onstellation. Protein phases were calculated with
the program HEAVY (Terwilliger & Eisenberg, 1983) and
relevant phase calculation statistics are given in Table 3.
The phasing included the anomalous scattering information from 2 of the heavy-atom derivatives.
A polyalanine peptide chain, based on the P2 myelin
protein. was globally rotated into an electron density map
calculated
with X-ray data from 30 A to 2.5 A using an
Evans and Sutherland PS390 graphics system and the
molecular modeling program FRODO (Jones, 1985). For
the most part,, the electron density was very well defined
except at several surface loops connecting the b-strands.
The
“globally”
fitted polyalanine
model was then
manually adjusted to the electron density. Subsequently,
protein phases based on the model were calculated with
TPU’T (Tronrud et al., 1987) and
the software package
combined with the phases determined from the heavyatom derivatives
according to the algorithm
of Dr
Randy J. Read (1986) who kindly supplied us with the
software. Calculation of another electron density map to
2.5 A%resolution with these “combined” phases allowed
for the positioning of most of the amino acid side-chains.
Least-squares refinement of the model was then initiated
at 25 A resolution with the package TNT. The starting
R-factor was 46%. When the R-factor had dropped to
300/,,, the refinement was extended to 1.75 A resolution.
Once t,hr R-value dropped to 25% for all measured X-ray
dat,a from 30 A to 1.75 A, solvent molecules were system-

atically added to the X-ray co-ordinate set. Peaks of
electron density were considered to be ordered solvent
molecules if they were within 32 A of potential hydrogenbonding groups, and if they appeared in both electron
density maps calculated with 12F, - F,l and IF0- F,l coefficients and contoured at lo and 30, respectively. All
positions and temperature factors for the individual protein atoms and the 71 solvent molecules were refined. The
occupancies of the solvent molecules were set to unity.
Bond lengths and angles for the hydrocarbon chain of the
fatty-acid
ligand were restrained to typical
values
observed for carbon-carbon
single bonds and for sp3
hybridized carbon atoms, respectively. The carboxylic
acid moiety was restrained to be planar and to maintain
typical carbon-oxygen
bond lengths observed for other
carboxylic acid groups. Reduction of the R-factor from
46% to 17.3% took approximately
2 weeks and required
16 cycles of refinement and manual model building.
Relevant refinement statistics may be found in Table 4
and the distribution of the mean main-chain temperature
factors is given in Fig. 1.
I - ‘-

r’

7 ’ 9 ”

”

”

”

/ ’ 7 ”

Table 4
Refinement statistics
Resolution limits (A)
Final K-factor (‘!:,)t
No. of reflections used
No. of atoms
Weighted root-mean-square
Bond length (4)
Bond angle (deg.)

deviations

390-1~75
17.3
10,674
1090
from ideality
0016
2+X30

Planarity (trigonal) (A)
Planarity (other planes) (A)
Torsron angle (deg.)1
t I&factor = elf,,,-F,,,,I/ZIF,,,I.
1:The torsion angles were not restrained

0.005
0.006
18831
during refinement.

30

60

90

120

Residues

Figure 1. Plot of the mean R-value versu.s amino acid
residue for all main-chain atoms. Most of the amino acid
residues have mean B-values well below 300 A2 except for
Ser34 and Ser52, both of which adopt alternate conformations. Asn44, Gly45 and Asp46, which reside in an
approximate Type II’ turn, and Gly55. Gly56, Gly57 and
Ala58, which are located in a surface loop. The average
H-value
for all polypeptide
chain backbone atoms
including the above-mentioned
amino acid residues is
15.1 AZ.

1 b)

Figure 2. Representative portions of the electron density map calculated t)o 1.75 A resolution. Portions of electron
density map shown here were contoured at la and calculated with coefficients of the form (ZF,-E’,), where FO is the
observed structure factor amplitude and F, is the calculated structure factor amplitude. (a) The electron density is very
well ordered at both the N and C termini. Shown here is the electron density near the C terminus and corresponding to
Arg126, Arg127, Tyr128 and Tyr129. (b) The electron density corresponding to the fatty-acid ligand and various
surrounding amino acid residues.

3. Results and Discussion
The three-dimensional
structure of the fatty-acidbinding
protein,
MFB2,
isolated
from Manduca
sexta L. has now been det’ermined
and refined to a
nominal resolution of I.75 A and a crystallographic
R-factor
of 17.3% for all measured
X-ray
data.
Representative
portions of the electron density map
calculated
to 1.75 A resolution
with coefficients
of
the form 12F, - F,I and contoured at lo are shown in
Figure Z(a) and (b). For the most part, the electron
density is very well ordered with only one break in

the polypeptide
chain backbone occurring at Gly56.
MFB2 is an acet,ylated protein (Smith et al.. 1992)
and this functional
group is clearly visible in the
electron
density
map at the N-terminal
serine
residue. There are several amino acids whose sidechains are not well defined and these include Lysll
(CE and NZ), Lys20 and 28 (CE and NZ), Lys36
(NZ), Asn44 (CG, ODl, ND2), Asp46 (CG, ODl,
0D2), Asn88 (ND2, ODl) and Lysl30
(NZ). Also,
there is a break in the electron density between CC
and CD of Gln30 and there is no electron density for
the side-chain
of Asp122. All of these amino acid
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Figure 3. Packing diagram of the MFB2 unit cell. The packing of the 2 independent fatty-acid-binding proteins within
the P2, unit cell is shown.
residues are located at the surface of the molecule.
The electron densities corresponding to amino acid
residues Ser34 and Ser52 appear like valine or threonine residues, thus suggesting that these side-chains
adopt alternate conformations. Consequently, for
refinement purposes, Ser34 and Ser52 were each
modeled in two conformations. As estimated from
the height of the electron density, the occupancies
for the alternate conformations of Ser34 were set to
075 and 625. while the occupancies for the two
conformations of Ser52 were given the equal weight
of 65.
The three-dimensional model for MFB2 presented
here differs from the published primary sequence by
five amino acids (Smith et al., 1992). It was reported
that position 50 was an isoleucine residue. The
electron density for this side-chain, however,
appears more trigonal than tetrahedral, suggesting
that the residue may be an aspartate or asparagine
residue. Also, this side-chain is located in a rather
hydrophilic environment. Consequently, residue 50
has been built into the electron density as an asparagine. Another problem occurs in the region delineated by amino acid residues 55 to 59. While
amino acid residue 55 should be an isoleucine, there
is no corresponding electron density and, furthermore, it is located in a surface loop where isoleucine
would not be expected. In the present model,
residue 55 has been left as a glycine. Also, residues
58 and 59, which should be glutamate and arginine
residues, respectively, have been modeled in as
alanine and lysine side-chains. It is possible that the
side-chain for residue 58 is disordered, since it is at a
surface loop thereby explaining the discrepancy.
Likewise, the side-chain for residue 59, while easily
accommodating a lysine residue, may in fact be the
predicted arginine with the guanidinium
group
somewhat disordered. Finally, the electron density
for amino acid residue 77 is too small for a glutamate residue but nicely accommodates an aspartate
residue. Consequently, in the present model, this
residue has been built in as an aspartate. Other than
these minor changes, the amino acid sequence based
on the cl)NA agrees well with the electron density

and none of these changes occurs in positions that
will effect the overall conclusions described below.
Crystals of MFB2 are densely packed with a
solvent content of approximately
39%. A packing
diagram of the protein within the monoclinic cell is
shown in Figure 3. There are potentially 13 hydrogen bonds between symmetry-related
molecules in
the crystalline lattice within a cut-off limit of 3.2 A.
Seven of these electrostatic contacts are between
backbone amide nitrogen or carbonyl oxygen atoms
and side-chain atoms; the other six are formed by
side-chain-side-chain
interactions.
Of particular
interest is the side-chain-side-chain
interaction
between Asp27 and Asp110 where the ODl atoms
for each are within 2.8 A. This close interaction
suggests that at least one or both of the side-chains
are protonated and may partially explain why it
was not possible to grow crystals from ammonium
sulfate solutions at pH values greater than 45. Of
the 70 water molecules built into the electron
density, eight are directly involved in bridging one
protein molecule to another within the unit cell.
A 4,$ plot of ail non-glycinyl main-chain dihedral
angles is given in Figure 4 and a ribbon drawing of
the molecule in Figure 5. Approximately
92 y. of the
amino acid residues in MFB2 adopt, standard
secondary structural conformations and the polypeptide chain backbone dihedral angles are all
within the theoretically allowed regions. The threedimensional positions of all polypeptide chain backbone atoms are displayed in Figure 6. As can be
seen, MFB2 consists of ten strands of anti-parallel
P-pleated sheet forming an up-and-down p-barrel
which is flanked on one side by a helix-turn-helix
motif. A list of the amino acid residues involved in
secondary structural
elements may be found in
Table 5 and a summary of the $,II/ angles for the
reverse turns is given in Table 6. The strands of
b-pleated sheet form two layers that are nearly
orthogonal to one another with one layer containing
four and the other six B-strands. As listed in
Table 5, there are technically
11 strands of
/?-pleated sheet, but the two B-strands delineated by
amino acid residues 7 to 9 and 11 to 13 are generally
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Figure 4. A Ramachandran plot of all non-glycinyl
main-chain dihedral angles for the MFB2 model. Fully
allowed c#J,$, values are enclosed by continuous lines;
those only partially allowed are enclosed by broken lines.

considered as one and it is this stretch of amino acid
residues that contributes
to the formation
of both
layers of sheet. The first a-helix,
delineated
by
amino acid residues 15 to 22, is decidedly
amphipathic with an average hydrophobicity
of 0.26 and a
mean hydrophobic
moment
of 659 as calculated
with the program
MOMENT
(Eisenberg
et al.,
1989). Accordingly,
this stretch of amino acids falls
into the category of surface-seeking
peptides and as
can be seen from Figure 6, is located near the
aliphatic
portion
of the fatty
acid ligand.
The
second cc-helix, composed of amino acid residues 26
to 34, falls into t’he range for normal globular proteins with an average hydrophobicity
of -002
and
a mean hydrophobic
moment of 036.

Figure 5. Ribbon drawing of the MFB2 molecule:. This
Fig. was generated with software kindly provided by
Dr J. P. Priestle (Priestle, 1988). For this type of
molecular structure representation, p-pleated sheets are
represented as arrows and a-helices as coils. The insect
protein has overall dimensions of 36 A x 40 A x 30 A
and contains 10 strands of anti-parallel
b-pleated
sheet
and 2 rather short a-helices. All subsequent
Figs
presented

in this paper are in the same orientation

as this.

In the refined model of MFB2 presented
here,
there are 70 ordered water molecules and one sulfate
ion. The sulfate ion is located near the carboxylic
acid moiety of the fatty acid ligand as described
below. Temperature
factors for the water molecules
range from 8.4 to 48.4 A2 with 52 of them having
B-values below 35 A2. Most of the ordered solvent
molecules are located at the surface of the protein.
There are, however,
13 water molecules
located
within the interior of MFHS, as shown in Figure 7.
With
the exception
of the one water molecule

COOH

Figure 6. Stereo view of the MFB2 molecule. This Fig. was generated with the plotting

software package PLUTO,

originally
written
by Dr Sam Motherwell
and modified
for proteins
by Eleanor
Dodson and Phil Evans. For this
representation,
all polypeptide
chain backbone atoms are shown and drawn with filled bonds. The fatty-acid
ligand is
displayed
using open bonds.
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Table 5

Table 6

List of secondary structural elements

List of dihedral angles for reverse turns

Ammo acid
residues

Type of structure

2- 5
779 (Al
1l-19 (A)
1,r,..pi
“6-34
37-43 (13)
44-47
48-3 (( ‘)
,546,57
5X-63 (I))
64-67
68-72 (E)
X-76
77-M (F)
X6-89
9+95 (fi)
96-99
100105 (H)
108-I I I
I1%117 (I)
118-121
114-131 (.I)

Type II turn
B-Sheet
P-Sheet
cc-Helix
a-Helix
P-Sheet
Approximate type II’ turn
B-Sheet
Type II turn
P-Sheet
Type II turn
B-Sheet
Approximate type II’ turn
/I-Sheet
Type II’ turn
/?-Sheet
Type III turn
P-Sheet
Type II’ turn
P-Sheet
Type I turn
P-Sheet

located near the backbone amide nitrogen atom of
Asp77, all of these interior solvent molecules participate in more than one hydrogen
bond. As can be
seen from Figure 7, eight of these interior
solvent
molecules
interact
with
side-chain
functional
groups, whereas, the other five participate
in hydrogen bonding
to backbone
amide nitrogen
atoms,
carbonyl
atoms
and/or
other
water
oxygen
molecules.
The interior
of the MFB2 molecule is relatively
accessible to other small molecules besides waters.
In Figure 8 the positions of the two gold-binding
sites are shown. Both of these heavy atoms substitute in the interior of the protein with one gold ion
coordinating
to His92
and the other
wedged
between
Met41,
LyslO5
and TyrlO7.
The goldbinding site located near His92 is occupied by the
putative
sulfate
ion in the native
holo-protein.

Amino acid
residues
Type
“-5
44 47
54 -57
64467
73-76
86%+9
96-99
108-l 11
118~-121

II
II’
II
II
II’
II’
III
II’
I

$2

$2

43

*3

- 56.0
81.6
- 604
-634
641
67.3
-61.9
645
-793

132%
-957
133.6
130.4
- 132.3
- 120.4
- 353
- 135.X
-50

79.7
- i3.5
Htkti
8X4
- 106+4
- 903
- 707
- it+4
- 1074

- 5.3
-294
58
01
j7.3
2.8
- 23.9
3.H
50

While it is not well understood
how the fatty acid
ligand enters and leaves the protein,
it is obvious
that the binding pocket is accessible t’o molecules
larger than water such as sulfate, phosphate,
and
tetrachloroaurate(II1)
ions.
For the most part, the interior of MFB2 is lined
with
hydrophobic
and uncharged
amino
acid
residues, with the exceptions
being Asp35, Asp71,
His92, LyslO5 and Arg127. A close-up view of the
binding pocket is shown in Figure 9. The fatty acid
ligand was modeled as palmitic
acid and only those
amino acid residues within 4.0 A of atoms of the
ligand are displayed.
The hydrocarbon
portion of
the ligand is surrounded
in the immediate
vicinity
by various
hydrophobic
amino
acid
residues
including
Phel5, Phel8, Phe103, Ile73’and
Ilel16,
Leul9 and Va179. There are three solvent molecules
located within the binding pocket. Two are presumably water and are not directly
involved
in the
binding of the fatty acid while the elect,ron density
for the third is large enough to accommodate
either
a sulfate
or phosphate
anion.
For the model
presented
here,. this third solvent has been fitted
into the electron densitv as a sulfate anion. The
carboxylic
acid moiety of the fatty acid is linked to
the protein via hydrogen bonds as indicated by the
broken lines in Figure 10. One of the carboxylic
acid
oxygen atoms is 2.6 A from the hydroxyl
group of
Tpr129 and 2.9 A from NH1 of Arg127 while the

Figure 7. Positions of the internal
solvent molecules in MFB2. The 13 internal solvent molecules are shown here as
open spheres. For simplicity,
only those amino acid side-chains that interact with these solvent molecules are specifically
displayed.
Broken lines indicate
potential
hydrogen
bonds between solvent and amino acid side-chains, Those water
molecules t,hat interact
with only main-chain
atoms are displayed
as open spheres with no surrounding
broken lines.

Figure 8. Binding sites for the pot,assium tetrachloroaurate(TI1)
derivative. The positions of t’he gold heavy-atombinding sites are shown as open spheres. One of the gold ions co-ordinates to His92, whereas the other is located near
Met41. Lysl05 and Tyr107. In the native holo-protein a sulfate or phosphate ion occupies the gold site near His92. While
it is not well understood how the fattr acid enters or leaves the binding pocket. clear1.v the interior of the poc>krt is
accessible to small molecules.

other carboxylic
acid oxygen atom is 3.2 A from
KE2 of Gln29 and 2.7 A from one of the oxygen
atoms of the sulfate group. Clearly, for the oxygen
atom of the fatty acid to be within
2.7 A of the
oxygen atom donated by the sulfate, the functional
group of the fat must be protonated.
Since the
crystals were grown at pH 4.5 it is not surprising
that the fatty acid is protonated.
Whether or not
the putative
sulfate is important
in the binding of
the fatty acid at physiological
pH or rather is an
artifact of the crystallization
conditions
remains to
be determined.
Experiments
designed to transfer
the crystals
to higher pH values are presently
underway.
As can be seen from Figure 9, if the
sulfate ion was removed,
it is possible that the
amino group of LyslO5 could move into position to
form a hydrogen bond with the carboxylate
group
of the fat.
The
hydrogen-bonding
pattern
around
the
carboxylic
acid group of the fatty acid in MFR2 is

different
from that observed in the rat’ intestinal
fatty-acid-binding
protein.
In the rat fatty-acidbinding protein, the guanidinium
group of ArglOB is
in an approximate
planar
orientation
to the
carboxylate
group of the ligand (Sacchettini
ut al.,
1989). This arginine amino acid residue in the rat
protein corresponds to LyslO5 in the insect protein.
Likewise,
there are no tyrosine
residues in the
immediate
vicinity
of the fatty
acid functional
group in the rat protein as compared to the insect)
molecule. Also, the exact location of the carboxylic.
acid moiety
within
the binding
pocket
is c1uit.e
different. With respect, to the P2 myelin protein and
the adipocyte
lipid-binding
protein,
however,
the
binding of the carboxylate
portion of the ligand is
much more similar to t,hat observed in the insect
protein. In P2 myelin protein the carboxylate
group
is within
the hydrogen-bonding
distance
of the
hydroxyl
group of Tyr128 and NH2 of ArglO6 (as
determined
from X-ray co-ordinates
provided by I)r

Figure 9. Close-up view of the fatty-acid-binding
pocket. Only those amino acid residues within approximately
40 A
of atoms in the fatty acid are shown. Potential hydrogen bonds between the carboxylic acid moiety of the ligand and the
protein side-chains are indicated by broken lines. Open spheres indicate solvent molecules.
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Figure 10. H~tlro#en-bonc~illg J’attern around the funcstional group of the ligxnd. Those amino ac,itl residues that
partic-ipat,? in hyclrogrn bonding with the fatt,v acid are shown. Only the tirst 3 carbon atoms of the ligantl are displayed.
130th thl> fatty a,,itl carbox?lic~ ac*id proup and the putative sulfate ion are loc~atrd at the Mt.

T. Alwyn .lones) and in the adipocyte lipid-binding
prot,ein it is within hydrogen-bonding
distance of
thr hydroxyl
group of Tyr128. SE of Arg126 and
two SolvPnt
rIlolec~Lllrs
(Xu
et al..
1992).
The t ypr of I hree-dimensional fold seen in MFW
has been previously observed in a variety of X-ray
investigations including those of the rat intestinal
fatty-a~itl-l)intling
protein, both holo and apo-forms
(Sacchett’ini pt nl.. 1989; Scapin rt al., 1992), bovine
TY myrlin protein (Jones et al., 1988). cahicken liver
basic fatty-acid-binding
protein (Scapin rt al., 1990).
the fatty-acid-binding
protein from bovine heart
mus& (Miillel*-Fahrnow
et al.: 1991) and murine
adipocyte lipid-binding
protein (Xu rt al., 1992).
A superposition of the alpha carbon atom posit’ions
for the insect and the murine adipocyte lipidbinding proteins was made according to the algorithm of Rossmann & Argos (1975) and is shown in
Figure 11. These two molecules are approximately
67 0” identical and superimpose with a root-meansquare value of 0.9 A using X8 structurally equivalent alpha carlwn at,om positions.
Based on the amino acid sequence alignment of
eight vertebrate prot’eins known to belong to this
family of lipid binding proteins. it was originally
c.onc*luded t,ha,t only six amino acid residues are
among all of them (.Jones et al..
strict Iy cwnsrrved

19x8). Quite strikingly.
while many of these
presumed conserved amino &Pi‘d residues are
retained in the insect protein, there are a few that
are not. For example, three of the (eonserved amino
acid residues are Gly6. Gly46 and Gly67 in the P2
myelin protein, In the insect molecule. however,
while both Cly16 and Gly67 (Gly45 and City66 in
the insect numbering) are retained, Oly6 is replaced
by a lysine residue. Likewise. ac*c*ording to the vertebrate protein sequences aligned thus fa,r. position 42
(Pd myrlin numbering), is alwavs an isoleucine
residue but in the insect protein it is replacaed with a
met hionine residue (M41). Hy far the most signi&
cant difference between the insect and the vert,ebrate prot’eins is at posit’ion 33 which for the
vertebrate s@ems is either a gl,veine or an alanine
residue. It was suggested by Jones rt al. (1988) that
any larger side-chain in this positlion would (‘ause a
reduction in the volume that could be occsupied by
the fat’ty acid. In the insect protein. however. this
position is occupied by a leucine residue (Leu32) and
indeed, because this side-chain is more bulks, the
hydrocarbon cahain of the ligand binds to t)he”insect
prot’ein in a very different manner
from
that
observed previously with the vertebrate prot)eins, as
clan be seen in Figure 10. The direct consequence of
this substitution
is that, the hydrocaarbon cbhain of

Figure 11. Superposition of the insect and the murine lipid-binding proteins. The insect protein is drawn as filled
bonds while the murine adipocyte lipid binding protein is displayed as open bonds. While both proteins bind t,he
functional group of the fat in similar regions, the orientation of the hydrocarbon tails after C6 is quite different, X-ray
c*o-ordinates of the murine adipocyte lipid-binding protein used for this Fig. were graciously supplied by I)r T,eonard .J.
Banaszak.

t.he fatt,y acid ligand at position (Xi and t)~yon(l.
binds t’o t,he insect protein more towards t,he interior
of the a-barrel
rather
t,han towards
the two
conserved
helices as observed
in thr vertebrate
systems.
In summary,
the molecular structure of an insect
fatt’y-acid-binding
protein,
MFB2.
has nou bren
determined
and refined
to high resolution,
AS
expected? the overall three-dimensional
fold of the
molecule is very similar to other lipid-binding
proteins such as the rat intestinal
fatty-acid-binding
protein,
P2 my&n
protein,
and adipocyte
lipitlbinding protein. The carboxylic
acid moiet? of the
fatty acid ligand binds in the same general vicinity
within the p-barrel as seen in P2 myelin and adip<)cyte lipid-binding
proteins, but in a rather different
position as compared to the rat’ fatty-acid-binding
protein.
The detailed
hydrogen-bonding
patterns
around the ligand functional
group are different..
however, in all four of these proteins. Also, due to
the substitution
of a leucine residue at position 32 in
the insect molecule, the hydrocarbon
chain of the
fatty acid after position C6 binds in a very different
manner wit’hin the P-barrel when compared to tht
vertebrate
proteins. This structural
difference may
partially
explain the unusually
high binding affinity
of MFB2 with the lipid. It will be of interest t’o
replace Leu32 with smaller amino acid residues by
&e-directed
mutagenesis
to determine
whether the
fatty acid will bind in a manner more similar to that
observed in the vertebrate
proteins. This research is
underway.
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