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cause of their low solubility in aqueous media, these lipids 
are transported through blood and within cells by proteins 
that belong to the calycin superfamily ( 3–5 ). In the cytosol, 
specifi c members of the intracellular lipid-binding protein 
(i-LBP) family, the so-called cellular retinol-binding pro-
teins (CRBPs) are involved in the uptake, storage, and me-
tabolism of retinol. The most abundant carriers are the 
CRBP types I and II; they display a strikingly different tis-
sue distribution and appear to play distinct roles in the 
maintenance of vitamin A homeostasis. CRBP-I, the most 
tightly retinol-binding carrier with an estimated  K d   in the 
order of 0.1 nM ( 6 ), is widely expressed in various tissues 
( 4, 7, 8 ), where it is involved in the membrane-mediated 
retinol uptake from plasma ( 9 ) and facilitates the synthesis 
and hydrolysis of retinyl esters ( 10–12 ). Moreover, CRBP-I 
is implicated in the intracellular traffi cking of retinol and 
its delivery to the enzymes that catalyze its conversion to 
retinaldehyde ( 13, 14 ), which can be further oxidized to 
retinoic acid ( 15, 16 ). In contrast, CRBP-II, which binds 
retinol with  � 100-fold lower affi nity than CRBP-I ( 6 ), is 
expressed almost exclusively in the enterocytes, where it 
plays a pivotal role in the absorption and metabolism of 
vitamin A and  � -carotene ( 4, 17, 18 ). 

  The members of the i-LBP family generally exhibit the 
same typical  � -barrel fold, formed by two nearly orthogo-
nal fi ve-stranded  � -sheets (A-E and F-J) and two short 
 � -helices that are inserted between strands  � A and  � B. 
A possible “portal” for the ligand to enter the internal 
binding cavity has been identifi ed in the region located 
between  � -helix II and the turns  � C- � D and  � E- � F. Crys-
tallographic studies have shown that the binding cavity is 
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 Retinoids are required for many essential physiological 
functions, such as cell growth and differentiation, mor-
phogenesis, immunocompetence, and vision ( 1, 2 ). Be-
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pared with CRBP-II is a consequence of rather specifi c 
evolution-based sequence differences, which affect the in-
ternal protein dynamics to optimize each carrier for its 
particular physiological function. 

  EXPERIMENTAL PROCEDURES 

 Protein expression and purifi cation 
  The cDNA of rat CRBP-I was cloned into a pET-11b vector 

and expressed in the  Escherichia coli  BL21(DE3) strain. The 
bacteria were grown at 37°C in LB medium (M9 minimal 
medium with 5 mg/ml thiamine for  15 N-labeled samples) con-
taining ampicillin (0.1 mg/ml) until the optical density reached 
 � 0.6 at 600 nm. Overexpression of CRBP-I was induced by 
adding 1 mM isopropyl-1-thio- � - D -galactopyranoside. After an 
additional 5 h of growth (15 h for the labeled protein), the bac-
terial cells were harvested by centrifugation at 9,000  g  for 10 
min. The recombinant protein was purifi ed to homogeneity as 
described elsewhere ( 31, 32 ). Briefl y, the supernatant obtained 
from the bacterial lysate, after an ammonium sulfate fraction-
ation step (50% saturation), was loaded on an Ultrogel AcA54 
gel fi ltration column (Biosepra, Lockedrive, MA). Next, the 
protein was purifi ed to homogeneity by elution with a linear 
NaCl gradient (0–400 mM) in 25 mM Tris-HCl buffer (pH 7.3), 
using a QMA anion-exchange FPLC column (Waters, Milford, 
MA). The purity of the protein was monitored by SDS-PAGE 
with 15% polyacrylamide gels. The protein concentration was 
determined using an extinction coeffi cient of 28,800 M  � 1  cm  � 1  
at 280 nm ( 31 ). 

  The cDNA of rat CRBP-II was cloned into a pMON vector and 
expressed in the  E. coli  JM101 strain ( 33 ). The bacteria were 
grown at 30°C in LB medium (M9 minimal medium with 5 mg/
ml thiamine for  15 N-labeled samples) containing ampicillin (0.1 
mg/ml). When the optical density of the cell suspension reached 
 � 0.2 at 600 nm, 0.05 mg/ml nalidixic acid was added to induce 

always fi lled with water molecules both in the absence and 
in the presence of the amphiphilic ligand. Despite the fact 
that the structural properties of the i-LBPs have been stud-
ied extensively ( 19 ), the detailed mechanisms of ligand 
uptake and targeted release, i.e., the fundamental func-
tions of these carriers, remain obscure. 

  NMR investigations of various i-LBPs have revealed that 
their backbone dynamics are correlated with the respec-
tive binding properties ( 20, 21 ). It appears that the i-LBP 
family evolved from a multifaceted ancestral precursor 
into highly specialized lipid carriers that transport either 
retinoids or fatty acids through the cytosol of various tis-
sues ( 22, 23 ). 

  The overall structure of CRBP-I complexed with 
all- trans -retinol is essentially identical in the crystal ( 24 ) and 
in solution ( 25 ). In particular, the binding cavity is fully 
shielded from the outside medium, as is the case also for the 
ligand-free form in solution, the only state in which the apo 
structure has been determined ( 25 ). Studies of the protein 
dynamics indicated that merely a few residues exhibit in-
creased mobility on the picosecond-to-nanosecond time-
scale in apo with respect to holo CRBP-I ( 25 ), while a high 
degree of conformational exchange on the microsecond- 
to-millisecond timescale has been revealed ( 26 ), which is 
markedly reduced upon retinol binding. Using line shape 
analysis of NMR signals, we derived a mechanism of ligand 
binding that suggests that retinol, after an initial nonspe-
cifi c encounter with the surface of apo CRBP-I, modulates 
site-specifi c mobility of the protein by inducing the forma-
tion of long-lived (millisecond to second) transiently open 
conformers in the portal region ( 27 ). 

  NMR studies of the apo CRBP-II solution structure 
( 28 ) previously suggested a remarkable difference with 
respect to the crystal structure ( 29 ). Residues 27-34, 2  
which in the crystal structure form the second  � -helix of 
the i-LBP typical helix-turn-helix motif, did not appear to 
exhibit a helical conformation in solution (  Fig. 1  ).  This 
feature, in combination with an alternative orientation of 
the F57 side chain, seemed to render the binding cavity 
more accessible to the ligand. Upon retinol binding, 
changes both in the protein structure, including forma-
tion of helix  � II, and in the backbone dynamics were 
reported ( 30 ). Here, we suggest that the NMR-based 
detection of helix  � II may be affected by the experimen-
tal conditions; our data indicate that also in the absence 
of retinol, the segment F27-V34 adopts in solution 
predominantly a helical structure. As a consequence, the 
previously proposed model of ligand binding needs to be 
revised. 

  By performing hydrogen/deuterium (H/D) exchange 
experiments with both CRBP types, we compared the 
backbone stabilities of these two highly homologous pro-
teins both in the apo and holo forms. The results indicate 
that the 100-fold stronger retinol binding of CRBP-I com-

Fig. 1. Backbone ribbon superposition of the rat CRBP-II crystal 
structures in the apo (cyan; PDB ID code 1OPA) and holo form 
(blue; PDB ID code 1OPB). The overall protein fold consists of 
10 antiparallel �-strands (A through J) and two short �-helices 
(I and II); bound retinol is shown in red. The two forms exhibit 
a nearly identical conformation. In addition, the solution structure 
of rat apo CRBP-II (yellow; PDB ID code 1B4M, conformer 1) is super-
posed with the crystal structures for comparison. This fi gure has been 
prepared with the program Insight II (Accelrys, San Diego, CA).

  2  The numbering of the rat CRBP-I and CRBP-II sequences has been 
kept as reported in the crystal structure entries of the RCSB database, 
despite the fact that the N terminus of the recombinant proteins starts 
with an additional Met residue, which has been named Met-0. 
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  RESULTS 

 Structural comparison between apo and holo CRBP-II 
  The structural features of the ligand entry portal repre-

sent a key aspect of retinol uptake and release by CRBPs. 
In the case of CRBP-I in solution, the topology of the entry 
portal is essentially identical in the presence and absence 
of retinol ( 25 ). Similarly, apo and holo CRBP-II in the crys-
tal exhibit only small differences in the backbone fold 
( 29 ), with a very low total C �  trace root mean square devia-
tion (0.23 Å), while in solution the helix  � II segment of 
the typical helix-turn-helix motif has been described as un-
wound in the apo form ( 28 ). The reported discrepancy 
between the solution and crystal structures of apo CRBP-II 
(see  Fig. 1 ) is remarkable because a mostly unwound helix 
 � II would be unique in the entire i-LBP family. Moreover, 
the unfolded helix  � II would likely facilitate retinol access 
to its binding site. Therefore, we aimed at investigating the 
conformational characteristics of the CRBP-II ligand entry 
portal under a variety of solution conditions. 

  Initially, we collected  15 N-edited multidimensional 
NMR experiments of apo and holo CRBP-II at 25°C and 
pH 6.0 (  Fig. 2A  )  in order to avoid excessive line broaden-
ing as a result of amide proton exchange with water ( 37 ), 
since helix  � II is highly solvent exposed in the i-LBP fold. 
In addition, homonuclear two-dimensional spectra were 
also analyzed to compensate for decreased spectral resolu-
tion in the indirectly detected  1 H dimensions of the 3D 
NOESY. Nearly all nuclear Overhauser effect (NOE) con-
nectivities that are typical for an  � -helix structure have 
been identifi ed in the segment Phe27-Val34, both in the 
apo and holo form of the protein ( Fig. 2B ), albeit several 
NOE connectivities are ambiguous in the apo form due to 
a higher degree of chemical shift degeneracy of the H �  
resonances. Nevertheless, the backbone NOE patterns ob-
served at this pH support the presence of helix  � II in both 
forms of CRBP-II. 

  Moreover, according to the chemical shift index 
approach ( 38 ), comparison of the H �  resonances with 
residue-specifi c values (  Table 1  )  clearly indicates helix 
structure for all amino acids in this segment of apo CRBP-
II, except Val-34. In the holo form, the H �  chemical shift 
values show a similar trend, except for the two C-terminal 
residues Ala-33 and Val-34, where the difference with re-
spect to the random coil values is again small. Finally, com-
parison of the HN resonances in helix  � II ( Table 1 ) also 
reveals nearly identical chemical shift values between the 
apo and holo protein except for residues Ile-32, Ala-33, 
and Val-34, whose intrahelical hydrogen bonds might be 
affected by differences in conformational dynamics of the 
adjacent  � II- � B linker upon retinol binding. 

  In order to examine whether these fi ndings are valid 
also at a higher, more physiological pH, the above- 
described experiments were repeated at pH 7.4 like in the 
previous NMR study ( 28 ). As expected, the NOE pattern 
defi ning helix  � II was less complete due to stronger line-
broadening effects that affected mainly the weak long-dis-
tance NOE signals ( Fig. 2C ). However, the chemical shift 
values of the backbone HN and H �  resonances remained 

protein expression. After an additional 4 h of growth (15 h for 
the labeled protein), the cells were harvested by centrifugation 
at 9,000  g  for 10 min. CRBP-II was purifi ed similarly to CRBP-I, 
except for an additional fractionation step at 70% ammonium 
sulfate saturation that causes precipitation of CRBP-II prior to gel 
fi ltration. The purity of the protein was monitored by SDS-PAGE 
with 15% polyacrylamide gels. The protein concentration was 
determined using an extinction coeffi cient of 25,500 M  � 1  cm  � 1  
at 280 nm ( 31 ). 

  As previously reported, contamination by fatty acids is nearly 
negligible (<2%) in recombinant CRBP-I and CRBP-II ( 34 ). To 
prepare the holo proteins, all- trans -retinol solubilized in dimethyl-
sulfoxide was added in 1.5 molar excess. Unbound retinol was 
removed by a Micro Bio-Spin 6 chromatography column (Bio-
Rad, Hercules, CA). The reconstituted holo CRBP complexes 
exhibited A 350 /A 280  ratios close to the optimal values (i.e., equal 
to or higher than 1.6) that were reported for the natural proteins 
isolated directly from rat liver ( 8 ). 

 NMR data collection and processing 
  For NMR measurements, 1.3–1.4 mM protein samples were 

prepared in potassium phosphate buffer (20 mM, pH 6.0 or 7.4, 
10% D 2 O) containing 0.05% NaN 3 . All NMR experiments were 
carried out at 25°C on Bruker DMX spectrometers operating at 
 1 H resonance frequencies of 499.87, 600.13, or 600.40 MHz, 
equipped with triple resonance ( 1 H/ 13 C/ 15 N) XYZ-gradient 
probes. For resonance assignments, homonuclear two-dimen-
sional spectra [total correlation spectroscopy (TOCSY) and nu-
clear Overhauser enhancement and exchange spectroscopy 
(NOESY)] as well as  15 N-edited multidimensional spectra were 
acquired; the latter included 2D heteronuclear single-quantum 
coherence (HSQC) and 3D NOESY-HSQC. The TOCSY experi-
ments were performed with spin lock times of either 80 or 6.6 ms. 
In the NOESY experiments, a mixing time ( �  m ) of 150 ms was 
generally employed. All multidimensional spectra were recorded 
in a phase-sensitive mode with time-proportional phase incre-
mentation of the initial pulse. Quadrature detection was applied, 
with the carrier placed in the center of the  1 H spectrum on the 
water resonance. All chemical shifts were referenced to external 
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (Cambridge Iso-
tope Laboratories, Andover, MA) in order to ensure consistency 
among the spectra ( 35 ). 

  The spectral data were processed on a Silicon Graphics O2 
workstation using the Bruker XWIN-NMR 1.3 software package. 
A 90° phase-shifted squared sine-bell function was used for 
apodization in all dimensions. Polynomial baseline correction 
was applied to the processed spectra wherever necessary. Peak 
picking and data analysis of the transformed spectra were per-
formed using the AURELIA 2.5.9 (Bruker) and FELIX 2000 
(Accelrys, San Diego, CA) software packages. 

  For the identifi cation of slow exchanging amide protons, the 
protein sample buffer was replaced with a perdeuterated solu-
tion consisting of 20 mM KD 2 PO 4  and 0.05% NaN 3  in D 2 O, as 
previously described ( 36 ). This perdeuterated solution was pre-
pared from the protonated buffer (90% H 2 O/10% D 2 O) at pH 
6.0 by lyophilizing and redissolving in D 2 O twice. The buffer ex-
change was performed at 4°C with Vivaspin centrifugal concen-
trators (molecular weight cutoff of 10 kDa) in several rounds of 
fi ltration over 6–10 h. Following equilibration to 25°C inside the 
NMR magnet, a series of homonuclear TOCSY (alternating be-
ween 30 and 80 ms spin lock time) and NOESY (alternating be-
tween 80 and 150 ms mixing time) experiments were collected 
over a period of more than 9 days (the fi rst 3.5 days at 600.13 
MHz and the remaining time at 499.87 MHz) in order to monitor 
the amide proton exchange. 
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their dynamics may be responsible for determining the li-
gand affi nity. 

 Structural stability mapping of CRBP-I and CRBP-II 
based on H/D exchange 

  Previous studies with various i-LBPs have revealed a cor-
relation between ligand-binding affi nity and overall struc-
tural stability for several members of this protein family 
( 21, 36 ). In order to determine whether such a correlation 
also applies to the cellular retinol carriers, we have now 

nearly identical to those at pH 6.0 (differences  � 0.02 
ppm), as shown in   Table 2  .  Assuming that different con-
formational states may be populated in solution, the pres-
ent NOE and chemical shift data imply that the segment 
F27-V34 adopts basically the same predominantly helical 
conformation at both pH 6.0 and 7.4. The global fold of 
the portal region in apo CRBP-II is therefore essentially 
identical to that of the holo form, as in the case of CRBP-I 
( 25 ). Hence, rather than fundamental structural differ-
ences between the two homologous proteins, variations in 

Fig. 2. A: Strip plot from a 15N-edited 3D NOESY-HSQC spectrum of rat apo CRBP-II collected at pH 6.0 and 
25°C. The dashed lines in red and blue connect the sequential HN-HN connectivities that are typical for helical 
conformation. B: The backbone NOE connectivity patterns of rat apo (red lines) and holo (blue lines) CRBP-II 
at pH 6.0 are shown in parallel for the segment Phe27-Val34. Dashed lines indicate ambiguous connectivities 
due to either spectral overlap, chemical shift degeneracy, or extremely weak signal intensity. Nearly all NOE 
signals that occur in the holo form are in principle also present in the apo protein. C: NOE pattern of rat apo 
CRBP-II at pH 7.4. Although the amide proton signal intensities are considerably weaker at this pH due to ex-
change broadening, NOE connectivities typical for helical structure are still observed.
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restricted  i ) to helix  � II (residues 28–34), which features 
high fl exibility and solvent exposure throughout the i-LBP 
family,  ii ) to the linker  � II- � B (residues 35–37),  iii ) to the 
turn  � B- � C (residues 45–48), and  iv ) to the turn  � E- � F 
(residues 75–79), while it does not occur in the  � -strand 
sections (i.e., residues 38–44, 49, 70–74, and 80–84). The 
more limited regions identifi ed in the present work are all 
part of the portal, except for the turn  � B- � C. 

  Apo and holo CRBP-II exhibited a behavior similar to 
that described for CRBP-I. However, many backbone 
amide protons that are involved in the hydrogen bond in-
teractions of the secondary structure elements show a con-
siderably faster exchange in CRBP-II, especially in the 
ligand-free form ( Fig. 3 ). 

  Comparing the apo forms of CRBP-I and CRBP-II, clear 
differences in the H/D exchange times are observed at the 
end of strand  � A, at the start of  � B, in the entire strand  � C 
(all belonging to the fi rst  � -sheet), in the middle of strand 
 � F, in helix  � I, and at residues 92 and 124. Helix  � I is 
linked directly to helix  � II, which is part of the ligand en-
try portal. Strand  � C, which leads to the turn  � C- � D within 
the portal, exhibits the highest difference in sequence be-
tween the two CRBP types (supplementary Fig. I), result-
ing in altered electrostatic surface potentials that affect 
salt bridge formations as discussed in the next section. 
Residues 92 and 124 reside in the turns  � F- � G and  � I- � J, 
respectively, which are both stabilized by salt bridges that 
occur only in CRBP-I (see below). 

  The difference in the amide exchange times of helix  � I 
between the two CRBP types becomes less pronounced 
upon retinol binding, presumably due to the stabilizing ef-
fect of the ligand. It must be noted that the turn  � E- � F, 
which is also part of the portal, appears to be more stabi-
lized in holo CRBP-I than in holo CRBP-II. A possible rea-
son for this effect could be the D79G substitution, assuming 
that the Gly residue favors a higher structural fl exibility of 
the turn  � E- � F in CRBP-II. Moreover, the substitutions 
L29T (helix  � II) and P38Q (linker  � II- � B) in CRBP-II both 
cause a loss of hydrophobic contacts between the protein 
and the  � -ionone ring of the bound retinol: the nonpolar 
van der Waals contacts of the Leu-29 side chain are lost be-
cause the methyl group of Thr is not as far-reaching (i.e., 
the interatom distances between retinol and Thr-29 exceed 
3.5 Å), and Pro-38 is replaced by a polar moiety. 

performed in an analogous manner NMR-based H/D ex-
change experiments on CRBP-I and CRBP-II in the ligand-
free and retinol-bound forms. 

  In both proteins, the number of amide protons display-
ing slowed H/D exchange was larger in the holo than in 
the apo form (  Fig. 3A  ;  supplementary Table I), suggesting 
a more rigid overall protein structure in the presence of 
ligand, as previously observed also for other members of 
the i-LBP family ( 19 ). By comparing apo and holo CRBP-I, 
the most pronounced differences appear in strands  � D, 
 � E, at the start of  � F, at the ends of  � C and  � G, and in the 
turn between helices  � I and  � II. All these segments are 
located around the portal ( Fig. 3B ), thus confi rming that 
the bound retinol stabilizes this region. This increase of 
backbone stability upon ligand binding occurs also at the 
residues belonging to the turn  � E- � F, whose amide proton 
resonances could not be assigned in the apo form because 
of a high degree of conformational mobility ( 25 ), whereas 
the two other structural elements that defi ne the portal 
(i.e., helix  � II and turn  � C- � D) both exhibit very fast H/D 
exchange with hardly any differences between the apo and 
holo forms. 

  The local fl exibility of apo and holo CRBP-I had been 
probed and mapped previously by mass spectrometry em-
ploying limited proteolysis; the reduction of deuterium 
labeling upon formation of the complex was attributed to 
a retinol-dependent increase of conformational stability in 
specifi c regions rather than to a direct shielding of amide 
hydrogens by the ligand ( 39 ). Based on the NMR-derived 
data, we can now specify that the higher deuteration ob-
served with mass spectrometry in segments 28-49 and 70-
84 of the apo form with respect to the holo form ( 39 ) is 

 TABLE 1. Comparison of backbone proton resonances (HN and H�) in the �II-helix region between 
rat apo and holo CRBP-II at pH 6.0 

Residue HNapo H�apo HNholo H�holo H�coil
a H�apo-H�coil H�holo-H�coil HNapo-HNholo

Phe-27 8.76 3.93 8.86 3.89 4.42 �0.49 �0.53 �0.10
Ala-28 8.40 3.88 8.41 3.82 4.19 �0.31 �0.37 �0.01
Thr-29 7.86 3.89 7.93 3.69 4.37 �0.48 �0.68 �0.07
Arg-30 8.27 3.72 8.38 3.65 4.32 �0.60 �0.67 �0.11
Lys-31 7.80 3.83 7.84 3.73 4.23 �0.40 �0.50 �0.04
Ile-32 7.14 3.88 6.87 3.62 4.09 �0.21 �0.47 +0.27
Ala-33 7.95 3.95 8.29 4.12 4.19 �0.24 �0.07 �0.34
Val-34 7.92 4.05 8.22 4.12 4.11 �0.06 +0.01 �0.30

The H� chemical shift values (in ppm) are compared with standard random coil values for each residue type; 
according to the chemical shift index approach (38), shift differences below �0.10 ppm indicate a helical 
conformation. The last column shows the differences in the HN resonances between the apo and holo forms

aValues taken from Ref. 54.

TABLE 2. Comparison of the backbone proton resonances (HN 
and H�) in the �II-helix region of rat apo CRBP-II at pH 6.0 and 7.4 

pH 6.0 pH 7.4 pH 6.0–7.4

Residue HN H� HN H� HN H�

Phe-27 8.76 3.86 8.76 3.86 ±0.00 ±0.00
Ala-28 8.40 3.88 8.40 3.86 ±0.00 +0.02
Thr-29 7.86 3.89 7.85 3.88 +0.01 +0.01
Arg-30 8.27 3.72 8.27 3.71 ±0.00 +0.01
Lys-31 7.80 3.83 7.79 3.81 +0.01 +0.02
Ile-32 7.14 3.88 7.12 3.86 +0.02 +0.02
Ala-33 7.95 3.95 7.97 3.93 �0.02 +0.02
Val-34 7.92 4.05 7.93 4.03 �0.01 +0.02
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Fig. 3. A: The logarithmic bar graphs show the maximal observation times (in hours) of the CRBP-I and CRBP-II backbone amide proton 
resonances after transfer to perdeuterated buffer (color coding: red �1 h; orange = 1–5 h; yellow = 5–24 h; green = 1–5 days; cyan = 5–9 
days; blue �9 days). NMR spectra of both the apo and holo forms were collected at 25°C in regular intervals, following 6–10 h of buffer 
exchange at 4°C. One-hour TOCSY spectra were acquired every 9–15 h, with 1D spectra collection every 4 h in between, for a total period 
of 220 h. B: Intervals of backbone amide proton exchange mapped onto the protein backbone ribbon of CRBP-I and CRBP-II with the same 
color coding as in A. Residues colored white could not be analyzed due to either missing assignments (Glu-72, Asp-73, Leu-74, Thr-75, Gly-
76, Asp-79, and Arg-80 in apo CRBP-I; Leu-93 in apo and holo CRBP-I; Glu-72 in holo CRBP-II), extreme line broadening (Cys-95 and 
Glu-111 in apo and holo CRBP-II), or lack of amide protons (Pro-1 and Pro-38 in CRBP-I). The retinol ligand is shown in magenta. This 
fi gure has been prepared with the program Pymol (DeLano Scientifi c, Palo Alto, CA) using the solution structures of rat CRBP-I (PDB 
1JBH and 1KGL) and the crystal structures of rat CRBP-II (PDB 1OPA and 1OPB).
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a change in charge. In fact, two complete reversals of 
charge occur at residues 9 (positive to negative) and 114 
(negative to positive). In total, all these side chain replace-
ments entail that CRBP-I has three negatively charged resi-
dues in excess over CRBP-II and two positively charged 
residues less than CRBP-II, leading to a net charge differ-
ence of 5: CRBP-I has a total charge of  � 7 and CRBP-II of 
 � 2. Although this difference in total charge does not have 
signifi cant consequences on the electrostatic surface po-
tential maps of the two proteins (not shown), the exten-
sive variations in the charge positions could be the reason 
for the differences observed in their acid denaturation be-
havior ( 40 ). 

  CRBP-I contains a salt bridge between Asp-89 and Lys-92 
( Fig. 4 ), which is common within the i-LBP family and ap-
parently stabilizes the  � -turn FG. CRBP-II lacks this salt 
bridge because of the substitution K92T. Moreover, based 
on ion pair distances obtained from X-ray coordinates, the 
charge differences between rat CRBP-I and CRBP-II can 
result in additional salt bridges that occur in either one of 

 Sequence comparison between CRBP-I and CRBP-II: 
a key to understanding their differences in structural 
stability 

  The surface residues.    Given the very similar three-di-
mensional fold and identical secondary structure elements 
of the two proteins (backbone root mean square deviation 
of 0.6 Å between rat holo CRBP-I and CRBP-II), the 
marked differences in structural stability must be related 
to variations in the primary structure. Despite a very close 
evolutionary relationship between the CRBP homologs 
( 22 ), their amino acid sequences show only 56% identity 
and 70% homology (  Fig. 4  ; supplementary  Fig. I). Most 
sequence differences occur at residues whose side chains 
are located on the protein surface. More precisely, out of 
86 surface-exposed residues (not counting residue His-134 
in CRBP-I), 45 are altered. Considering all histidines as 
polar but noncharged, these 45 differences are subdivided 
as follows: 12 maintain the same polarity or charge, four 
correspond to a switch from polar to nonpolar, four to a 
switch from nonpolar to polar, and 25 are associated with 

Fig. 4. Schematic representation of the secondary structure alignment between CRBP-I and CRBP-II from rat. Each circle represents a 
residue; in the case of an amino acid substitution, the fi rst letter denotes the residue in CRBP-I and the second letter the corresponding 
residue in CRBP-II. The antiparallel �-strands A through J (labeled in the left margin) are arranged in straight rows with hashed lines indi-
cating hydrogen bonds. The �-helices I and II (residues 16–23 and 27–34, respectively) are sketched in a skew array. Gray and black circles 
represent residues whose side chains are buried in the protein interior; black points out a nonconservative substitution between the two 
proteins. White, yellow, and orange circles represent residues with side chains at the protein surface; yellow marks substitutions from non-
polar to polar or vice versa, whereas orange denotes substitutions that involve changes in charge. (All His residues were considered as 
noncharged.) The additional salt bridge between Asp-89 and Lys-92 in CRBP-I is represented by a double arrow in blue. Other potential 
salt bridges are indicated by double arrows in magenta (for CRBP-I) and green (for CRBP-II).
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ticular relevance for protein stability, as they might affect 
this water cluster at the bottom of the binding cavity and, 
consequently, the entire protein scaffold. 

  The gap region.    Another important structural feature of 
the i-LBPs is the so-called “gap”, an interruption in the 
 � -sheet where no direct backbone-to-backbone hydrogen 
bond contacts exist between  � -strands D and E ( Fig. 5B ). 
This gap region is generally stabilized at the bottom by a 
structural water molecule ( 42 ) that forms hydrogen bonds 
to the backbone oxygens of residues 65 and 68 (both in 
the turn  � D- � E) as well as to the backbone amide group of 
residue 86 (in  � -strand F). Just above this water molecule, 
the highly conserved phenylalanines 64 and 70 show a 
skewed ring-stacking interaction (4 Å). Further stabiliza-
tion may be provided by three structural water molecules 
that, in the case of rat holo CRBP-I and II, interconnect 
 � -strands D and E in the upper part of the gap and, at the 
same time, are connected via Tyr-60 O � H and Glu-72 O 	 2 
to the above-mentioned internal water network. 

  Remarkably, the gap is considerably broader in all the 
available CRBP-II crystal structures in comparison to the 
only available CRBP-I crystal structure. The distance be-
tween the carbonyl oxygen atoms of residues 61 and 73 
ranges between 6.3 and 8.1 Å in rat and human CRBP-II 
compared with 5.67 Å in holo CRBP-I. Moreover, the Tyr-
60 hydroxyl group is shifted by about 1 Å only in CRBP-I, 
just like the Glu-72 O 	 2 atom, which shows a concomitant 
tilt of its carboxylate group by  � 40°. Hence, it appears that 
 � -strands D and E are somehow pulled closer together in 
CRBP-I, thereby furnishing the protein with an increased 
structural stability. 

  An explanation for the above-described structural dis-
crepancy in the gap region is found in the protein inte-
rior. In both CRBP types, Tyr-60 O � H is hydrogen bonded 
to Glu-72 O 	 2, whose carboxylate group is part of a circu-
lar network of hydrogen bonds within the ligand-binding 
cavity that includes four internal water molecules as well as 
the side chains of residues Tyr-19 and Gln-97 ( Fig. 5C ). In 
addition, the side chains of Arg-104 and Trp-106 are also 
part of this internal hydrogen bond network, which is 
quite similar in the two CRBP types. However, this region 
of the protein interior also contains three residues (51, 62, 
and 74 in  � -strands C, D, and E, respectively) that are dif-
ferent in CRBP-I and CRBP-II. These three residues en-
dow CRBP-I with a more dense packing due to the longer 
hydrophobic side chains of Ile-51, Met-62, and Leu-74 
compared to Thr, Leu, and Thr, respectively, in rat CRBP-
II. Moreover, in human CRBP-II the water molecule be-
tween Glu-72 and Trp-106 is shifted signifi cantly because 
of the additional space provided by the shorter Val-62 side 
chain, compared to Leu-62 in the protein from rat. 

  The nonconservative substitutions I51T and L74T were 
already mentioned with respect to the internal network of 
structural water molecules, which acts in several members 
of the i-LBP family as a kind of hydration shell for the hy-
drophobic residues inside the ligand-binding cavity ( 23 ). 
The presence of Met (in CRBP-I) instead of either Leu (in 
rat CRBP-II) or Val (in human CRBP-II) at position 62 is of 

the homologs: two in CRBP-I between Glu-41 and Arg-52 
as well as between Lys-101 and Glu-122, and one in CRBP-II 
between Lys-50 and Asp-63 ( Fig. 4 ). However, the latter is 
likely to stabilize the portal less effi ciently than the one 
between Glu-41 and Arg-52 because it is located farther 
away from the turn  � C- � D. This different salt bridge pat-
tern on the surface is likely one of the reasons accounting 
for the higher stability of CRBP-I with respect to CRBP-II. 

  The buried residues.    A critical factor for the structural 
stability of i-LBPs is a cluster of structural water molecules 
inside the binding cavity, which developed during the 
course of an evolutionary specialization of this protein 
family ( 23 ). These water molecules form an intricate 
network of hydrogen bonds among each other and with 
several side chains in the protein interior, thereby strength-
ening the overall protein structure as previously demon-
strated by H/D exchange experiments performed with 
other i-LBPs ( 21 ). 

  Both CRBP types contain a comparable number of in-
ternal water molecules (seven in holo CRBP-I versus six in 
holo CRBP-II), located in similar positions (  Fig. 5A  ).  As 
reported earlier, an NMR signal belonging to the Lys-40 
N 
 H side chain amide group (which is usually not ob-
served due to solvent exchange) had been detected in the 
 1 H/ 15 N-HSQC spectra of both apo and holo CRBP-I, indi-
cating a slowed exchange of these amino protons both in 
the presence and in the absence of the ligand ( 25 ). Simi-
larly, we detected the Lys-40 N 
 H signal both in apo and 
holo CRBP-II (supplementary Fig. II), in agreement with 
the hypothesis that the microenvironment of ordered wa-
ter molecules inside the cavity is quite similar in both pro-
teins. According to X-ray structure analysis, the Lys-40 
N 
 H amino group has hydrogen bond contacts to a struc-
tural water molecule and to Thr-53 O � . In addition, the 
crystal structure of human holo CRBP-II indicates a possi-
ble second binding conformation where also the retinol 
hydroxyl group is hydrogen bonded to Lys-40 N 
 H ( 41 ). 
Upon addition of the ligand, the Lys-40 N 
 H amino group 
of CRBP-II displays an upfi eld shift from 7.33/30.7 ppm 
to 7.13/30.6 ppm in the  1 H/ 15 N-HSQC spectra; this is 
presumably due to a shielding effect by the conjugated 
 � -electron fi eld of the retinol polyisoprene tail, as previ-
ously reported also in the case of CRBP-I ( 25 ). 

  Only 13 out of 47 residues whose side chains are lo-
cated in the protein interior are altered between CRBP-I 
and II, but without any differences in charge ( Fig. 4 ; sup-
plementary Fig. I): six are nonpolar residues in both pro-
teins, six are nonpolar in CRBP-I but polar in CRBP-II, and 
one is polar in CRBP-I but nonpolar in CRBP-II. There-
fore, only seven substitutions are nonconservative. The 
substitutions L29T and P38Q, involving residues in con-
tact with retinol, were discussed in the previous section; 
the substitution A121C is located in the  � -turn IJ, where 
the neighboring residue 122 can form a salt bridge only in 
CRBP-I. The four remaining nonconservative substitutions 
F4Q, I51T, L74T, and C82V, all involving the internal net-
work of structural water molecules described for heart 
fatty acid binding protein (FABP) ( 23 ), could be of par-
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particular interest because of the divalent sulfur atom. Al-
though the Met side chain is a poor hydrogen bond accep-
tor, as an electrophile it can form nonbonded interactions 
with electron-rich neighbors, such as oxygen atoms or aro-
matic rings ( 43 ). In the case of CRBP-I, the Met-62 side 
chain of  � -strand D is located in a highly hydrophobic envi-
ronment, sandwiched between the aromatic rings of Tyr-60 
and Phe-64 and positioned just opposite to Ile-51 of  � -strand 
C. Its S   atom is in close contact with the indole ring edge 
of Trp-106 (4.0 Å) and with the structural water molecule 
(3.3 Å) that is hydrogen bonded to Trp-106 N 	 1. This 
arrangement presumably bestows further stability to this 
region via nonbonded S…Ar and S…O interactions, in ad-
dition to the above-described tighter packing in CRBP-I 
with respect to CRBP-II. Hence, it appears that the protein 
scaffold of CRBP-I is more compact, thus contributing to its 
increased structural stability compared with CRBP-II. A sim-
ilar protein destabilization as a result of Met replacement 
has been reported for two Met-to-Leu mutants of T4 lyso-
zyme, where each methionine residue is buried next to a 
Trp ring and at least one other aromatic moiety ( 44 ). 

  DISCUSSION 

  The retinol affi nities of CRBP-I and CRBP-II differ con-
siderably despite the fact that their overall three-dimen-
sional fold as well as the ligand-binding motif (Lys-40, 
Trp-106, and Gln-108) are basically identical. The origin 
of this difference has not been described in detail to date, 
although previous studies have suggested that local con-
formational fl exibility is likely to play a role ( 14, 45 ). In the 
case of CRBP-I, various residues in the region designated 
as the “helical cap” were investigated earlier by single site-
directed mutagenesis ( 14 ), to determine their role in 
retinol affi nity and in the effi ciency of protein-bound 
retinol as substrate in retinal biosynthesis. The holo forms 
of all the respective CRBP-I variants displayed a more re-
laxed conformation at the helical cap, based on partial 
protease digestion; in terms of retinol affi nity, the mutants 
showed  K d   values either similar to the wild type or merely 
2–5-fold higher ( 14 ). These results did not reveal any sim-
ple relationships among the measured factors, indicating 
that the examined surface residues contribute in varying 
degrees. A different study, applying  15 N relaxation mea-
surements, suggested that conformational fl exibility in the Fig. 5. A: Structural comparison of the water-fi lled binding cav-

ities in rat holo CRBP-I (yellow with waters in green; PDB 1CRB) 
and rat holo CRBP-II (red with waters in magenta; PDB 1OPB). In 
both CRBP types, the internal residues and water molecules sur-
rounding the bound ligand are located in similar positions. The 
distances relating to i) retinol binding to Gln-108 and ii) the Lys-40 
N
H contacts are shown for CRBP-II. B: Structural comparison of 
the gap region between rat holo CRBP-I (yellow; PDB 1CRB), rat 
holo CRBP-II (red; PDB 1OPB), rat apo CRBP-II (magenta; PDB 
1OPA), human holo CRBP-II (blue; 2RCT), and human apo CRBP-
II (cyan; 2RCQ). The solid yellow and red lines indicate the dis-
tance between Ile-61 O and Asp-73 O in rat holo CRBP-I and 
CRBP-II. The dashed lines show hydrogen bond contacts within 
structural water networks that connect �-strands D and E in rat 
holo CRBP-I and CRBP-II. (The water molecules present in the 
other CRBP-II structures are not displayed here for easier viewing.) 
The solid double arrow indicates the ring-stacking interaction be-

tween Phe-64 and Phe-70. Dashed double arrows denote the hydro-
gen bond contacts of the structural water molecule at the bottom 
of the gap (Val-86 is not shown in this fi gure). C: Structural com-
parison of the region associated with the internal water network in 
rat holo CRBP-I (green; PDB 1CRB), rat apo and holo CRBP-II 
(cyan; PDB 1OPA and 1OPB), as well as human apo and holo 
CRBP-II (blue; 2RCQ and 2RCT). Dashed white lines denote the 
hydrogen bond network in CRBP-I. Yellow double arrows indicate 
nonbonded interactions of Met-62 S. Conserved residues are la-
beled in white; substituted residues are marked in the colors of the 
respective structures. The more bulky side chains of residues Ile-51, 
Met-62, and Leu-74 furnish CRBP-I with a more dense packing in 
this part of the protein interior.
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gest that i-LBPs featuring a more rigid structure and a 
higher ligand-binding affi nity require for ligand uptake 
and release an activation step that causes a conformational 
rearrangement and/or a modulation of dynamics in the 
portal region. Other i-LBPs, which are endowed with 
higher conformational fl exibility, allow for a “diffusion-
mediated” ligand exchange between the binding cavity 
and the surrounding medium. 

  This study also suggests that the comparison of NMR 
data collected under a variety of solution conditions allows 
a better characterization of certain protein domains. Con-
trary to an earlier report on the solution structure of rat 
apo CRBP-II, suggesting an increased accessibility to the 
retinol binding cavity due, in part, to the unwinding of 
helix  � II ( 28 ), our NMR results show that the segment 
F27-V34 does adopt a helical conformation, in agreement 
with the crystal structures of rat and human apo CRBP-II 
( 29, 41 ). Apparently, the experimental conditions in the 
previous NMR study ( 28 ) did not allow the observation of 
several crucial NOE connectivities, thus pointing to a dis-
ordered conformation rather than to a helical fold. Other 
members of the i-LBP family also featured weak signal in-
tensities of the backbone amides belonging to helix  � II, as 
they frequently either exhibit strong line-broadening or 
exist as several distinct spin systems ( 21, 25, 51, 53 ). This 
may be the consequence of a high degree of conformational 
variability observed in this specifi c segment of the apo pro-
tein ( 26, 45 ) and/or a fast exchange of the amide protons 
with water, as helix  � II exhibits a more pronounced solvent 
exposure than the other secondary structure elements 
of the typical i-LBP fold. We were able to identify the char-
acteristic NOE connectivities that defi ne helix  � II by 
collecting NMR data at different pH values and taking ad-
vantage of the higher spectral resolution of homonuclear 
2D-NOESY spectra, which were analyzed in combination 
with  15 N-edited 3D-NOESY data. Hence, the previously sug-
gested structural implications for the mechanism of retinol 
binding to CRBP II ( 28 ), including a ligand-induced coil-to-
helix transition ( 30 ), need to be reconsidered. 

  In conclusion, this study provides new evidence that in 
solution the global fold of the portal region in apo CRBP-II 
is very similar to that of CRBP-I. Furthermore, our results 
show that the distinctions in local fl exibility between the 
two primary cellular retinol carriers are not restricted to 
helix  � II and the turn  � C- � D, but occur also in helix 
 � I and in  � -strands A through F. These differences in 
structural stability, which are a result of evolution-based 
sequence alterations, apparently modulate the overall 
binding properties of the two homologous CRBPs. Stiff-
ening of the backbone upon ligand binding is presumably 
necessary to guarantee both protein complexes a certain 
stability during retinol transport. The fact that helix  � II 
represents the secondary structure element with the high-
est fl exibility in the holo form of both proteins could be 
an important feature to assist a transient conformational 
change that opens the portal during ligand release, a pro-
cess that is likely promoted by external factors, such as 
specifi c protein-protein or protein-membrane interac-
tions.  

putative portal region (helix  � II and  � C- � D turn) likely 
contributes to the interaction of CRBPs with ligands and 
retinoid metabolizing enzymes ( 45 ). However, the overall 
backbone structures of both the apo and holo forms were 
fairly rigid on the pico-to-nanosecond timescale ( 25, 28, 
30, 45 ), while conformational exchange on the slower 
micro-to-millisecond timescale could be compared only for 
the ligand-free forms of the two proteins, due to its nearly 
complete suppression upon retinol binding ( 26, 45 ). 

  Our results provide new details, as the real-time NMR 
time frame covered by the H/D exchange measurements 
revealed signifi cant differences between the two homolo-
gous proteins in the fl exibility of certain secondary struc-
ture elements that were not previously addressed. The 
number of backbone amide protons that display slowed 
H/D exchange is considerably larger in CRBP-I than in 
CRBP-II, both in the absence and in the presence of the li-
gand, thus indicating a generally higher structural stability 
of CRBP-I relative to CRBP-II. CRBP stability and ligand 
affi nity are thus correlated, as previously shown for other 
members of the i-LBP family ( 21, 36 ). This circumstance 
apparently results from a combination of stabilizing factors, 
which are the consequence of specifi c sequence differences 
that alter the pattern of potential salt bridges at the protein 
surface and affect key interactions inside the protein cavity 
involving the network of structural water molecules. These 
ordered waters are a crucial factor in the internal dynamics 
of all i-LBPs, as their interactions with the polypeptide chain 
represent an important aspect of structure, stability, and, as 
a consequence, ligand binding. 

  Does ligand affi nity relate to the mechanisms of ligand 
uptake and targeted release? While the binding of retinol 
to apo CRBP-I is modulated by changes in the protein dy-
namics around the portal region that are induced by an 
initial nonspecifi c interaction of the ligand with the pro-
tein surface ( 27 ), experiments in progress indicate that 
retinol binding to CRBP-II does not require such an activa-
tion step. Distinct mechanisms of retinol delivery to model 
membranes have been reported for the holo forms of the 
two CRBP types ( 46 ). While CRBP-I as well as heart, brain, 
intestinal, and adipocyte FABP require a “transient colli-
sion-based mechanism,” CRBP-II and liver FABP operate 
by an “aqueous diffusion-mediated mechanism” ( 47–49 ). 
In the case of intestinal and liver FABP, this difference per-
tains to ligand uptake from model membranes as well 
( 50 ). These data correlate with the H/D exchange data, 
which have revealed that stronger ligand binding i-LBPs, 
such as heart, brain, and intestinal FABP as well as CRBP-I, 
exhibit a considerably higher structural stability than i-LBPs 
with lower ligand affi nity, such as CRBP-II, epidermal and 
liver FABP, as well as the ileal lipid binding protein 
( 21, 36, 51, 52 ). In the case of the CRBPs, whose  K d   values 
differ by no more than two orders of magnitude in the nM 
range, the differences in H/D exchange behavior are not 
as dramatic as, for example, between heart FABP and the 
ileal lipid binding protein, whose  K d   values are in the nM 
range (H/D exchange completed in several days) and in 
the  � M range (H/D exchange completed within several 
hours), respectively. Taken together, these data thus sug-
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