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ABSTRACT. Transport proteins must bind their ligands reversibly to enable release at the point of delivery,
while irreversible binding is usually associated with the extreme cases of ligand sequestration. Protein
conformational dynamics is an important modulator of binding kinetics, as increased flexibility in the
regions adjacent to the binding site may facilitate both association and dissociation processes. Ligand
entry to, and exit from, the internal binding site of the cellular retinoic acid binding protein | (CRABP 1)
occurs via a flexible portal region, which functions as a dynamic aperture. We designed and expressed a
CRABP | mutant (A35C/T57C), in which a small-scale conformational switch caused by the ligand binding
event triggers formation of a disulfide bond in the portal region, thereby arresting structural fluctuations
and effectively locking the ligand inside the binding cavity. At the same time, no formation of the disulfide
bond is observed in the apo form of the mutant, and most characteristics of the mutant, including protein
stability, are very similar to those of the wild-type protein in the absence of retinoic acid. The mutation
does not alter the kinetics of retinoic acid binding to the protein, although the disulfide formation makes
the binding effectively irreversible, as suggested by the absence of retinoic acid transfer from the holo
form of the mutant to lipid vesicles in the absence of a reducing agent. Taken together, these data suggest
that the disulfide bond formation in the portal region arrests large-scale structural fluctuations, which are
required for retinoic acid release from the protein. The unique properties of the CRABP | mutant described
in this work can be used to inspire and guide a design of nanodevices for multiple tasks ranging from
sequestering small-molecule toxins in both tissue and circulation to nutrient deprivation of pathogens.

Retinoic acid (RA)! a metabolite of vitamin A, exerts a  the nuclear receptor site or modulate the amount of free RA
wide variety of effects on vertebrate development, cellular available to the nuclear receptors by sequestering it in the
differentiation, and homeostasit<4). Clinically it is used cytosol (L0, 11).
for treatment of skin disorders, prevention of epidermal
cancer, and treatment of acute promyelocytic leukemia (APL)
(5, 6). RA modulates gene expression via binding to nuclear
receptors, which belong to the steroid/thyroid hormone
superfamily and act as transcription factods 7—9). In
addition, there are two low molecular weight intracellular
proteins interacting with RA. These are the cellular retinoic . . . . .
acid binding proteins (CRABP | and CRABP I, which believed to occur via a region of the protein comprising the
belong to the family of intracellular lipid-binding proteins ﬂC,_D loop, thg,BE—F loop, and the N-terminal region of
(iLBPs). The functions attributed to CRABPs are to solubilize N€liX Il (12). Itis usually referred to as the portal region of
RA in the cytosolic environment and either transport it to CRABP and has been extensively studied in other members
of the iLBP family, in particular in the fatty acid binding
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1 Abbreviations: CRABP, cellular retinoic acid binding protein; ; i indi
RAR, retinoic acid receptor; RA, retinoic acid; IFABP, intestinal fatty protein and decreases dramatlca”y upon RA blndlh@ (

acid binding protein; iLBP, intracellular lipid binding protein; MS, mass 17)- These observations support the notion that the portal
spectrometry; ESI, electrospray ionization; DOPC, 1,2-dioleoyl- region is dynamic in nature and undergoes rapid fluctuations,

glycero-3-phosphocholine; CD, circular dichroism; IPTG, isopr@byt  \yhere transient loss of structure allows RA to enter the cavity
1-thiogalactopyranoside; LB, Luria broth; CAD, collision activation

dissociation; BMES-mercaptoethanol; SUV, small unilamellar vesicles; housing the internal binding sit.e, which is inaccessible in
TCEP, tris(2-carboxyethyl) phosphine. the static structure of the protein.

All members of the iLBP family are characterized by a
conserved structure, which is formed by two orthogonal
p-sheets (each composed of five antipargilstrands) with
a helix-turn—helix motif inserted between them. The
p-barrel contains a poorly accessible hydrophobic ligand-
binding cavity. Entry of RA into the cavity of CRABPI is
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Recent studies of the intestinal fatty acid binding protein  Site-Directed Mutagenesi$he A35C/T57C mutant was
(another member of the iLBP family) led to a suggestion constructed by site-directed mutagenesis via the inverse-PCR
that, once the hydrophobic ligand has entered the bindingmethod 22). The oligonucleotides (Integrated DNA Tech-
cavity, it is kept within its confines via multiple contacts to nologies, Coralville, 1A), templates, and mutant constructed
residues on the-helix Il and theC—D loop. Furthermore,  are shown in Supporting Information. The PCR reactions
comparison of the crystal structures of apo- and holo-CRABP (50 uL) consisted of 50 ng of the DNA template, 0.2
| showed that, upon binding, th®C—D loop moves closer  forward primer, 0.25uM reverse primer, 2%M of each
to thea-helix 1l (18—20). However, the association process deoxynucleoside triphosphate (Gibco BRL, Carlsbad, CA),
is reversible, as the noncovalent proteligand interactions  1x Pful buffer (Stratagene, La Jolla, CA), and 2.5 units of
only decrease, but do not completely eliminate, the transientPful polymerase (Stratagene) and were subjected to the
unfolding events in the portal region, which now provide a following program; denaturation (98C for 1 min), ampli-
route to complex dissociation. The main objective of this fication 16x (95 °C for 30 s, 55°C for 1 min, 68°C for 13
work was to engineer a mutant whose conformational min), and extension (68C for 30 min). At the end of the
properties (both structure and dynamics) are indistinguishablePCR cycle, 45L of the product was digested wipnl at
from those of the wild-type protein in the absence of the 37°C for 1 h. Both the digested and nondigested DNA were
ligand, while the mobility in the portal region is eliminated separated on a 1% agarose gel; a band corresponding to the
in the holo form. Since both passive and active RA transfers full-length plasmid (6.4 kb) was present as the only
from CRABPs to RAR 21) are important elements in  significant product. The DNA was used to transform Ehe
transcription modulation, availability of a CRABP mutant coli strain DH%x, which was plated onto LB agar containing
that freely binds the ligand, but fails to release it under 0.1 mg/mL ampicilin. The plasmid from the transformants
physiological conditions, would be a valuable instrument in was extracted by use of the QlAprep spin miniprep kit
our ongoing studies of the receptdransporter interactions.  (Qiagen, Valencia, CA) and checked by DNA sequencing

We hypothesized that if we could physically arrest whether the plas.mids .hav_e incorporated the right mutation
fluctuations in the portal region and effectively lock the and have maintained fidelity throughout the rest of the gene
protein in the holo conformation, RA would not be able to S€quence. _ _
escape from the internal cavity. We found two residues, ~Protein ExpressionWild-type CRABP | and CRABP
located in theo-helix Il and in theBC—D loop, that upon  -A35C/TS7C were expressed B coli BL21 (DE3) cells.
mutation to cysteines could form a disulfide bond only in Expression cultures (1 L of LB medium supplemented with
the holo form, thus creating a covalent cross-link, which 1#9/mL ampicillin), inoculated from a culture grown to an
cements the holo conformation of the protein, thereby ODeoo Of 1.0 at a 1:25 dilution, were grown at 3T, 250
preventing RA exit from the binding cavity. While the P, until the ORy reached~0.7. Protein expression was

oxidation of the two strategically placed cysteine residue induced with 0.4 mM IPTG fo3 h at 37°C for wild-type
occurs readily in the holo form of CRABP | mutant, no CRABPI and 3C¢°C for the A35C/T57C mutant. The protein

disulfide bond forms in the absence of the ligand, as the Purification process has been described elsewt8e (
geometry of the apo conformation of the protein does not Circular Dichroism.The CD'spectra were measured with
allow the two thiol groups to interact. The selective ability & Jasco J-715 spectropolarimeter (Jasco, Tokyo, Japan).
of this mutant to form a conformation-constraining cross- Solutions with a protein concentration of 48 in 10 mM

link only after the ligand binding event allows RA to be Sodium phosphate buffer (pH 8.0) were placedail mm
locked inside the protein cavity without obstructing its entry guartz cuvette for far-UV experiments (19350 nm). Each

to the binding site. In addition to providing further support SPectrum was obtained by scanning this range with 0.5 nm
for the portal model of CRABPRA interaction, the results ~ increments at a 20 nm/min rate; five runs were averaged for
of this work can be used to inspire design of therapeutic each spectrum to ensure adequate signal-to-noise ratio. After
agents with precisely tuned properties for multiple tasks in buffer baseline subtraction, the CD data were normalized to
nanomedicine ranging from sequestering small-molecule Protein concentration and expressed as molar residue ellip-

toxins in both tissue and circulation to nutrient deprivation tCIty-

of pathogens. Membranes. 1,2-Dioleoylsn-glycero-3-phosphocholine
(DOPC) was obtained from Avanti Polar Lipids (Alabaster,
MATERIALS AND METHODS AL). Small unilamellar vesicles of DOPC were prepared by

sonication. DOPC in chloroform was pipetted into a glass

Bacterial Strains and Plasmidé. previously constructed  tube and the solvent was evaporated under a stream of
plasmid, pET-CRABP 118), containing the CRABP | gene  nitrogen. The lipid film was further dried under vacuum for
subcloned in theeEscherichia coliexpression vector pET- 30 min. The lipids were resuspended in buffer containing
16b (Novagen, San Diego, CA) was used for site-directed 10 mM Tris and 100 mM NaCl (pH 8.0), and the suspension
mutagenesis and overexpression of both wild-type and mutantwas sonicated until it was clear.
CRABP I. The pET-16b vector contains an N-terminal His  Fluorescence TitrationsThe binding properties of the
tag and a short linker with a factor Xa cleavage decoli mutant protein were measured by a fluorometric titration
DH5a was used as the host strain for propagating the method 23) (FelixX32, PTI, Lawrenceville, NJ). Wild-type
recombinant plasmids carrying the CRABP | wild-type and and mutant proteins (&M in 10 mM Tris buffer, pH 8.0)
mutant geneE. coli BL21 (DE3), having a copy of the T7  were excited at 280 nm and the emission spectra were
RNA polymerase gene on its chromosome, was used as theecorded in the 3006380 nm range (2 nm slit width).
host strain for overexpression of both wild-type and mutant Concentrated RA solution in ethanol was added to the protein
CRABP 1. solutions in 3uL aliquots. The final volume of added ethanol
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did not exceed 1.7% of the protein solution total volume.

Concentration of RA stock was determined spectrophoto-

metrically using a molar absorption coefficient of 45 000™M
cmt at 336 nm 23).

Rate of Association of Retinoic Acid with CRABPI A35C/
T57C.Solutions of apo-CRABP | and apo-CRABP | mutant
A35C/T57C (1uM each in a buffer containing 10 mM Tris,

pH 8.0) were placed in fluorescence cuvettes. Retinoic acid

from a 1 mMstock was added to each cuvette to a final
concentration of kM, and the fluorescence intensity at 328
nm (excitation at 280 nm) was followed at 1.45 s time
intervals until the equilibrium was reached.

Binding of RA to the protein is a second-order reaction,
whose rate can be expressedkgfprotein][RA]. If the initial
concentrations of the two binding partners are equal to eac
other ([proteinj = [RA]o = 1 uM), then

1 1

RATRA Kont 1)

Concentration of free [RA] in solution can be calculated at
any point in time from the fractional concentrations of the
apo and holo forms of the protein:

Fano— F

0= )

Fapo ~ Fhoio

whereFn, and Fapo are fluorescence intensities of the end

points of the ligand binding reactions (the apo- and holo-

proteins).F is the fluorescence of the protein at a given

Sjoelund and Kaltashov

I:hoIoSUV = FSUV * Froio — Fouffer (4b)
whereFSY, F,,, andFno are the fluorescence of the SUV
alone, the apo form in the absence of SUV, and the holo
form in the absence of SUV, respectively.

The fraction of RA transferred from the protein to the
vesicles can be calculated as

Suv Suv
Fapo Y — F
Suv
I:apo

a:

(5)

Suv
- I:holo

Peptide Mapping and Disulfide Detection/Localization.

hAPO and holo forms of mutant CRABP were treated with

excess iodoacetic acid (Acros Organics, Morris Plains, NJ)
for 90 min, in the dark, at room temperature to protect any
free cysteines. The reaction was ended by removal of the
excess iodoacetic acid by running the protein through a
desalting column. Immobilized TPCKL{(tosylamido-2-
phenyl)ethylchloromethyl]trypsin was obtained from Pierce
Biotechnology Inc. (Rockford, IL) and washed 3 times with
100 mM NHHCOs/NH,OH solution at pH 8.0 prior to
digestion. Protein digestion was initiated by dispersing the
immobilized trypsin in 5Q:M apo- or holo-CRABP | A35C/
T57C solutions in 100 mM NEHCO; (pH 8.0). Digestion
was carried out fo3 h at 37°C in the dark (to protect RA
from possible photoisomerization). Proteolysis was stopped
by removing the immobilized TPCK from the protein
solution by centrifugation and subsequent freezing of the
supernatant.

retinoic acid concentration. The fluorescence data sets were Masses of tryptic fragments of CRABP | A35C/T57C were

fitted to egs 1 and 2 to obtain thkg, value of the association
reaction.

obtained with a Qstar-XL (ABI-Sciex, Foster City, CA)
hybrid quadrupole/time-of-flight mass spectrometer in the

Rate of Transfer of Retinoic Acid between CRABPI A35C/ positive ion mode. Tryptic peptide solutions were continu-

T57C and Vesicle® reduced mixture of CRABP | mutant
A35C/T57C with retinoic acid (1:1 molar ratio) was mixed
in a cuvette with 3.2 mM DOPC vesicles in a buffer
containing 10 mM Tris, 100 mM NaCl, and 1 mM BME,
pH 8.0. The final volume of the mixture was 1 mL.

ously infused into the TurboSpray source at a flow rate of 5
uL/min. Presence of a disulfide bond-linked peptide dimer
among the proteolytic fragments was detected by collision-
activated dissociation (CAD) in the negative ion mode
following mass selection of a precursor ion. Stability of

Fluorescence intensity at 328 nm (excitation at 280 nm) was protein—RA complexes in the gas phase was evaluated by

followed & 5 s time intervals until equilibrium was reached.
Since the dissociation reaction follows first-order kinetics
with a rate constarks, the latter could be obtained by fitting
the fluorescence data set to the following equation:

Kot ®3)

Distribution of Retinoic Acid between CRABP | A35C/
T57C and DOPC Vesicledlixtures of reduced and nonre-
duced CRABP | A35C/T57C with retinoic acid (1:1 molar

In (Fapo— F) = —

ratio) were mixed in cuvettes with DOPC vesicles (the DOPC

concentration in solution was 3.2 mM) in a buffer containing
10 mM Tris, 100 mM NaCl, and 1 mM BME to a final

volume of 100uL. The intensity of the fluorescence signal
was monitored at 328 nm for 5 min at equilibrium every 5

s (excitation at 280 nm). The amount of RA present in the

monitoring the extent of complex dissociation as a function
of declustering potential (DP) in the ESI interface {18D
V).

RESULTS

Rationale of Mutant DesigiThe crystal structures of apo-
and holo-CRABP | show that ligand binding does not result
in a large conformational change. However, the portal model
of RA binding suggests that the proteiligand association
event triggers relatively small-scale repositioning of several
segments including helicesl and all and turns between
BC—D andBE—F (18, 22). We used the crystal structures
of the holo and apo forms of CRABP | to search for residues
within and/or near the portal region that are distant from
each other in the apo form (1CBI), but are brought in close
proximity as a result of the conformational readjustment

vesicles versus that bound to the protein was obtained byfollowing RA binding (LCBR). The proximity should be

calculating the theoretical fluorescence for the apo and holo

forms in the presence of small unilamellar vesicles (SUV):

SUV __ =SUV _
I:apo =F + I:apo I:buffer

(42)

close enough to afford formation of a disulfide bond, should
each of these two residues be mutated to a cysteine. The
amino acid sequence of the wild-type CRABP | was screened
to identify such a residue pair(s) by use of the geometry-
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Ficure 1: Hypothetical structures of CRABP | A35C/T57C built on the CRABP | backbone (1CBI for the apo form and 1CBR for the
holo form). (Left) Superimposed backbone traces of the apo (cyan) and holo (gray) conformations of the protein. (Center) Surface model
of apo-CRABP | A35C/T57C with the introduced cysteine residues shown in orange. (Right) Model of holo-CRABP | A35C/T57C with
the cysteine residues shown in orange and RA shown in green.
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Ficure 2: (A) Far-UV CD spectra of CRABP | (black trace) and CRABP | A35C/T57C (gray trace). For each spectrum, the protein
concentration was 1@M and the buffer was 10 mM sodium phosphate, pH 8.0. The spectra were collected for the apo forms of the
proteins at 25°C and were baseline-corrected by subtracting a blank spectrum. (B) Fluorometric titration of CRABP | and CRABP |
A35C/T57C with RA. The normalized fluorescence for each protejn\} at 328 nm in 10 mM Tris, pH 8.0, at room temperature in the
presence of increasing amounts of RA is shown. (C) Urea-induced unfolding of CRABP | A35C/T57C. Denaturation was monitored as the
change in the fluorescence emission intensity at increasing concentrations of uged it6tein, 1ex = 280 nm). Raw fluorescence was
converted to the fraction of unfolded protein. (D) Fluorescence emission spectra of the mutant protein in the natit)fafemgtured

in 8 M urea ¢), and after refolding frm 8 M urea back to native conditions).(

based disulfide by design prograsilj. Among all possible protein were 30 mg/L of cell culture and 20 mg/L cell culture,
combinations, only pairs located on two different segments respectively.
of the protein, one located in the portal region, were  CD Spectra Correspond {6-Sheet Proteingrar-UV CD
considered. Pairs capable of forming a disulfide bond in both spectra for both wt and mutant CRABP | show a minimum
the apo and holo forms were also eliminated. That left only at 216 nm and a maximum at about 197 nm (Figure 2A),
one pair (A35 on helixall and T57 on the turrn3C—D) which is characteristic gf-sheet proteins. In addition, the
(Figure 1). These two residues are in close enough proximity CD spectra for WT shows a trough at 228 nm, which has
in the holo form to make a disulfide bond but not in the apo been shown to arise from fine details in the tertiary structure
form. It is noteworthy that neither A35 nor T57 is involved surrounding W87 and W1024). These characteristics are
in interactions with the ligand. also present in our mutant protein. When the protein is
Expression and Purification of the Mutant Proteifhe complexed with RA in the presence or absence of a reducing
CRABPI A35C/T57C mutant was constructed in a CRABP agent (see Supporting Information), there is no significant
| wild-type (wt) background that contained an N-terminal change in the CD spectra, indicating that the mutation,
His tag to facilitate its purification (see Supporting Informa- whether the protein is in an apo or holo form, does not induce
tion). As was the case for the wt-CRABP |, the mutant significant changes in its secondary structure.
overexpressed well ifE. coli and partitioned to the cyto- Stoichiometry of RA Binding to CRABP I Is Not Affected
plasm, rendering the purification a one-step process on a Ni-by the MutationIn order to ascertain that the mutant retained
NTA column. Typical yields for wt-CRABP | and the mutant the ability to bind RA, fluorescence titrations were carried
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Table 1: Kinetic and Thermodynamic Parameters of wt-CRABP | and the Double Mutant A35C/T57C

A35C/T57C
wt-CRABP | no reducing agent in apo or holo forms BME present in both forms

AG, kcal/mol 7.33+ 0.45 7.29+ 0.55 not measured
m, kcal/(motM) 1.93+0.11 1.89+ 0.13 not measured

y 3.80+0.02 3.864+ 0.03 not measured
Kon, 1& (M-min)~* 61.1+ 0.8 60.24+1.1 61.44+-0.7
Kof, min—t 0.22+ 0.012 not measured 0.3 0.1
Kg, NM 3.6+0.12 not calculated 5.0k 0.10

aTaken from refl0.

out for both wt-CRABP | and the A35C/T57C mutant. The  The identity of this species and the presence of a disulfide
intrinsic fluorescence of various retinoid-binding proteins, bond were verified by fragmenting it in the negative ion
including CRABP |, decreases upon ligand binding due to mode. Unlike collision-induced dissociation (CAD) of pep-
the overlap from the fluorescence emission bands of tryp- tide cations, fragmentation in the negative ion mode usually
tophan and tyrosine side chains and the absorption bands ofeads to facile dissociation of disulfide bonds, resulting in
retinoids. Consequently, if a tryptophan side chain is highly recognizable “signature” dissociation patterns of
positioned in the vicinity of the ligand binding site, fluores- peptide oligomers containing external disulfide cross-links
cence quenching ensues upon ligand binding. This phenom+20, 29). Figure 4 shows the CAD spectrum of a dianionic
enon has been extensively studied and used to monitorspecies atm/z 1071, where the three major groups of
binding of retinoids to a variety of proteins, including fragmentions represent anionic species corresponding to T7
CRABP | 23—27). The mutant CRABP | binds retinoic acid and T9 segments of the protein, unequivocally confirming
with the same stoichiometry as wt-CRABP | (Figure 2B). identification of this tryptic peptide as a disulfide-linked T7/
Both the wild-type and the mutant protein are 50% in the T9.

holo form at a concentration of RA that is 50% of that of  The pouble Mutant Traps Retinoic Acid inside the Binding
the protein, showing that no RA is free, and thus the binding caity under Nonreducing Conditions: Rate of Association
stoichiometry is 1:1. Since the protein concentration used is of Retinoic Acid with CRABP | A35C/T57The rate constant
significantly above publishet values, these data cannot of association of retinoic acid with CRABPI A35C/T57C
be used to measure tii& of the reaction. (ko) Was measured by utilizing the quenching effect of
Unfolding of the Mutant Is Cooperat and Reersible retinoic acid on the protein upon binding3). Retinoic acid
in the Absence of RATo examine whether the double was dissolved in ethanol and mixed with wt-CRABP | and
mutation altered the global conformational stability of the mutant. The fluorescence of each mixture at 328 nm
CRABP |, the sensitivity of the mutant to urea-induced (excitation at 280 nm) was monitored at 1.45 s intervals until
denaturation was determined. Urea-induced unfolding of the equilibrium was reached. Since the initial concentrations
CRABRP | is associated with a red shift in the emission spectra of both the protein and retinoic acid in these experiments
of the protein and an increase in the fluorescence intensitywere the same, and the binding stoichiometry is 1:1 for both
(Figure 2D). Previous work has shown that the presence ofwild-type protein and the mutant (vide supra), the second-
the His tag does not perturb the structut&)( The mutant order rate constants of protetligand association can be
unfolded cooperatively and refolded reversibly (Figure 2C). obtained by plotting 1/[RA]— 1/[RA], as a function of time
The equilibrium data are well described by a two-state (Figure 5A). No significant difference in the binding kinetics
folding process 48). The urea sensitivity of the mutant is was observed between wt-CRABP | and the double mutant,
essentially the same as that of wt-CRABP I, strongly suggesting that the mutations had no effect on the binding
suggesting that the double mutation did not affect the overall kinetics of retinoic acid into the cavity of the protein (Figure
conformational stability of the protein (Table 1). 5B). Furthermore, addition of the reducing agent to the
Formation of a de Noo Disulfide Bond in the Holo Form  Mixture of RA and the double mutant had no effect on the
of the Double Mutantin order to verify disulfide bond binding kinetics. Thek,, values obtaineq in this experiment
formation between the two introduced cysteine residues are as follows: (61.1 0.8) x 10° (M-min)~* and (61.4+
following RA binding to the double mutant, disulfide 0-7) x 10° (M-min)™, respectively, for the wild-type and
mapping was carried out both in the presence and in the mutant proteins in the apsence of the reducing agent and
absence of retinoic acid in the protein solution. The protein (61.2 = 1.1) x 10° (M-min)™* and (60.2+ 1.1) x 10°
was treated with iodoacetic acid, followed by trypsin (M-min)™* for the wild-type and mutant proteins in the
digestion and ESI-MS analysis of the masses of the pro- presence_of 0.1 _mM TCEP_. These results g:learly _|nd|cate
teolytic fragments. The tryptic digest of the double mutant that the side chains of the introduced cysteine residues do
in the absence of RA contained 19 peptides, 16 of which not interfere with the ligand entry into the cavity in the apo
were at least three amino acid residues long and were easilyform of the double mutant.
assigned (see Supporting Information for more detail). Two RA Partitioning between Membranes and Protein in
of these peptides (T7 and T9) were notably absent in the Reducing and Nonreducing Enonments.Poor solubility
digest of the protein treated with iodoacetic acid in the of RA in water makes it difficult to monitor its dissociation
presence of RA. Instead, an additional species was presentfrom CRABP | in aqueous environments. In order to avoid
whose mass corresponded to a peptide dimer T7/T9 linkedthis problem, RA dissociation from the double mutant of
by a disulfide bond (Figure 3). CRABP | was monitored in the presence of a “hydrophobic
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Ficure 4: Negative CAD MS of a doubly charged peptide dimer . .
[T7/T9 — 2HJ2~ showing a characteristic dissociation pattern arising form of the double mutant is 5.2 nM, which is in the range
due to the gas-phase cleavage of the disulfide bond connectingof previous reported value8g, 34).

peptides T7 and T9. Increased Stability of the Mutant Proteihigand Complex

sink”, chosen to be unilamellar DOPC vesicles. This system IN the Gas PhasePreviously we demonstrated that RA

has been previously used to monitor the dissociation of the CRABP I complex is only marginally stable in the gas phase
CRABP/RA complexesl(0) and of retinoid binding proteins/ ~ @nd dissociates readily in the ESI interface, presumably due
retinoids in general 26, 30, 31). Since the presence of !0 the significant role played by the hydrophobic interactions
vesicles had no effect on the intrinsic fluorescence of the N Maintaining complex integrind0). In this work, the effect
protein (see Supporting Information for more detail), RA of the double mutation on the stability of the proteligand
transfer from the protein to the vesicles could be followed COMPlex was probed by monitoring the extent of dissociation
by monitoring the increase in fluorescence of the protein. S @ function of the declustering potential in the ESl interface
These experiments do not aim at measuring kievalue simultaneously for both wt-CRABP | and the double mutant.
but at ascertaining whether RA partitions from the protein The results of these measurements (Figure 8) suggest that
to the vesicles. The fluorescence change is shown in Figurethe double mutation results in a significant increase of the
6 (top). In the presence of 1 mM BME, the fluorescence fraction o_f surviving prot_elﬁllgand_complgxes_ even at high
after 10 min is indistinguishable from that of the protein in declustering potential. Since RA dissociation in the gas phase
its apo form. Without a reducing agent, the fluorescence after S likely to involve (partial) unfolding of the host protein as

10 min remains at level of the holo form. The amount of @ required step, the double mutation clearly enhances the
apoprotein in the presence of the reducing agent is (@6.3 Protein conformational stability even in the absence of
1.1)% and in the absence of reductant is (4.0.6)% (Figure ~ Solvent.

6, bottom). The disulfide bond present in the holo form

efficiently “traps” retinoic acid in the binding cavity on the DISCUSSION

time scale of these experiments. The mechanisms of retinoic acid interaction with CRABPs
Since RA does not dissociate from the double mutant in have been the subject of extensive studies by X-ray crystal-

the absence of the reducing agent, measuremeky; dfad lography (9), nuclear magnetic resonanck?), and mass

to be done under reducing conditions (Figure 7). The spectrometry17). These studies and those done on members
measured off rate is 0.3Ht 0.004 min!, which is in good of the iLBP family (L3, 36—44) have provided detailed
agreement which previous published results for the wild- information concerning the structure of the ligand-binding
type protein 82). The resulting appareid for the reduced  site, conformation of thg-barrel backbone side chains, and
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Ficure 6: (Top) Fluorescence intensity change upon addition of § %
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lines on the graph represent the fluorescence level of the apo (lower) = + i
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Ficure 8: Stability of CRABP | complex with RA in the absence
of solvent. (Top) Fraction of dissociated complexes as a function
of declustering potential in the ESI interface for wild-type (gray
circles) and double mutant CRABP | (open circles). (Bottom)
Detailed view of thet+9 region of the ESI mass spectra of holo
forms of wild-type (gray trace) and double mutant (black trace)
CRABP |, acquired at declustering potential 20 V.

In(Fg-F)

large-scale dynamic motions of the protein backbone in the
portal region, thereby preventing RA from exiting the binding
0 200 400 600 800 Cavity.
0 i . The residues mutated in this study were selected for several
0 100 200 300 400 reasons. Crystal structure analysis of CRABP | in the apo
. . Renresentative It;"t’efc(:{ic) surement of RA from and holo forms has shown that there are very few differences
IGURE [ IV u i i '
the reduced 1Porm of hoIoE)CRABFET I A35C/T57C. (Inset) Raw between th? two con_formatlong_so. The m.OSt S'.gmflcam
fluorometric data for transfer of RA from the reduced mutant protein 9"€ 1S the difference in the POS'“O” of hellx. I with respect
to the DOPC vesicles. to the BC—D loop. The residues A35 (helix II) and T57
(8C—D loop) are not involved in ligand binding, although
dynamic motions of the protein essential for retinoic acid both appear to be highly conserved within the iLBP family.
entrance into the cavity. These studies lead to a hypothesisA35 is conserved in 19 proteins (36.5%) and T57 is
that the region surrounding ti##—D loop, theE—F loop, conserved in 36 proteins (69.2%) among the 52 iLBP family
and the N-terminal region of helix Il serve as an entry/exit members, and the nonconserved residues also have small side
port for the ligand (the so-called portal region hypothesis). chains. [A35 is replaced by L (nine proteins), V (four
This hypothesis gained further support from several studiesproteins), T (10 proteins), | (seven proteins), and D (three
aimed at modulating the kinetics of RA entry into the binding proteins); T57 is replaced by P (four proteins), A (six
cavity by mutating residues in the portal region to increase proteins), G (three proteins), and N (one protein)]. Not
the channel diametel 4, 45, 46). The objective of this study  surprisingly, substituting A35 and T57 in the CRABP |
was different, as we sought to modulate the ligand-binding sequence with cysteine residues does not interfere with RA
properties of CRABP | (more specifically, ligand exit from entry into the binding cavity, as the thiol side chains are too
the cavity) by inhibiting the ligand exit from the cavity small to create any steric hindrance in the portal region and
without affecting the entrance to the binding site. To achieve are pointing toward the outside of the protein. At the same
this objective, we engineered a CRABP | mutant in which time, a minor conformational adjustment in the portal region
the initial RA binding event triggers an irreversible covalent following RA binding to the protein brings the two residues
modification. This modification (cross-linking) arrests the in close enough proximity to afford disulfide bond formation

fluorescence, 104 counts




Disulfide Bond Formation Locks RA inside Mutant CRABP Biochemistry, Vol. 46, No. 46, 2007.3389

between the two newly introduced cysteine residues. Forma-hypothesis of ligand binding to proteins from the iLBP
tion of the disulfide bond in the holo form and its absence family.

in the apo form of the double mutant was confirmed by mass
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When the latter was added to the holo-protein solution, )
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