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Abstract

The crystal structures of most intracellular lipid binding proteins (LBPs) show between 5 and 20 internally
bound water molecules, depending on the presence or the absence of ligand inside the protein cavity. The
structural and functional significance of these waters has been discussed for several LBPs based on studies
that used various biophysical techniques. The present work focuses on two very different LBPs, heart-type
fatty acid binding protein (H-FABP) and ileal lipid binding protein (ILBP). Using high-resolution nuclear
magnetic resonance spectroscopy, certain resonances belonging to side-chain protons that are located inside
the water-filled lipid binding cavity were observed. In the case of H-FABP, the pH- and temperature-
dependent behavior of selected side-chain resonances (Ser82 OgH and the imidazole ring protons of His93)
indicated an unusually slow exchange with the solvent, implying that the intricate hydrogen-bonding
network of amino-acid side-chains and water molecules in the protein interior is very rigid. In addition, holo
H-FABP appeared to display a reversible self-aggregation at physiological pH. For ILBP, on the other hand,
a more solvent-accessible protein cavity was deduced based on the pH titration behavior of its histidine
residues. Comparison with data from other LBPs implies that the evolutionary specialization of LBPs for
certain ligand types was not only because of mutations of residues directly involved in ligand binding but
also to a refinement of the internal water scaffold.

Keywords: Bound water; histidine titration; solvent exchange; protein backbone dynamics; lipid water

interaction

In recent years, many studies were designed to elucidate the
molecular details that define the binding characteristics of
the various intracellular lipid binding proteins (LBPs). At
present, this family of LBPs is divided into four evolution-
ary-derived categories (Hohoff and Spener 1998): (1) the
cellular retinoid binding proteins; (2) ileal lipid binding pro-
tein (ILBP) and liver-type fatty acid binding protein (L-
FABP); (3) intestinal-type FABP (I-FABP); and (4) adipo-
cyte- (A-), brain- (B-), epidermal- (E-), heart- (H-), and
myelin-type (M-) FABP. Even though all members of the
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LBP family are characterized by a common three-dimen-
sional fold (Banaszak et al. 1994), there are clear distinc-
tions in their structural stabilities and ligand binding prop-
erties (Zimmerman et al. 2001) and in their protein back-
bone dynamics (Gutiérrez-Gonzdlez et al. 2002).

Both the structural and dynamic properties of the LBPs
have been investigated extensively to date (Hanhoff et al.
2002). However, one important structural component inside
the binding pocket has, for most part, been underrepresented
in the general discussions about the structural integrity and
binding properties of these proteins. Water molecules are
always present inside the binding cavity of the LBPs, both
in the ligand-free and complexed forms. Some of these wa-
ter molecules have been observed as crystal water in the
X-ray structures (Scapin et al. 1992; Cowan et al. 1993;
Winter et al. 1993; Kleywegt et al. 1994; Lalonde et al.
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1994; Young et al. 1994; Thompson et al. 1997; Hohoff et
al. 1999; Balendiran et al. 2000; Folli et al. 2001). Others
have been detected by nuclear magnetic resonance (NMR)
spectroscopy, distinguishing between water molecules with
different residence times (Mesgarzadeh et al. 1998; Wiesner
et al. 1999; Likic¢ et al. 2000). More recently, the possible
influence of these internal water molecules on ligand bind-
ing has also been simulated by molecular dynamics calcu-
lations (Liki¢ et al. 2000; Liki¢ and Prendergast 2001; Ba-
kowies and van Gunsteren 2002).

The presence of an intricate network of highly ordered
water molecules has been thoroughly described for the X-
ray structures of [-FABP, A-FABP, H-FABP, and cellular
retinoic acid binding protein (CRABP)-II (Scapin et al.
1992; Kleywegt et al. 1994; Lal.onde et al. 1994; Young et
al. 1994). In the case of I-FABP and A-FABP, comparison
of the apo and holo structures showed that certain crystal
waters were displaced by the FA ligand on binding. But a
significant number of ordered water molecules still re-
mained at identical positions inside the protein cavity of the
holo forms, located just next to the aliphatic hydrocarbon
chain of the FA. It has been postulated that these crystal
waters form a sort of hydration shell that interacts with the
bound ligand. In holo I-FABP, these water molecules are
located at the concave face of the slightly bent FA ligand
(Sacchettini et al. 1992), whereas in the holo forms of A-
FABP and H-FABP, the crystal waters are clustered beneath
the pseudo-re face of the U-shaped FA (LaLonde et al.
1994; Young et al. 1994). In the latter two proteins, the
binding cavity is divided into three sections, consisting of a
cluster of hydrophobic side-chains at the bottom, a scaffold
of polar and ionizable groups that interact with the bound
water molecules in the middle part, and a mixture of residue
types at the top where the FA rests near the entry portal. It
has been proposed that simultaneous with the entry of the
FA ligand into the binding cavity, the displaced water mol-
ecules exit through a second portal in the gap between
B-strands D and E, thus driving the FA binding process
(Sacchettini et al. 1992; Young et al. 1994). Moreover, an
extensive hydrogen-bonding network of ionizable or polar
side-chains and water molecules was shown to extend in
H-FABP over a distance of 8.3 A from Argl06 at the ligand
binding site to Glu72 in the gap region, which in turn is
connected to the external solvent (Young et al. 1994).

These crystallographic data subsequently raised the ques-
tion of how fast the internally bound water molecules ex-
change with the external solvent when the protein is in
solution. An NMR spectroscopic study on bovine H-FABP
has reported that a total of 23 (apo form) and 21 (holo form)
water molecules in direct contact with backbone amide pro-
tons showed residence times >300 ps (Mesgarzadeh et al.
1998). In the case of rat I-FABP, magnetic relaxation dis-
persion experiments indicated three (apo form) and four
(holo form) long-lived water molecules with residence

times >10 ns, plus another 10 to 20 moderately ordered
waters (Wiesner et al. 1999). Molecular dynamics simula-
tions on fully solvated rat I-FABP have produced additional
data on the water flux into and out of the binding cavity.
One study reported ~20 internal water molecules with av-
erage residence times between 0.6 and 2.0 ns for the apo
protein (Liki¢ and Prendergast 2001), whereas a more recent
publication specified 25 (apo form) and seven (holo form)
internal waters with residence times >5 ns (Bakowies and
van Gunsteren 2002).

Here we present results obtained for two very different
LBPs, bovine H-FABP and porcine ILBP. Using multidi-
mensional NMR techniques in solution, certain proton reso-
nances have been tracked to study pH- and temperature-
dependent effects that occur inside the protein cavity at
different lipidation states. The resulting data shed new light
on the exchange behavior of the internal water and the im-
plications for ligand binding.

Results and Discussion

Bovine H-FABP

The solution structures of bovine and human H-FABP had
been determined previously by high-resolution NMR spec-
troscopy (Lassen et al. 1995; Liicke et al. 2001). Their struc-
tural features are comparable to the crystal structure of hu-
man H-FABP (Young et al. 1994). The NMR structures do
not show, however, that the spacious lipid binding cavity
inside the protein contains highly ordered solvent molecules
that rest above a hydrophobic cluster of aliphatic and aro-
matic side-chains (Fig. 1). The number of crystal waters is
dependent on the presence or the absence of the FA ligand,
which displaces several water molecules. Here we present
NMR data that focuses on several selected side-chain pro-
tons located inside the H-FABP cavity. The results provide
new insights about the exchange behavior of the internal
water molecules and, subsequently, the overall architecture
of the protein.

Slow-exchanging side-chain protons in H-FABP

The interior of holo H-FABP contains an intricate hydro-
gen-bonding network of amino-acid side-chains and 13 or-
dered water molecules that extends throughout the entire
protein cavity (Fig. 2). This network spans 8.3 A from the
ligand binding site (Argl106, Argl26, and Tyr128) to Glu72
and continues onward to Asp76. The latter side-chain is
accessible to the external solvent via a hydrogen bond with
WATI158. However, the only direct contact of the internal
water cluster with the bulk solvent is found near Glu72,
where WAT182 shows a hydrogen-bond connectivity to the
external WAT187.
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Fig. 1. Arrangement of the hydrophobic (yellow) and hydrophilic (cyan) side-chains that line the interior of the H-FABP cavity.
Tyrosine residues that show both hydrophobic and hydrophilic properties are displayed in green. The bound fatty acid is colored white.
All 13 crystal water molecules inside the cavity are represented as red spheres. (Left) Residues mentioned in the text are labeled. The
cluster of hydrophobic side-chains at the bottom of the cavity is clearly visible. The middle section is dominated by polar residues and
water molecules. In the upper part, the fatty acid ligand rests above the water network, surrounded by both hydrophobic and hydrophilic
residues that interact with its hydrocarbon chain or carboxylate group, respectively. (Right) The same structure rotated by 45 degrees.
The network of water molecules, surrounded by hydrophilic residues, is sandwiched between the hydrophobic cluster at the bottom of
the cavity and the bound fatty acid. Produced with GRASP (Nicholls et al. 1991) using the X-ray coordinates of human H-FABP
(Protein Data Bank identification code 1HMS; Young et al. 1994).

Part of this network are the side-chains of residues Thr74, nances (at 5.92/6.01 ppm and 11.09/11.27 ppm for bovine/
Ser82, and His93. The Thr74 Oy1H resonance is observed human H-FABP, respectively), on the other hand, were ob-
in all H-FABP spectra, indicating a very slow exchange servable at pH 7.0 and 298 K, but became weaker at 310 K
with the solvent. The Ser82 OyH and His93 Ne2H reso- and disappeared completely below pH 5.5. These data in-
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Fig. 2. Stereo-representation of the intricate hydrogen-bonding network, encompassing Glu72, Ser82, His93, and Argl06, as well as
13 ordered water molecules (red crosses) that extend in H-FABP over >8 A from the ligand binding site to the protein/solvent interface
(Young et al. 1994). All contacts within hydrogen-bond distance are indicated by dashed black lines. Water molecules located outside
the protein cavity with a link to the internal hydrogen-bonding network are shown in cyan: WAT158 connects to Asp76, but the only
direct contact between water molecules inside and outside the cavity exists between WAT187 and WAT182 near Asp72.
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dicate that at neutral pH, the exchange of these two protons
with the solvent is in the millisecond range, with faster
exchange rates at lower pH or higher temperatures. Hence,
the residence times of the respective internal water mol-
ecules should be within a similar time scale, indicating that
the intricate hydrogen-bonding network inside the binding
cavity anchors the bound waters even more firmly than
proposed for other LBPs.

In addition, a number of human H-FABP mutants have
been investigated by NMR spectroscopy at pH 7.0 and 298
K (Zimmerman et al. 1999). All mutant protein spectra
displayed the Ser82 OvyH and His93 Ne2H resonances,
except for the E72S and F64S mutants. In the case of the
E72S protein, these missing resonance signals have to
be attributed to the absence of the direct hydrogen-bond
interactions to Glu72 (see Fig. 2). For the F64S mutant,
however, the only plausible explanation is a significant
disruption of the hydrogen-bonding network owing to the
replacement of the Phe64 ring. Because FA binding is
reduced 10% by the replacement of Phe64 (Zimmerman et
al. 1999), these results support the hypothesis that the or-
dered water molecules inside the H-FABP binding pocket
actually serve as a sort of hydration shell for the cluster of
hydrophobic side-chains at the bottom of the cavity (see Fig.
1) and simultaneously play a role in the ligand binding
process.

H-FABP

Histidine titration in H-FABP

Another approach to study the exchange of water between
the protein cavity and the external solvent was to observe
the pH titration behavior of the internal histidine residue in
H-FABP by collecting two-dimensional NMR spectra at
different pH values. As shown in Figure 3 (left panel), bo-
vine H-FABP contains two histidine residues, His93 and
His119, but only the former is located inside the binding
cavity. Because the NMR signal of the external His119
imidazole ring is not always visible (possibly because of
conformational exchange), its pH-dependent behavior was
not determined.

A series of TOCSY spectra were collected with both apo
and holo H-FABP at pH values between 4 and 9, tracking
the titration behavior of the histidine H82-Hel cross-peaks.
In the holo form (Fig. 4, bottom panels), the H82-Hel signal
of His93 shows no change throughout the entire pH range,
indicating that the imidazole ring does not titrate in the
presence of the ligand. Furthermore, the weak signal inten-
sity and relatively broad line-width indicate a reduced in-
ternal mobility. Hence, it can be concluded that His93 is
solvent-inaccessible and immobilized in the ligand-bound
state. Remarkably, the titration results are the same in the
apo form (Fig. 4, top panels), with identical chemical shift
values of the His93 ring resonances as in holo H-FABP.

ILBP

Fig. 3. Schematic ribbon diagrams of bovine H-FABP (left) and porcine ILBP (right). The histidine residues and ligand molecules (FA
indicates fatty acid; BA, bile acid) are represented as ball-and-stick models. In H-FABP, the secondary structure elements consist of
10 antiparallel B-strands (A to J), two a-helices (I and II), and a helical loop at the N terminus. His93 is located inside the protein cavity,
whereas the His119 side-chain is solvent-accessible on the protein surface. ILBP shows the same overall three-dimensional fold as
H-FABP, except for the N-terminal helical loop. His99 is located in the binding site, whereas His57 and His98 are both solvent-
accessible at the protein/solvent interface and on the protein surface, respectively. Produced with MOLSCRIPT (Kraulis 1991) and

Raster3D (Merritt and Bacon 1997).
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Fig. 4. Histidine titration in apo (top) and holo (bottom) H-FABP. The H32-He cross-peak of His93, with a weak and broad line shape
that indicates a rather immobilized position of the imidazole ring system, have been labeled in the '"H/'H-TOCSY spectra at acidic,
neutral, and basic pH values. The titration curves on the right show that the chemical shift values of H382 and Hel did not change on
ligand binding or titration within the pH range 4 to 9, indicating a very similar, solvent-inaccessible arrangement of the H93 imidazole
ring in both the ligand-free and the complexed protein. Enhanced line-broadening of the holo protein resonances at neutral pH, which
caused the His93 signal to disappear, may be an indication of self-aggregation under physiological conditions.

Hence, we conclude that His93 remains solvent-inacces-
sible in the ligand-free form as well. Moreover, the micro-
environment surrounding the His93 ring appears to be the
same in both the apo and the holo protein, with a restricted
mobility of the imidazole ring inside the protein cavity at all
times. These results are in clear contrast to the histidine
titration behavior of ILBP presented below.

Interestingly, at pH 7.0 and 7.6, the holo H-FABP
samples showed an increased viscosity in combination with
unusually large line-broadening in the NMR spectra, caus-
ing the His93 Ho2-Hel cross-peak to disappear completely.
Consequently, the resonance assignments at these two pH
values had to be derived from one-dimensional spectra, in
which only the H®2 resonance could be unambiguously
identified. The line shapes returned to normal width when
the pH was shifted to acidic or basic values. This may be an
indication of protein aggregation at neutral pH when the
ligand is bound, whereas no such effect was observed in the
apo form. A self-aggregation of H-FABP had been sug-
gested previously by Fournier and Richard (1990), but the
physiological significance of this effect remains to be elu-
cidated.

To determine the protonation state of His93, long-range
"H-">N-HSQC experiments were collected with bovine H-
FABP (Fig. 5). Based on these spectra, the following reso-
nance assignments were made for both apo and holo H-
FABP at pH 5.8 and 298 K: His93 N&1, 251.3 ppm; Hd2,
6.49 ppm; Hel, 7.90 ppm; Ne2, 160.4 ppm; and He2, 11.11

2386 Protein Science, vol. 11

ppm. From these data, it can be concluded that the His93
imidazole ring is uncharged at pH 5.8, with the N&2 position
protonated. Because His93 does not titrate in the pH range
at which the protein is stable (pH 4 to 9), the His93 imid-
azole ring apparently remains neutral within the entire range
both in the complexed and the ligand-free form. In addition,
the tentative resonance assignments for His119 in the holo
form (Nd1, 199.7 ppm; H82, 7.79 ppm; Hel, 8.26 ppm; and
Ne2, 175.1 ppm) indicate a charged state of the external,
solvent-accessible His119 imidazole ring at pH 5.8 and 298 K.

Tyrl9 ring flip in H-FABP

In summary, the data on H-FABP indicate a rather rigid,
well-ordered microenvironment inside the binding pocket,
which is not easily disturbed and apparently ensures a tight
binding of the FA ligand in the lipid/protein complex. This
overall conformational stability is also reflected by the fact
that in holo H-FABP, the Tyrl9 ring (see Fig. 1), which
shows van der Waals contacts with the bound FA, displays
separate resonance frequencies for the H31/H82 and Hel/
He2 proton pairs (Liicke et al. 1992, 2001), indicating an
unusually slow ring flip when the FA is bound. This is the
only such case in the LBP family reported to date. Separate
Tyr19 ring resonances were also observed in nearly all H-
FABP mutants (Zimmerman et al. 1999). Only in the apo
form and in two Phe16 mutants (F16E and F16S), these ring
proton resonances became degenerate. For apo H-FABP,
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Fig. 5. Part of a long-range 'H/'*N-HSQC spectrum of bovine holo H-FABP at pH 5.8 and 298 K. Peaks representing the Ne2-H32,
Ne2-Hel, and N81-Hel correlations of His93 are labeled. The chemical shift assignments of the imidazole resonances, as presented
in the drawing of the chemical ring structure, indicate an uncharged state of His93 with the Ne&2 position protonated. (Dashed spectral
lines indicate negative intensities of dispersive signals that represent mirror artifacts of the actual His93 peaks.)

this can be explained by the missing ligand enabling the
Tyrl9 ring to rotate at a faster rate. In the case of the Phel6
mutants, apparently the replacement of the adjacent phenyl-
alanine ring provides the Tyr19 phenol ring with more space
for rotation.

Finally, the unusually rigid structure inside the H-FABP
cavity compared with that of other LBPs is also reflected by
the occurrence of up to four separate and stable conforma-
tional states in the portal region (Liicke et al. 2001), the
unusually slow hydrogen/deuterium exchange behavior of
the backbone amide protons in the 3-strands (Liicke et al.
1992; Gutiérrez-Gonzilez et al. 2002), and the limited num-
ber of exchange contributions in the backbone dynamics
(Liicke et al. 1999).

Porcine ILBP

In contrast to H-FABP, the overall structure of ileal lipid
binding protein (ILBP) appears to be more flexible, despite

the common three-dimensional fold (see Fig. 3). For ILBP,
the hydrogen/deuterium exchange of backbone amide pro-
tons in the B-sheet occurs very fast (Liicke et al. 1996); the
backbone dynamics behavior indicated an increased amount
of exchange contributions on the millisecond-to-microsec-
ond time scale (Liicke et al. 1999); no unusual occurrences
like multiple backbone conformations or immobilized phe-
nyl ring systems were observed; no slow-exchanging imid-
azole HN resonances were detected in the "H/">N-HSQC
spectra; and the protein stability is lower than for most other
LBPs (Zimmerman et al. 2001).

Histidine titration in ILBP

Porcine ILBP contains three histidine residues (Fig. 3, right
panel): one on the protein surface (His98), one at the pro-
tein/solvent interface (His57), and one in the ligand binding
site (His99). The pH titration of ILBP in the apo form
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showed changes of the imidazole proton resonances for all
histidines (Fig. 6, upper panels), indicating that all three
side-chains are freely solvent-accessible in the absence of
ligand. Based on the changes in the chemical shifts, pK,
values of 6.18, 6.77, and 5.27 were determined for His57,
His98, and His99, respectively. The rather low pK, value
for the internal His99 may be owing to electrostatic inter-
actions with the nearby side-chain of Argl21 or to the hy-
drophobic environment created by other neighboring resi-
dues (Liicke et al. 2000).

In the holo protein, however, only His57 and His98 were
titratable (Fig. 6, lower panels), with pK, values of 6.71 and
6.53, respectively, whereas no titration behavior was ob-
served for His99. The relatively weak signal intensity and
broad line-width of the His99 resonances (below pH 5, only
the diagonal signal of H82 could be unambiguously as-
signed) indicate either a reduction in mobility or the occur-
rence of conformational exchange for this imidazole ring
compared with His57 and His98. Hence, the bound bile acid
ligand apparently interacts with the His99 side-chain and
subsequently renders it inaccessible to the external solvent,
as indicated by the solution structure of the glycocholate
complex (Liicke et al. 2000). Moreover, although the exter-
nal His98 shows no significant change of the pK, value on
ligand binding, the shift in the pK, of His57 (ApK, ~ 0.5)
seems to indicate that the presence of the bile acid ligand
inside the protein cavity, or possibly of a second low-affin-
ity ligand molecule at 298 K, as suggested recently by Toch-
trop and coworkers (2002), exerts a moderate influence on
the local environment of His57.

In summary, the ILBP data imply a more penetrable bind-
ing cavity that shows faster exchange with the external sol-
vent relative to that of H-FABP. Together with the fast
hydrogen/deuterium exchange of the backbone amide pro-
tons in the 3-sheet, these results provide additional support
for a more flexible protein structure compared with other
LBP family members.

Conclusions

From an evolutionary point of view, ILBP diverged much
earlier from the common ancestral gene than did H-FABP,
> 900 Myr ago, before the vertebrate/invertebrate split
(Schaap et al. 2002). Hence, the ILBP structure may not
have evolved to be as refined and specialized for its lipid
binding tasks as other members of the LBP family. In fact,
compared with other members of this protein family, the
two ‘earliest’ LBPs, ILBP and L-FABP, both display an
elevated amino-acid substitution rate, an array of different
potential ligands, low lipid binding affinities, relatively low
protein stabilities in the presence of urea, and fast hydrogen/
deuterium exchange of the backbone amide protons (Muga
et al. 1993; Liicke et al. 1996; Zimmerman et al. 2001;
Schaap et al. 2002). ILBP is unique in the binding of bile

2388 Protein Science, vol. 11

acid ligands, whereas L-FABP can incorporate two FA mol-
ecules at the same time. All other LBPs preferentially bind
only a single ligand molecule with higher affinity, probably
because of a specialization during evolutionary develop-
ment. The internal cavity of H-FABP, on the other hand,
apparently represents a very compact, highly specialized
binding environment for long-chain FAs. This would ex-
plain the rather tight FA binding (Zimmerman et al. 2001),
the relatively large number of long-lived internal water mol-
ecules (Mesgarzadeh et al. 1998), and the low backbone
flexibility deduced from both hydrogen/deuterium exchange
(Liicke et al. 1996; Gutiérrez-Gonzélez et al. 2002) and
backbone dynamics (Liicke et al. 1999), which have been
observed for H-FABP relative to other LBP species.

Hence, it appears that the internal water structure of the
LBPs plays a prominent role in defining their structural
stability and their ligand binding properties. The variations
in the amino-acid sequences, which have evolved over mil-
lions of years, optimized not only the direct protein/ligand
interactions but also the arrangement of internal water as an
integral part of the protein structure and an important factor
in ligand binding. Most of the residues highlighted in Figure
2 are highly conserved in all members of LBP category 4
(Table 1), indicating a similar internal water structure as
found in H-FABP. In the case of A-FABP, such a water
network has already been shown by Lal.onde et al. (1994).
These well-ordered water molecules inside the protein cav-
ity serve as a ‘two-way hydrophobic hydration shell.” First,
they shield the side-chains of the hydrophobic cluster at the
bottom of the cavity from the solvent. Second, they provide
the bound ligand with a hydration shell to compensate for
part of the hydration energy the FA lost when entering the
cavity. This setup makes the entire binding process ener-
getically more favorable (Scapin et al. 1993) and also im-
plies why the LBP structures usually become more stable on
ligand binding (Liicke et al. 1996; Franzoni et al. 2002).

Another example of the great importance of water in
these protein structures was given by a water molecule
found in the gap region of the LBPs (Liki€ et al. 2000). This
single solvent molecule, which is always associated with a
very low B-factor value, interconnects B-turn DE and
B-strand F via three hydrogen-bond interactions with pro-
tein backbone atoms, thus stabilizing the entire protein fold.
In fact, this particular water molecule has also been recog-
nized in the noncrystallographic LBP studies that focused
on the solvent structure (Mesgarzadeh et al. 1998; Wiesner
et al. 1999; Likic¢ et al. 2000; Bakowies and van Gunsteren
2002).

The following question remains: How do the other LBPs
fit into this internal water structure scheme? As mentioned
before, the LBPs of category 4 present basically the same
essential cavity residues as H-FABP, indicating a similar
water arrangement. Most of these residues are also con-
served in the CRABPs of category 1, in which a scaffold of
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Fig. 6. Histidine titration in ILBP. (A) The H32-Hel cross-peaks of all three histidine residues have been labeled in the "H/'H-TOCSY
spectra of porcine apo (fop) and holo (bottom) ILBP at acidic, neutral, and basic pH values. The His99 signal displays a broader and
weaker line shape compared with that of the other two histidines. (B) Titration curves of all three histidine residues in porcine apo (left)
and holo (right) ILBP. His57 (top) showed a pK, change from 6.18 to 6.71 on ligand binding, indicating an influence of the ligand
on the microenvironment of the His57 ring. The pK, value of His98 (middle) did not change significantly between the apo and holo
form, because this residue is located on the protein surface. The titration behavior of His99 (bottom), however, changed from a rather
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ring becomes solvent-inaccessible on ligand entry into the binding site.
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Table 1. Sequence comparison of the residues shown in Fig. 2.
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All lipid binding protein (LBP) sequences represent the human protein types, except for porcine ileal LBP. The numbering refers to the heart-type fatty
acid binding protein (H-FABP) sequence. Residues that are identical in more than half of the sequences are highlighted in grey.

14 internal water molecules stretching from Arglll to
GIn97 and Glu73 (corresponding to Argl06, GIn95, and
Glu72 in H-FABP, respectively) has been described for holo
CRABP-II (Kleywegt et al. 1994). In the case of the cellular
retinol binding proteins (CRBPs), the binding site residues
(corresponding to Thr40, Argl06, Argl26, and Tyr128 in
H-FABP) are different from the ‘acid-binding’ LBPs, but
the other residues relevant for the internal water network are
generally conserved. Moreover, a recent NMR study on
CRBP-I (Franzoni et al. 2002) demonstrated that the posi-
tively charged Lys40, which interacts via a N-H... hydro-
gen bond with the polyisoprene moiety of the retinol in the
binding site, shows slow exchange of the N{ amino protons,
even in the apo protein, indicating a restricted solvent-ac-
cessibility of the protein cavity also in the absence of ligand.

The amino-acid sequences of LBPs in categories 2 and 3
are the most distinct from those of H-FABP. Hence, the
cavity residues important for the creation of the internal
water structure in H-FABP (see Fig. 2; Table 1) are gener-
ally not present at the corresponding sequence positions.
Yet, in the case of I-FABP, the only member of LBP cat-
egory 3, convergent evolution apparently produced a com-
pletely different arrangement of internal waters and bound
FA compared with the FABPs in category 4. This internal
water scaffold in I-FABP is not backed by a cluster of
hydrophobic side-chains. Still, an intricate network of seven
to eight water molecules serving as hydration shell for the
bound FA, a slow exchange of backbone amide protons, a
high protein stability, and strong FA binding (Sacchettini et
al. 1992; Muga et al. 1993; Liicke et al. 1996; Zimmerman
et al. 2001) all indicate an overall stable conformation
analogous to the FABPs of LBP category 4.

Finally, for the two members of LBP category 2, ILBP
and L-FABP, less stable structures were deduced from hy-
drogen/deuterium exchange of the backbone amides (Muga
et al. 1993; Liicke et al. 1996) and from biochemical data
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(Zimmerman et al. 2001). A greater solvent-accessibility of
the binding cavity was also indicated by the second ligand
entry portal of ILBP (Liicke et al. 2000). This additional
entrance is caused by a deletion of residues in the 3-turn GH
(Sacchettini et al. 1990)—a feature that is found in the
L-FABP sequence, too. Based on the results presented here
for ILBP, we propose that the reason for the reduced bind-
ing affinities and specificities of the members of LBP cat-
egory 2 is the lack of an extensive network of ordered water
molecules inside the cavity to stabilize the overall structure.
In fact, the only well-resolved X-ray structure known to date
for a protein of this LBP category is that of rat L-FABP,
with six crystal waters and one unknown heavy atom inside
the binding cavity. None of the latter show hydrogen-bond
interactions with each other, and only a single water and the
unknown compound display van der Waals contacts with
one of the FA ligands. This implies a lack of an intricate
hydrogen-bonding network, in contrast to the other LBP
categories. Hence, it may be concluded that the reduced
structural stabilities and increased sequential variabilities of
ILBP and L-FABP provide these two proteins with a greater
versatility in function.

Of course, it will eventually be necessary to also distin-
guish between members of the same LBP category to fur-
ther extend our knowledge on the different roles of water
molecules in these lipid transporters. In LBP category 4, for
example, the five different FABPs all bind long-chain FAs
in the same U-shaped conformation as H-FABP. B-FABP,
which is most closely related to H-FABP, shows very simi-
lar features in the NMR spectra: up to four separate spin-
systems of residues in the portal region; slow exchange of
Thr74 Ovy1H, Ser82 OyH, and His93 Ne2H; and unusually
broad signals of the Tyr19 ring protons (Rademacher et al.
2002). This high degree of similarity between H-FABP and
B-FABP is also reflected in their binding affinities and pro-
tein stabilities, whereas E-FABP, another member of LBP
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category 4, behaves differently (Zimmerman et al. 2001).
For E-FABP, which can bind a broader spectrum of long-
chain FAs and eicosanoids (Hohoff et al. 1999; Schaap et al.
2002), a faster hydrogen/deuterium exchange of backbone
amide protons and a larger number of exchange contribu-
tions on the millisecond-to-microsecond time scale indi-
cated a higher backbone mobility compared with the solely
FA-binding H-FABP (Gutiérrez-Gonzdlez et al. 2002).
However, sequence differences between E-FABP and H-
FABP that are related to ligand binding mostly involve mu-
tations of the hydrophobic residues at the bottom of the
binding cavity and a missing phenyl ring in the portal region
(corresponding to Phe57 in H-FABP).

Clearly, not all details of this evolutionary development
are fully understood at present. But the internal water as
integral part of the LBP structures, with its obvious influ-
ence on the overall backbone dynamics, apparently plays a
very significant role in the biological and physiological
functions of these proteins.

Materials and methods

Bovine H-FABP and porcine ILBP have been prepared as previ-
ously described (Lassen et al. 1995; Liicke et al. 1996). Both
proteins were delipidated using a Lipidex 5000 column (Glatz and
Veerkamp 1983). H-FABP was relipidated with oleate (threefold
excess), whereas ILBP was complexed with chenodeoxycholate
(10-fold excess). The NMR samples generally consisted of 2 to 3
mM protein solutions in 20 mM phosphate buffer with 0.05%
azide.

The NMR experiments were performed at either 298 or 310 K,
using a Bruker DMX600 spectrometer operating at a 'H resonance
frequency of 600.13 MHz, and a 5-mm triple-resonance ('H/'*C/
'>N) probe with XYZ-gradient capability. One- and two-dimen-
sional NMR experiments were recorded in a phase-sensitive mode
with time-proportional phase incrementation of the initial pulse.
Quadrature detection was applied in both dimensions with the
carrier placed in the center of the spectrum on the water resonance.
The water signal was suppressed by selective presaturation during
the relaxation delay.

For the pH titration studies, '"H/'"H-TOCSY spectra (80-ms spin-
lock time) were acquired at 298 K within the pH range 4 to 9
(increments of ~0.4). Beyond these pH limits, the protein samples
tended to precipitate. The cross-peaks resulting from scalar cou-
pling between the H32 and Hel protons of the histidine imidazole
rings were individually assigned. Analysis of the titration curves
was performed using the Origin 2.90 software package (Micro-
Cal).

The long-range 'H/'">N-HSQC spectra were collected at both
temperatures (298 and 310 K) and pH 5.8 (100 mM phosphate
buffer). A 22-ms mixing period was used to refocus the single-
bond correlations (Pelton et al. 1993). The spectral width in the
>N dimension was set to 200.5 ppm, with the carrier placed at
150.9 ppm.

All spectra were calibrated with respect to 2,2-dimethyl-2-sila-
pentane-5-sulfonate (Cambridge Isotope Laboratories) as an exter-
nal reference (Wishart et al. 1995). The spectral data were
processed on a Silicon Graphics workstation using the Bruker
XWIN-NMR 1.3 software package. Baseline corrections of two-
dimensional spectra were applied wherever necessary. Peak-pick-

ing and data analysis of the transformed spectra were performed
with the AURELIA 2.5.9 program (Bruker). For structural analy-
sis, the INSIGHT 97 software package (MSI) was used.
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