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ABSTRACT

X-RAY CRYSTALLOGRAPHIC STUDIES OF CELLULAR RETINOIC ACID-
BINDING PROTEIN I MUTANTS DESIGNED AS RHODOPSIN MIMICS

By

Xiaofei Jia

Color vision is one of the most fascinating mechanisms of the human anatomy. It is
achieved by the collaboration of four visual pigments in the retina: the rod, red, green and
blue rhodopsins. Upon binding of 11-cis-retinal, the four rhodopsins exhibit distinct
absorption maxima, which altogether cover the entire visible spectrum and enable color
vision. The underlying opsin-chromophore interactions within each rhodopsin are
therefore of great interest and significance. Elucidation of these mechanisms, however,
has been hampered by difficulties associated with the overexpression, purification, and
routine crystallization of the membrane-bound rhodopsins. To overcome these
difficulties and advance our understanding of the wavelength regulation mechanism in
color vision, we have established a model system for rhodopsin, employing a mimic
protein, cellular retinoic acid-binding protein II (CRABPII).

Upon binding of a shorter retinal analog, C,s-aldehyde, several rationally designed
CRABPII mutants exhibited altered absorption maxima of the bound chromophore.
These mutants were characterized both biochemically and structurally. Chapter II of this
dissertation focuses on the structural insights obtained for four such holo-CRABPII
mutants based on the high-resolution crystal structures. The protonated Schiff base
formation between Lys132 and the chromophore has been confirmed in all structures.

Two distinctive binding orientations have been observed in different C,s-aldehyde-



CRABPII complexes. A single mutation at 121 is shown to play a key role in
determining the binding mode of the ligand. Based on the available high-resolution
structures, further rational design of CRABPII has led to the discovery that placing
negatively charged residues along the polyene chain of the chromophore leads to a clear
trend in wavelength regulation.

High-resolution crystal structures of six apo-CRABPII mutants have also been
determined. Chapter III details the discussion of how different mutations affect the
structural integrity of the protein. A water-mediated hydrogen-bonding network has been
observed in all apo-CRABPII structures, including both wild-type and mutants.
Mutations usually lead to altered water-mediated networks and yet do not disrupt the
overall structure of the protein. Mutations on the helical portal, however, tend to have
detrimental structural effects.

Chapter IV presents an attempt toward elucidating the direct interaction between
CRABEPII and the retinoic acid receptor (RAR), which is responsible for the retinoic acid
delivery.

Chapter V discusses the efforts toward obtaining the first crystal structure of the
cellular retinaldehyde-binding protein (CRALBP), another important protein in vision.
CRALBP functions in the regeneration process of 11-cis-retinal from all-trans-retinol in
the retina pigment epithelium. Initial efforts toward crystallizing the full length
CRALBP were unsuccessful. Subsequent mutagenesis combined with biochemical
studies have helped identify suitable truncations at the N-terminal of this protein. Recent
crystallization trials with a truncated CRALBP complexed with a synthetic ligand have

shown encouraging results.
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CHAPTER | Introduction

1.1. The Mystery of Vision

Vision is a precious gift that deeply enriches our lives. Through vision, one is able
to perceive the order and beauty of the world. The visual process is one of the most
delicate and efficient mechanisms of the human anatomy.

Given the fascinating nature of vision, it is not surprising that people have been
intrigued by the question of how one is enabled to see since the early days of human
history. Ancient Greek philosophers, Plato (ca. 450 BC), Democritus (ca. 350 BC),
Aristotle (ca. 330 BC) and Euclid (ca. 300 BC), were the first known to seek the
explanations of vision (/). However, only Aristotle's theory, which was later extended by
his student Theophrastus (ca. 300 BC), was close to capturing the true nature of this
process: light is reflected by the objects, travels through the medium (air), and is then
received by the eye (2). Although not popular at its time, this theory was improved
throughout the centuries and eventually revisited by Johannes Kepler (1571-1630) in
1604 (3). He postulated the first complete description of the optics of the eye, refuting
the once-popular theory that vision is enabled when the objects are being touched by the
emissions sent out from the eyes. In 1704, Isaac Newton (1642-1727) published the book
Opticks, which revolutionized the understanding of the laws that govern light (4). Most
of his insights on the physical and physiological nature of color remain valid today. In
the 1830s it was discovered that the perception of light happens in the rod and cone cells

of the retina, the inner part of the eye. In 1878 the photosensitive protein in the rod cells,



now known as rhodopsin, was isolated by F. W. Kuhne (1837-1900) (5). The active
research of the subject over many years finally led to the revolutionary discovery by
Wald (1906-1997) and coworkers that greatly advanced our understanding of the first

steps in the vision process (6-8).

Vitreous gel

Optic nerve

Figure I-1. The human eye (9).

In a simplified picture, the current model of the vision process can be depicted as
follows. When light enters the eye through the pupil, it is immediately focused by the
lens before being sensed by the photoreceptor cells in the retina (Figure I-1) (/0).
Through a cascade of complicated events, the absorption of photons is converted into
specific electrical signals in the photoreceptor cells. These signals are then transmitted in
specific patterns out of the photoreceptor cells, through the optic nerves, and onto certain

parts of the brain.
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Figure I-2. A. rod and cone cells in retina (11); B. rhodopsins embedded in the disks
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Through decades of hard work by many scientists, a more gh and

picture of this process has been achieved. For vertebrates, in the retina where vision
initiates, two types of photoreceptor cells, rod and cone, exist (Figure 1-2A) (/3). The
human eye contains approximately 100 million rod cells and about 6 million cone cells
(14). Both types of the photoreceptor cells contain the visual pigments, known as
rhodopsins. Rhodopsins refer to the specific proteins, called opsins, when they are bound
to retinal via a Schiff base linkage with the active site lysine. In human eyes, each rod

cell uses rod rhodopsins as its sole visual pigments, which are responsible for dim vision,



while each cone cell contains its own specific rhodopsins: blue, green or red opsins,
respectively. The blue, green and red cones are responsible for color vision. In the dark
state, all four opsin proteins bind to the same natural substrate, 11-cis-retinal. Although
the four rhodopsins differ in their absorption spectrum, they share the same mechanism in
the process called phototransduction (/5-17).

As shown in Figure I-2A, a photoreceptor cell, either rod or cone, contains an outer
segment and an inner segment (/8). Taking the rod cell for example, in the outer
segment hundreds of phospholipid bilayer disks are stored in an ordered, parallel fashion.
Rhodopsins, the 7-helical trans-membrane protein, are embedded inside these disks with
an orientation that is mostly perpendicular to the disk (Figure I-2B). The rhodopsins
occupy ~50% of the disk surface area. Although it varies between species, each rod cell
typically contains 1700 disks and each disk contains up to 1.5 million rhodopsin
molecules (/9). The inner segment contains the mitochondria, the nucleus and the
synaptic end.

The human vision process starts with the photolysis of rhodopsin, which involves a
cis-trans isomerization of the bound 11-cis-retinal. This activation-deactivation process
of rhodopsin involves several thermal/dark steps characterized by intermediates identified
at very low temperatures (Figure I-3) (20-25). In the dark state, 11-cis-retinal binds
within rhodopsin through a protonated Schiff base (PSB) with Lys296 (26-29). Within
femtoseconds after radiation, photorhodopsin is formed as a highly distorted "all-trans"
PSB moiety (30), which then relaxes to the first isolatable intermediate, bathorhodopsin
(31, 32). The formation of lumirhodopsin immediately follows within nanoseconds,

followed by metarhodopsin I and then metarhodopsin II. The formation of



metarhodopsin II happens milliseond after light absorption. Metarhodopsin II turns out
to be the activated form of rhodopsin, which triggers the subsequent phototransduction
cascade. The Schiff base is found to be unprotonated at metarhodopsin II. Following the
metarhodopsin II activation, the imine bond is protonated to afford metarhodopsin III.

Finally, dissociation of all-frans-retinal from rhodopsin is achieved through hydrolysis.

11
X CHO
opsin all-trans, 385 nm
11-cis, 498 nm f
\N/HlG) >0° C min.

hv | <200 ts meta-ll, 0" C,380nm | ____activates transducin
Unprotonated = begins the visual
1 12 Schiff Base transduction process
.Y, .
Photo, 570 nm
"all-trans” highly distorted meta-l, -15°C
480 nm
-
us
n ns
LGN — » Lumi,-40°'C
12 H 497 nm
Batho, -140° C, 543 nm
“distorted trans”

Figure 1-3. Schematic representation of the intermediates observed in the
isomerization of 11-cis-retinal to all-frans-retinal in rhodopsin (21).

The electric signal is generated as follows (Figure 1-4). In vertebrate, a dark current

carried by Na' and Ca2+ enters the outer segment of the rod cell through cGMP-gated

channels keeping the cytoplasmic membrane relatively depolarized (33-35). The



activation of rhodopsin through photon absorption generates metarhodopsin II (36, 37),
which is able to bind to transducin, a G-protein consisting of three subunits: Ta, T and
Ty. It is believed that this interaction is achieved when the a-subunit of transducin binds
to amino acids located in the second and third cytoplasmic loops of metarhodopsin (38-
41). This interaction triggers a conformational change in Ta, which involves the opening
of the nucleotide-binding pocket and release of the guanosine-5'-diphosphate (GDP)
bound (42). Transducin is then activated through binding to guanosine-5'-triphosphate
(GTP) and subsequently the dissociation of Ta from T and Ty, which eventually enables
the signal transduction going from transducin to the next entity, the cyclic guanosine-5'-
monophosphate (cGMP)-specific phosphodiesterase (PDE).

PDE is a membrane-bound protein consisting of four subunits: Pa, P and 2Py.
The catalytic activity of PDE is enabled by the two subunits, Pa and PB. In the inactive
state, the two inhibitory Py subunits block the activity of PDE. Activation of PDE is
achieved through binding with Ta-GTP and subsequent removal of the two inhibitory Py
subunits (43, 44). The activated PDE then hydrolyzes the cGMP into 5'-GMP, reducing
the cellular concentration of cGMP. The lowered concentration of cGMP signals the
closing of the cGMP-gated ion channels, which then results in interruption of the dark
current. In this way, the absorption of light is transformed by the rod cells to a
hyperpolarized electrical signal which is subsequently transmitted to the synaptic end and

sent out to the brain through the optic nerves.
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Phototransduction in vertebrate involves a light-activated isomerization of a double
bond, which triggers a cascade of events and eventually leads to vision. This process is
one of the most efficient and sensitive biological processes known, with a quantum yield
of ~0.67 (46). The energy amplification of the visual process is calculated to be in the
order of 100,000 based on quantitative analysis of the electrical response to a single
photon (47, 48). On the molecular level, the amplification is achieved in primarily two
steps. The first step lies in the interaction between metarhodopsin II (R*) with transducin
(T). Within a fraction of a second, one molecule of R* is able to contact hundreds of
transducins. The second stage of amplification is provided by the activity of PDE which
catalyzes ~1000 molecules of cGMP per second (49, 50). The total amplification
therefore equals to ~100 x 1000 = 100,000, which is in agreement with the calculations
based on the electrical response. This explains the excellent sensitivity of vision that
allows us to see even in the darkest environments.

The above steps are involved in the rising phase of the light-signal response. The
inactivation of this response is also important and involves mainly three mechanisms.
The first mechanism is the guanylate cyclase-catalyzed generation of cGMP from GTP.
This process compensates the loss of cGMP caused by light-activation. The decreased
c¢GMP concentration signals closing of the ion channels, which leads to a decrease in the

concentration of calcium (35, 57). The activity of guanylate cyclase is stimulated by the
2+ . . .
lowered Ca~ concentration in the rod cell. The cGMP concentration then increases so

that the cGMP-gated channels are open and the dark current is restored.



The second mechanism of inactivation is through phosphorylation of rhodopsin.
The major role of rhodopsin phosphorylation, mediated by rhodopsin kinase and protein
kinase C, is to promote arrestin binding and decrease transducin binding (52, 53).

The third mechanism involves the transducin-catalyzed hydrolysis of GTP to GDP
(54, 55). The GTPase activity is greatly accelerated during the rising phase of the light
activation, which later on leads to reduced concentration of activated transducin, Ta-
GTP.

Phototransduction in invertebrates shares a great deal of similarity with that of
vertebrates in the overall strategy. Light activation of rhodopsin triggers a series of
intermediates leading to metarhodopsin. Similarly, this metarhodopsin also triggers a
cascade of events leading to an electrical response. One difference is that the
metarhodopsin in invertebrates is stable and inter-convertible with rhodopsin. Another
interesting difference of the phototransduction in invertebrates is that the electrical signal
is generated by depolarization of the plasma membrane, which is caused by the light-
activated closing of the ion channels (56). Overall, the vision process in invertebrates

shares several important features and similar sensitivity with that in vertebrates (57, 58).

1.2. Rhodopsins as mammalian visual pigments: structure and
function in photoactivation.

Rhodopsin is a 39KD protein, consisting of 348 amino acids and two oligosacchride
chains (59, 60). It belongs to the family of G protein-coupled receptors (GPCR), which is
by far the largest class of cell surface signal transducing receptors. Similar to the other

membrane-bound GPCR family proteins, rhodopsin features a typical 7-helical structure.
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11-cis-retinal

Figure I-5. Crystal structure of bovine rod rhodopsin. A. Overall fold; B. Binding of
11-cis-retinal in rhodopsin.

Our understanding of rhodopsin was greatly advanced with the determination of the
crystal structure of bovine rod rhodopsin at 2.8 A in the year 2000 by Palczewski and
coworkers (28). This first-ever crystal structure of rhodopsin was able to define 95% of
the amino acids as well as the posttranslational modifications (Figure I-5A). Continued
efforts from different research groups has since yielded rhodopsin crystal structures in
different crystal forms and improved resolutions to 2.2 A (61, 62). As revealed by the

crystal structure, 11-cis-retinal is bound to the transmembrane portion of rhodopsin

hrough a lent trans-imine bond with Lys296 (Figure I-5B). This confirms the
protonated Schiff base (PSB) formation between the chromophore and Lys296 that was
suggested previously based on other biochemical evidence (26, 27). Glul13 is identified

as the counter anion that stabilizes the PSB 3.45 A away. This electrostatic interaction
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between the PSB and the carboxylate counter anion is found to be conserved only among
visual pigments and is considered to be important for wavelength shift of the bound
chromophore as well as for maintaining the inactive, dark state conformation of
rhodopsin (63-66). Prior to the determination of the crystal structure of rhodopsin, the
role of Glul13 acting as a counter anion had been identified through mutagenesis studies

(65). Mutation of Glull3 to GInl13 leads to a dramatic change in the absorption

maximum from 500 nm to 380 nm, which is accompanied by a decrease in pK, from over

16 to around 6.

Rhodopsin also features a compact extracellular (intradiscal) portion, part of which
folds inward to enclose the bound chromophore (67). The two oligosacchrides are also
present in the extracellular part of the protein, linked through two Asn residues, Asn2 and
AsnlS5, at the N-terminus. The cytoplasmic portion of rhodopsin is not as rigid as the
extracellular portion. In fact, the B-factors for this region vary considerably among
different ground-state crystal structures, indicating the flexible nature of this part of
rhodopsin (68). The transmembrane (TM) portion of rhodopsin constitutes as much as
60% of its secondary structure (69, 70). This region also contains the majority of the
conserved residues in rhodopsin and other GPCRs, many of which are suggested to play
important roles in maintaining the stability of rhodopsin.

As mentioned earlier, the initial light activation of rhodopsin leads to several
photoproducts. The crystal structures of some of these photoproducts have been
successfully obtained after trapping these photolyzed states at low temperatures (7/-73).
Three-dimentional structures have been obtained for bathorhodopsin and lumirhodopsin.

A structural model for metarhodopsin I has also been obtained based on electron

11



crystallography of two-dimentional crystals. Even though these structures are only at
moderate to low resolutions (2.7 - 5.5 A), comparison of them with the dark-state
structure of rhodopsin reveals that the double bond between C11 and C12 in retinal
adopts the trans conformation upon light-activation (74). From bathorhodopsin to
lumirhodopsin, a positional/conformational change of the B-ionone ring of retinal has
been suggested, but only by low-resolution structures. A structural model of an
intermediate containing a deprotonated Schiff base has been obtained from
lumirhodopsin crystals (75). This metarhodopsin II-like photoproduct seems to be
similar to the dark state rhodopsin in overall structure. However, parts of the second and
third loops in the cytoplasmic portion are found to be disordered in this photoactivated
rhodopsin. In addition, residues Phe212, Trp265, Leu266 and Tyr268, were found to
make direct contact with the B-ionone ring of the chromophore, which is consistent with

observations from solid state NMR studies.

1.3. Other rhodopsins

Rhodopsins exist in all three domains of life, Archaea, Bacteria and Eukarya (76).
However, not all rhodopsins function as visual pigments as they do in higher animals. In
fact, microbial rhodopsins represent a diverse group of photochemically reactive proteins,
whose functions involve converting light energy for either ion transport or photosensory
movement of cells (77). A generally accepted hypothesis that unifies microbial

rhodopsin transport and signaling is that the accessibility of the Schiff base is switched
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from the periplasmic side to the cytoplasmic side through structural changes, which
opens the cytoplasmic channel for ion pumping and contributes to signal relay in the
sensors (78).

Bacteriorhodopsin, isolated from the haloarchaeca Halobacterium halobium, was the
first microbial rhodopsin discovered (79). It functions as a proton pump through
converting light energy into a proton gradient across the bacterial cell wall (80).
Bacteriorhodopsin binds all-frans-retinal through a protonated Schiff base with Lys216

(81). The PSB is stabilized by two Asp residues through water-mediated hydrogen

bonding interactions. The pK, of this PSB was measured to be over 12 (82, 83). With

the chromophore bound, bacteriorhodopsin is able to absorb at 570 nm (84). Similar
rhodopsin proton pumps have been observed in systems other than Haloarchaea,
including marine Archaea (euryarchaeotic rhodopsins) (85) and Bacteria
(proteorhodopsin and xanthorhodopsin) (86, 87).

A similar case is halorhodopsin which is found in haloarchaea (88). Halorhodopsin
functions as a chloride pump, transporting chloride ions into the cytoplasm and
hyperpolarizing the cell membrane (78). In halorhodopsin, the PSB is stabilized by a
tightly bound chloride ion which is translocated upon photoactivation. This unique
structural feature enables the specific function of halorhodopsin. Halorhodopsin has also
been found in the halophilic bacterium Salinibacter ruber (89).

Another major class of microbial rhodopsins consists of the sensory rhodopsins
(90). The first sensory rhodopsin, sensory rhodopsin I (SRI), was discovered in a search
for receptors responsible for phototaxis in the haloarchaeal prokaryote Halobacterium

salinarum (91, 92). SRI can signal the cells to be either attracted or repelled by the light,
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depending on the light-activation mechanisms. Sensory rhodopsin II (SRII) is functional
only as a repellent phototaxis receptor in haloarchaea. Both SRI and SRII have been well
characterized both structurally and functionally. As revealed in the atomic structure of
SRII, the PSB in SRII is stabilized by water-mediated hydrogen bonding interactions
with two adjacent Asp residues, Asp85 and Asp212 (93). SRII absorbs at ~500 nm,
similar to the rod rhodopsin in humans. The photoactivated intermediates of SRII have
also been characterized using Fourier transformed infrared spectroscopy (FTIR) (94-97).
Upon activation, both SRI and SRII form 2:2 complexes in haloarchaeal membranes with
their cognate transducers, Htrl and Htrll, respectively. Formation of the complexes
initiates the signal relay and is now under intense investigation.

A unique sensory rhodopsin, Anabaena sensory rhodopsin (ASR), has been
identified from the freshwater cyanobacterium Anabaena sp. PCC7120 (98). The crystal
structure of ASR has been solved at 2.0 A resolution (99). The overall membrane-
embedded seven helical structure of ASR resembles the other haloarchaeal rhodopsins.
However, there are also striking differences separating ASR from other haloarchaeal
rhodopsins. First, the interior of the cytoplasmic side of ASR is rather hydrophilic,
compared to other haloarchaeal rhodopsins. These hydrophilic residues are stabilized
through a water-mediated hydrogen bonding network, which extends toward the
cytoplasmic surface where ASR interacts with its transducer. Second, ASR exists in a
mixture of both all-frans and 13-cis retinal isomeric forms, with absorption maxima at
550 nm and 537 nm, respectively. Each of the two forms exhibits efficient light-induced
conversion to the other, which results in the ratio of the two being dependent on the

wavelength of illumination. This mechanism resembles that of the phytochrome in
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plants, which led to the suggestion that ASR might be responsible for modulating
chromatic adaptation in photosynthesis by triggering differential biosynthesis of light-
absorbing pigments based on the quality of light.

An interesting discovery reported recently shed light on the relationship between
the transport rhodopsins and the sensory rhodopsins (/00). Spudich and coworkers
successfully converted the bacteriorhodopsin (BR) to a SRII-like sensor by replacing
three residues in BR with the corresponding residues in SRII. The resulting protein is
capable of relaying the retinal photoisomerization signal to the transducer Htrll, which
then induces robust phototaxis responses. This finding not only identified the key
residues in determining the functions of the two proteins, but also demonstrated the
elegant and yet simple design by nature to achieve functional diversity from the same

protein scaffold and similar ligand-protein complexation.

1.4. Color vision

Rod rhodopsin is the most studied and best understood rhodopsin among the over
1000 visual rhodopsins discovered so far due to its importance in animal vision and also
its abundance in the retina. The cone rhodopsins, however, are less understood despite
their equal or even greater importance in vision. As mentioned before, rod rhodopsins

are responsible for dim vision and cone rhodopsins are responsible for color vision.
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Figure 1-6. Absorption profiles of different human rhodopsins (101).

In the human vision process, cone rhodopsins share similar photoactivation
cascades as rod rhodopsins. However, the maximal sensitivities of each rhodopsin differ
at different wavelengths. Human rod rhodopsin absorbs at 500 nm. The human cone
rhodopsins: red, green and blue, absorb at 560 nm, 530 nm and 420 nm, respectively
(102-105). All four rhodopsins exhibit red-shifted maximal absorption wavelengths after
binding to the chromophore 11-cis-retinal, which by itself absorbs at 380 nm as a free
aldehyde. The combination of the four pigments constitutes the whole 400-700 nm

range, which is defined as the visible spectrum (Figure I-6).
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Table I-1. Rhodopsins of various species (106).

Cone sensor group (nm)

Species SWSI1 SWS2 M M/L L

Human 420 530 560

Dog 430 555

Horse 430 540

Squid 470/485 500

Black bream 475 560

Gold fish 360 450 540 625

Chicken 420 455 510 560
- Peking robin 35§ 455 500 570

Pacific shearwater 405 450 505 565

Butterfly 360 400 450 520 610

Housefly 355 460/49 530

Honey bee 350 445 550

Within animals, the requirement for color vision has been met in different ways,
suggesting that color vision has developed independently several times during evolution
(107). Depending on the number of types of cone photoreceptors present, some degree of
color vision becomes possible. Primates express three types of cone opsins, while many
animals have two and some insects, birds and fish have four (/08). These are described
as being trichromats, dichromats and tetrachromats, respectively. As a general
classification, the cone rhodopsins can be roughly grouped into the following categories:
very short wavelength (i.e. UV)-sensitive (SWS1), short wavelength ("blue")-sensitive
(SWS2), medium wavelength ("green")-sensitive (MWS), and long wavelength ("red")-
sensitive (LWS) (/06). Table I-1 shows how certain cone rhodopsins are classified based

on their maximal absorption wavelengths. Apparently, most of the cone rhodopsins

display red-shifted absorption maxima (Amqax), While other cone rhodopsins are blue-

shifted.
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Though to different extents, the red shift of Ap,x observed in most of the

rhodopsins had been found to be partly due to the formation of the protonated Schiff base
(PSB) between 11-cis-retinal and the active site lysine. The discovery of the PSB started
with the isolation of retinal from rhodopsin in 1933 by Wald (/09). In 1944, Morton and
Goddwin showed that retinal is the aldehyde form of vitamin A (//0), which was
confirmed to be 11-cis-retinal in 1950 (/11). As early as 1955, the formation of the PSB
between retinal and a lysine residue in rhodopsin was proposed to account for the
bathochromic shift in visual pigments. During the late 1960's, Bownds and Akhtar,
through independent studies, provided evidences for the formation of a Schiff base
between retinal and a lysine within rhodopsin (/72, 113). It was not until 1974 that
protonation of the Schiff base was unambiguously confirmed by Callender through
resonance Raman studies (//4).

As a free aldehyde, 11-cis-retinal absorbs at 380 nm. When the Schiff base is
formed with n-butylamine, a slight blue shift in absorbance can be observed and the
deprotonated Schiff base absorbs at 365 nm. However, when the Schiff base is
protonated there is a significant red shift of the chromophore’s absorbance to 440 nm
(115, 116). With controlled concentration of the chromophore and careful choice of
solvent this value may shift up to ~500 nm (//7, 118). Protonation of the Schiff base
alone, however, is probably not responsible for the spectral tuning in color vision as 440
nm is just the beginning of the region of the electromagnetic spectrum that we can
actually see (~400 — 700 nm). The differences in the absorbance observed for different

visual pigments as compared to the PSB of 11-cis-retinal in solution are defined as opsin
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shifts and are believed to result from specific interactions of each individual opsin protein
with the retinylidene chromophore (119, 120).

Several hypotheses have been proposed to explain the opsin shifts. Although
progress has been made, a complete and satisfactory explanation for color vision is still
missing. The following is a brief description of the hypotheses and accomplishments
achieved in this field of research.

In 1958, Hubbard made the first attempt to explain the opsin shift (/2/). He not
only suggested formation of a protonated Schiff base, but also proposed that specific
electrostatic interactions between the chromophore and the protein could induce a
delocalization of the PSB charge along the polyene backbone, leading to altered
spectroscopic behavior of the bound chromophore. Later, in the 1970's, theoretical
calculation studies suggested that a pigment protein should be able to regulate the
wavelength shifts by placing polar or charged residues around the chromophore (/22-
126). In 1976, Honig proposed, through theoretical calculation, that the PSB is closely
associated with a counterion and additional negatively charged or polar groups are
positioned by the protein in the vicinity of the ring half of the chromophore (/23). Later,
Honig provided further support for this external point-charge model using theoretical
calculations based on spectroscopic data of model compounds (/23). Despite the lack of
absolute validity, additional support from Nakanishi and others made this model
generally accepted at the time (/27-129).

The confirmation of the PSB counter anion was achieved in 1989 when three
independent studies indicated that Glul13, a highly conserved residue within vertebrate

visual pigments (/30), functions as the counter anion in bovine rhodopsin (63-65).
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Replacement of Glul13 with GInl13 resulted in two species that absorb at 490 nm and
380 nm, respectively. These two species were identified as the protonated and
unprotonated forms of the Schiff base which exist in a pH-dependent equilibrium. The
formation of the Schiff base between the chromophore and Lys296 and the presence of
the Glul13 as counter anion were both confirmed with the determination of the crystal

structure of bovine rhodopsin in 2000 (28).
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Figure 1I-7. Model compounds used to study wavelength shifts controlled by distance
between the PSB and the counter anion (131).

The distance between the PSB nitrogen and the stabilizing counter anion was also
shown to affect the red shift of the bound chromophore. In 1972, Blatz suggested that the
different absorption maxima in different opsins were caused by differed distances
between the PSB and the counter anion, with increased distance leading to greater red

shift (/132). This hypothesis was supported by the discovery in 1989 that replacement of

Glul13 with Asp resulted in a red shift of rod rhodopsin Apax to 505 nm, a S nm more
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red shifted pigment than the native rod rhodopsin (64). Furthermore, the effect of
varying both distance and angle between the PSB and the counterion was also
investigated. Sheves and coworkers synthesized a series of model compounds (Figure
I-7), each adopting a unique arrangement of the PSB and a nearby carboxylate (/31).

The measured wavelength shifts as well as pKa values were shown to vary according to

each molecule. However, the maximum difference in red shifted Ay ,x among these

synthetic model molecules was only 10 nm, which is much smaller than the maximum

difference observed between the visual pigments (/33, 134). Therefore, although the

position and orientation of the counterion could affect the Ay, it could not be the cause

for the whole spectrum shift in different rhodopsins.

Figure I-8. The point charge model. Positioning negative charges at different places
along the polyene chain of the chromophore may modulate the maximum absorption
wavelength.

As discussed earlier Honig suggested in 1976 that additional charged or polar

residues are placed close to the polyene chain (123). Following this hypothesis Nathans
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suggested, by examining and comparing the gene sequences of all four human opsins,
that the placement of different negatively charged amino acids along the polyene
backbone in different proteins could result in extended or disrupted conjugation of the
positive charge, which could be nature’s way of tuning the wavelength (Figure 1-8) (/30).

In addition to the point charge theories that mostly focus on the electrostatic or
polar interactions between the chromophore and the opsin protein is another series of
hypotheses that emphasize the steric interactions between the two parties. An early
proposal by Blatz suggested that twisting the planes about the single bonds of the
chromophore would lead to different levels of conjugation and therefore wavelength
regulation (Figure 1-9) (135). Although the polyene system in retinal tends to adopt the
planar conformation in order to achieve maximum conjugation, steric constraints in 11-
cis-retinal in fact results in a non-planar molecule. NMR studies had shown that the C6-
C7 single bond of 11-cis-retinal bound in rhodopsin adopts a cis-like conformation,
namely 6-S-cis (128). Further investigation of the system revealed that, due to the steric
interactions between the C5-Me and C8-H, the 6-S-cis conformation is indeed twisted to
be non-planar. A similar situation is suggested for the non-planar 12-S-trans
conformation, where the steric interaction between C13-Me and C10-H forces a twisting
in the C12-C13 single bond (136, 137). According to this theory, red rhodopsin should

adopt the retinal in a more planar conformation, optimizing the orbital overlap and

leading to a more red-shifted Ap,,x. However, theoretical studies combined with NMR

have also shown that the induced degree of conjugation does not appear to be solely

responsible for the opsin shifts (/38).
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Figure 1-9. Hypothesis of steric interactions leading to wavelength regulation.

Twisting the single bonds will reduce the degree of conjugation and therefore lead to
different absorption maxima.

Another hypothesis in explaining the opsin shift involves excitonic coupling
between the chromophore’s excited states and nearby aromatic residues. Based on
mathematical analysis of the excited state energies of 11-cis-retinal, the bathochromic
shift in visual pigments were proposed to be caused by excitonic coupling, which could
lead to the formation of superconducting pairs in the pigments (9). Light-induced
perturbation of aromatic residues in bovine rhodopsins and bacteriorhodopsins (/39) as
well as photoexcited energy transfer in frog rhodopsins (//) were observed in support of
the existence of such coupling. Recent spectral studies demonstrated the presence of
excitonic coupling between retinal and tryptophan residues in the visual pigments. The
coupling induced by alignment of dipole moments of the chromophore and a nearby
tryptophan has been suggested to be responsible for driving the tortional motion of the
chromophore and leading to the cis-trans isomerization (/2). However, no correlation
between the excitonic coupling and spectral tuning in the visual pigments has been

observed.
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Figure I-10. Vicinity of retinal in cone pigments as shown in the homology models
(140). Charged amino acids are indicated in red. (A) Blue cone pigment; (B) Green; (C)
Red.



The determination of the first crystal structure of bovine rod rhodopsin in 2000 by
Palczewski marked one of the most remarkable milestones in the field (28). This 2.8 A
structure not only provided absolute evidence for many previous results and suggestions,
but also paved the way for future research on other visual pigments. Continued efforts on
the crystallography of rhodopsin has since yielded improved resolutions as good as 2.2 A
(62).

As shown in Figure I-5B, the formation of the PSB between 11-cis-retinal and
Lys296 is confirmed. Glull3 acts as the counter anion at 3.45 A away from the PSB
nitrogen. A negatively charged residue is observed to be over 5 A away from the double
bond between C11 and C12, which is further away than what is expected based on both
the hypothesis of Honig and the results from related NMR studies. However, two polar
residues, Thr118 and Tyr268, are found to be in the vicinity of the central part of the
polyene. Twisting of the single bonds is also observed, suggesting the contribution from
the steric-induced non-planarity of the chromophore on wavelength regulation. The
double bond between C11 and C12 has also been shown to adopt a twisted conformation
as revealed by the 2.2 A-resolution structure, which is consistent with the predictions
based on theoretical calculations. Furthermore, Trp265 is found in the structure to be
near the ionone ring as well as the C13-Me of the chromophore, suggesting possible
excitonic coupling effects.

The determination of the crystal structure also led to construction of homology
models for the three human cone pigments using the rod rhodopsin structure as a template
(140). The amino acid sequence identities for the blue, green and red cone pigments with

rhodopsin are 41%, 38% and 37%, respectively. According to the homology models, the

25



secondary structures of all three cone opsins are nearly identical to that of the rod
rhodopsin, exhibiting a seven helical transmembrane portion together with one
cytoplasmic helix and two beta strands. The only difference, the same for all three cone
opsins, is the one-amino-acid extension at the N-terminal f strand. Similar to rod
rhodopsin, the retinal binding environment is highly hydrophobic in all three cone
rhodopsins (Figure I-10). Red and green rhodopsins share almost identical binding
probably due to their high homology (96% homologous, differ by only 15 amino acids)
(130). Both contain a Trp182 in the vicinity of the central part of the polyene. The two
opsins also share an additional glutamate at 102, besides the counter anion Glu129 that is
analogous to Glull3 in rod rhodopsin. The blue opsin, however, displays a much
different arrangement of amino acids around the retinal. As shown in the model, the
central residue forming the cavity in the blue cone pigment is Tyr262. Because of its
proximity to the retinal B-ionone ring, Tyr262 is believed to be the major factor in the
blue shift of this pigment. The additional glutamate observed in red and green rhodospin

models is missing in the blue pigment model structure, which is suggested to be

responsible for additional blue shift of the Ay x.

In fact, prior to the rhodopsin crystal structure, mutational studies involving specific
key residues in visual pigments also yielded very interesting results. Inspired by the high
sequence homology between red and green rhodopsins, Oprian and coworkers showed
that the red cone can be converted into a green-rhodopsin-like pigment by implanting

seven specific mutations, S116Y:S180A:1230T:A233S:Y277F:T285A:Y309F (Figure

I-11) (102). The artificial pigment is able to constitute a nearly 40 nm shift in the Apax.

Within the seven sites, three were identified to play more significant roles in the spectrum
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Figure I-11. Illustration of the sites of mutations for converting the red rhodopsin to
a green-rhodopsin-like pigment (102).
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Figure 1-12. Illustration of the sites of mutations for converting the green rhodopsin
to a red-rhodopsin-like pigment (141).



tuning. A triple mutant of the green opsin, F277Y:A285T:A180S (Figure I-12), is able to
account for a majority of the red shift, going from green rhodopsin to a red-rhodopsin-
like pigment (/41). Interestingly, all three mutations are in fact conversions from
hydrophobic residues to polar residues around the beta-ionone ring of the chromophore.
A similar trend was also observed in mutagenesis studies of the rod rhodopsin. A rod

rhodopsin mutant, F261Y:A269T:A164S (Figure I-13), red shifts to 520 nm, achieving an

amazing 200 nm red shift (/42).
A164
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Figure I-13. Illustration of the sites of mutations for converting the rod rhodopsin to
a red-shifted pigment (142).

In recent years, quantum mechanics (QM) combined with molecular mechanics
(MM) (denoted as QM/MM) techniques have been used intensively in studying the
spectral tuning in the visual pigments (/43). Electrostatic interactions have been

suggested to affect the wavelength shifts between different rhodopsins due to the fact that
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the HOMO-LUMO transition is actually an intramolecular electron transfer from the
ionone ring to the PSB (/44-147). The charge distributions within the 11-cis-retinilidene
were shown to be different for the ground states and excited states (/48).

In a most recent study done by Nakatsuji and co-workers, QM/MM calculations
were performed based on the homology models of the cone pigments. The results
suggested that the color tuning is regulated by amino acids at specific positions (/45).
More specifically, a common Ser (186 in rod rhodopsin) was shown to discriminate
human blue rhodopsins from other human rhodopsins presumably due to its unique
orientation relative to the & system of the chromophore. In the human red rhodopsin,
Tyr277 and Thr285 (replacing Phe and Ala, respectively, in other human rhodopsins),
were shown to provide negative electrostatic potential around the ionone ring, which
differentiates the red human rhodopsins from other rhodopsins.

Studies from Goddard and co-workers, however, indicated that conformational
twisting is what causes major blue shift of the absorption maxima in blue pigments (/49).
They also suggested the red-shifting role of dipolar side chains in the binding pocket as a
fine adjustment to the opsin shift. Besides, electronic polarization effects of the protein
environment were also suggested to play a predominant role in causing bathochromic
shifts in bacteriorhodopsins (150, 151).

In addition, a counterion switch mechanism was proposed by Mathies and co-
workers (/52). Glull3 was shown earlier to be the counterion that stabilizes the PSB in
the ground state. Mutation E181Q resulted in nearly unchanged Raman vibrational

specctra in the ground state. However, it was shown that the same E118Q mutation led to

a dramatic shift of the pK; of the PSB in the metarhodopsin II state. Mathies then
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proposed that a counterion switch occurs within the photoactivation process through a
proton transfer from Glul81 to Glull3. This is accompanied by a specific
conformational change of the rhodopsin protein, leading to its activation. This model has
been validated by several theoretical calculations (/53, /54). Such mechanism is
possibly responsible for the shifted absorption maxima observed for certain photo
intermediates.

In conclusion, environmental differences around the ionone ring and the PSB of the
bound chromophore among different visual pigments seem to play major roles in the
wavelength regulation mechanism. Other factors, including distortion of the planar
conformation of retinal as well as excitonic coupling, might also contribute to the
wavelength changes. The real spectrum tuning mechanism very possibly is achieved by a
combination of these factors. The wavelength regulation mechanism is indeed much
more complicated than anticipated. Alternative approaches are therefore desired in trying

to provide a clearer picture of the mechanism.

1.5. Designing CRABPII mutants as rhodopsin mimics

As concluded above, the hypotheses regarding the wavelength regulation in visual
pigments need to be further tested. However, difficulties associated with working with
the membrane-bound protein rhodopsins, such as complication in mutagenesis, low

heterologous expression level, and difficulties in obtaining 3-D structures, still pose
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problems. This is why our research team opted for a model system that can be used to
elucidate the wavelength regulation mechanism.

Our goal is to develop a model protein that mimics rhodopsin in the binding of the
chromophore, retinal. Through protein engineering techniques, we created different
situations for the bound retinal, such as placing charged or polar residues at various
positions along the chromophore backbone, introducing steric interactions to force the
non-planarity of the molecule, or placement of aromatic residues in the vicinity of the
chromophore. For this particular purpose, this protein mimic should first show good
affinity for retinal and also be very tolerant towards mutagenesis. Additionally, this
system should also be more friendly than rhodopsin in heterologous expression,
purification and crystallization, which would facilitate the determination of the 3-D
structures and therefore provide valuable information in terms of both binding details and

directions for future rational redesign.

1.5.1. CRABPII general background.

Retinoic acid (RA), the biologically active metabolite of vitamin A, functions as a
morphogen during embryonic morphogenesis (/55) and has been suggested to play an
indispensable role in regulating cell differentiation and growth (/56-158). RA and
synthetic retinoids have been used successfully for treatment of acute promyelocytic
leukemia (APL), skin disorders, and epithelial malignancies, such as skin cancer and

cervical cancer (155, 158-163).
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B. Retinoic acid 29

R111

R132

Figure I-14. Crystal structure of retinoic acid bound in WT-CRABPII (164). A.
Stereoview of the overall fold of the protein; B. Binding of retinoic acid in the active site.

RA exerts its regulatory function in the nucleus by association with the
transcriptional activator, retinoic acid receptor (RAR) (155, 165-170).  Upon
complexation with RA, the RAR/RXR (retinoid X receptor) heterodimer recognizes the
RA-response elements (RARE) in the promotor region of certain genes and regulates
their transcription.

The association of RA to RAR is facilitated by cellular retinoic acid binding
proteins, CRABPI and CRABPII (/7/-174). CRABPs belong to the intracellular Lipid

Binding Protein (iLBP) family and are present in virtually all vertebrates (/75). The
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overexpression of CRABPs has been reported in a wide variety of human cancers,
suggesting important roles in cancer development (/76-183). CRABPs specifically bind
to RA and modulate its cellular concentration in the cytoplasm. The RA delivery
mechanism has been suggested to be different between CRABPI and CRABPII. While
CRABPI shows no evidence of interacting with RAR, CRABPII shuttles RA to RAR
through direct protein-protein interaction (/84, 185). Nuclear localization of CRABPII,
but not CRABPI, upon ligand binding has also been observed, providing further evidence
for its interaction with the nuclear receptor RAR (/86).

Recently we reported the first crystal structure of apo-WT CRABPII (/87). The
crystal structure of WT-CRABPII*RA has been reported previously by other groups
(188), however a higher resolution structure of this complex (Figure 1-14), determined at
1.48 A, is now available (187). In the latter work, using three different data sets collected
on apo-WT CRABPII we showed that apo- and holo-CRABPII share very similar
structures. Binding of RA appeared to increase the overall rigidity of the structure,
although the induced structural changes were not as pronounced as previously thought
(189). The enhanced structural rigidity may be an important determinant for the
enhanced nuclear localization of the RA-bound protein. Interestingly, water-mediated
interactions are observed in the cavity of apo-WT-CRABPII MolA, connecting the
Argl11 deep inside the cavity through Argl32 to Ala36 and Val33 both located on the
a2 helix (Figure I-15). The water-mediated network is not observed in MolB probably
due to crystal packing. The difference in crystal packing environments between MolA
and MolB at the a2 helix region is significant (Figure I-16), which is apparent from the

number of intermolecular interactions that each a2 helix makes with the neighboring
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molecules: MolA has 0 hydrogen bond and 8 vdw contacts and MolB has 7 hydrogen

bonds and 43 vdw contacts.
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Figure 1-15. Water-mediated hydrogen bonding interactions observed in the
molecule A of the apo-WT-CRABPII crystal structure (164).

Similar water-mediated networks have been observed in other members of the iLBP
family, such as CRABPI (/90) and intestinal fatty acid-binding protein (/91), and were
suggested to play important roles in maintaining the stability of these proteins as well. In
the rat intestinal fatty acid-binding protein (FABP) structure (1IFC, 1.2 A), the water-
mediated network connects the Argl06 (conserved residue of Arglll in CRABPII)
through Arg126 (conserved residue of Argl32 in CRABPII) to Asp34 and Ala32 on the
a2 helix at the portal. In the CRABPI structure (1CBI), the network is observed in part,
but the lower resolution of the structure (2.7 A) probably leads to an incomplete
observation of all the ordered water molecules in the cavity. In the high resolution
structure of cellular retinol-binding protein II (CRBPII, 1.2 A, PDB ID: 2RCQ), which is

also an iLBP family member, the water-mediated network is again observed, which also
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resembles the one in apo-WT-CRABPIL. In the apo-CRBPII structure, the network starts
at the Glul08 (conserved residue of Arglll in CRABPII based on similarity) and
extends to Ala36 and Val33 (both conserved in CRABPII based on identity). These
observations further emphasize the structural importance of these water-mediated

networks for the iLBP family proteins.

Figure I-16. Crystal packing observed in the structure of apo-WT-CRABPII. A.
Molecule A; B. Molecule B.

1.5.2. Designing CRABPII mutants as rhodopsin mimics.

CRABPII was chosen as our model protein for mimicking rhodopsin. First, all-
trans retinoic acid, the natural substrate of CRABPII, resembles retinal that is bound in
rhodopsin. This similarity therefore eases our way in introducing retinal into our model
systems, minimizing the risks in redesigning an entire binding site. Second, CRABPII is

a small and soluble protein that is easily expressed and purified in large quantities using
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recombinant expression systems, which represents a huge advantage over the membrane-
bound rhodopsin. Third, CRABPII and other iLBP family proteins are well known for
their excellent tolerance of multiple mutations (/92). The stability of CRABPII in the
presence of multiple mutations provides us additional freedom in introducing mutations
for protein redesign. Fourth, CRABPII mutants can be readily crystallized routinely
using established conditions, leading to three-dimensional structures usually at atomic
resolution (/89, 193, 194). This feature contrasts drastically with that of rhodopsin,
which is more difficult to crystallize. The excellent tendency of CRABPII toward
crystallization gives us routine access to detailed structural information, leading to more
rapid data acquisition/analysis.

Previously, through rational design, CRABPII mutants were obtained that were
capable of forming protonated Schiff bases (PSB) between all-trans-retinal (Rt) and an
active site lysine introduced through site-directed mutagenesis (195, 196). A triple
mutant, R132K:R111L:L121E (KLE), is of particular interest due to its excellent ability
to shift the absorption maxima of the chromophore as well as its nanomolar dissociation
constant toward Rt (Figure I-17) (/96). Besides the active site Lys132, it has been
proven that the Glul21 that provides the counterion stabilization for the PSB is also
required for the bathochromic shift. The mutation of Arg to Leu at position 111 is also
required in that an ordered water molecule is removed upon this mutation, which helps
place the aldehyde group of Rt in a favorable position for nucleophilic attack and

eventually leads to PSB formation.
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All-trans-retinal

Figure I-17. All-trans-retinal bound in KLE-CRABPII (196).

The triple mutant KLE-CRABPII served as a great example, demonstrating the
importance of formation of the PSB as well as a stabilizing counter anion nearby.
However, although the red shift to 447 nm observed for the all-trans-retinal-bound KLE-
CRABPII complex is impressive, the mechanism identified within it does not seem to
fully explain the wavelength regulation. As shown earlier, the PSB formed between
retinal and n-butylamine absorbs at 440 nm and the red cone rhodopsin absorbs at 564
nm. Apparently, other mechanisms besides the PSB formation and the counter anion
interaction must be functioning in order to achieve the dramatic red shift in red
rhodopsin. Our next mission then is to further engage our model system into testing the
hypotheses proposed for the wavelength regulation mechanism in color vision. Most

recent work in this project features manipulation of the absorption maxima of rationally

designed CRABPII mutants when bound to a shorter retinal analog, Cjs-aldehyde.
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Chapter II of this dissertation details about the X-ray crystallographic studies of such
C)5-aldehyde-CRABPII mutant complexes. Chapter II also includes brief descriptions of

the results from the biochemical studies performed by other colleagues. Chapter III
describes the structural insights derived from the crystal structures of the holo-CRABPII
mutants in terms of structural integrity upon mutations and the structural role of the
water-mediated network. Chapter IV describes an effort that we took toward
understanding the direct channeling of retinoic acid from CRABPII to RAR through

protein-protein interactions.

1.6. Cellular retinaldehyde-binding protein and the 11-cis-retinal
regeneration.

Cellular retinaldehyde binding protein (CRALBP) is a water-soluble protein found
in the retina and pineal gland (/97). This 36 KD protein is remarkably stereoselective,
carrying as endogenous ligands 11-cis-retinol and 11-cis-retinaldehyde (11-cis-retinal)
that are only known to function in vision. Notably, 11-cis-retinal bound to CRALBP is
less susceptible to photo-isomerization than when bound to rhodopsin (/98). Mouse
knockout studies have shown that CRALBP gene defects impair regeneration of visual

pigments (/99).
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Figure 1-18. The visual cycle.

Retinoids undergo intercellular transport and several enzymatic transformations
during the course of the visual cycle (Figure I-18). All-trans-retinal, the product of visual
cycle bleaching, is reduced to all-trans-retinol within photoreceptor cells and transported
through an extra-cellular compartment to the retinal pigment epithelium (RPE) where it is
esterified by lecithin-retinol acyltransferase (LRAT) and then isomerized to 11-cis-retinol
by the isomerohydrolase (RPE65). A dehydrogenase-mediated oxidation in RPE in
mammals produces 1l1-cis-retinal, which must then traverse the extracellular
compartment to gain access to the photoreceptors where regeneration of visual pigments
occurs. CRALBP functions in retinal pigment epithelium (RPE) as a major acceptor of

11-cis-retinol in the isomerization step of the rod visual cycle. It also serves as a
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substrate carrier for 11-cis-retinol dehydrogenase (RDHS), facilitating the oxidation of
11-cis-retinol to 11-cis-retinal (197, 198, 200-203). Direct CRALBP interactions have
been demonstrated in vitro with 11-cis-retinol dehydrogenase and with ERM (ezrin,
radixin, moesin)-binding phosphoprotein 50 (EBP50), also known as sodium hydrogen
exchanger regulator factor type 1 (NHERF-1) (204). Interactions with EBP50 have been
suggested as a mechanism for localizing CRALBP to the apical RPE plasma membrane
for export of 11-cis-retinal to the adjacent rod photoreceptor cells for visual pigment
regeneration. Ongoing proteomic studies also support the existence of a RPE retinoid
processing protein complex containing CRALBP (205).

Due to the lack of crystal structures of this protein, the interaction of human
recombinant CRALBP (rCRALBP) with retinoids has been investigated by other
methods. Based on preliminary NMR studies (206), Crabb and co-workers first targeted
Met and Trp residues as important sites for retinoid interaction (203). They created five
mutants, M208A, M222A, M225A, W165F, W244F, and evaluated retinoid binding
properties and substrate carrier functions. It turned out that all mutants bound 11-cis-
retinal and 9-cis-retinal and therefore were not grossly misfolded. However, altered UV-
visible spectra and lower retinoid binding affinities were observed, supporting modified
ligand interactions. Altered kinetic parameters were also observed for RDHS oxidation
of 11-cis-retinol bound to rCRALBP mutants M222A, M225A, and W224F, suggesting
impaired substrate carrier function. Heteronuclear single quantum correlation NMR
analyses confirmed localized structural changes upon photoisomerization of rCRALBP-
bound 11-cis-retinal and demonstrated ligand-dependent conformational changes for

residues Met-208, Met-222, Trp-165, and Trp-244. From this study, all five residues
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(Met-208, Met-222, Met-225, Trp-165, and Trp-244) have been implicated to be
components of the rCRALBP ligand binding cavity.

Later, Crabb and co-workers further investigated the binding cavity using
photoaffinity labeling and hydrogen/deuterium exchange (207). Photo-induced covalent
labeling employing synthetic ligand 3-diazo-4-keto-11-cis-retinal, followed by LC-MS
analysis, successfully identified eight residues being photoaffinity-modified: Tyr-179,
Phe-197, Cys-198, Met-208, Lys-221, Met-222, Val-223, and Met-225. Among these
eight, three of them (Met-208, Met-222, and Met-225) had already been identified in their
previous investigation. In addition, topological analysis of apo- and holo-rCRALBP by
hydrogen/deuterium exchange and mass spectrometry demonstrated that residues
198~255 incorporated significantly less deuterium when the retinoid binding pocket is
occupied with 11-cis-retinal (203). This further confirmed that the identified residues
were inside the retinoid binding pocket of rCRALBP.

Based on sequence information, CRALBP has been classified as a member of the
CRAL-TRIO lipid-binding protein family (Pfam entry: PF00650) (208). Crystal
structures have been determined for three CRAL-TRIO lipid-binding proteins, including
human a-tocopherol transfer protein (ATTP) (209, 210), yeast Secl4, a
phosphatidylinositol-binding protein (2/1/), and human supernatant protein factor (SPF)
(212). CRALBP shares 20~33% sequence identity and ~50% homology with these three
proteins. Structure models of CRALBP have been built based on the available crystal
structures of the three family members (207, 213). Both open and closed conformation
models have been produced (Figure I-19). The model of the closed conformation agreed

well with the residues identified earlier, which are involved in interactions with retinoid.
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It has also been suggested based on MD simulations of the model that the open
conformation of CRALBP participates in the ligand association and dissociation
processes; the closed form serves as a relatively stable carrier of retinoids, protecting

them from the cellular hydrophilic environment.

Figure 1-19. Stereoview of the structure models built for CRALBP (213). A. Closed
form; B. Open form. N-terminal starts from 66 (blue) in the rainbow presentations.

Despite all the efforts of elucidating the structural mechanism of CRALBP
interacting with retinoids, the lack of a crystal structure still poses serious problems for
research associated with CRALBP. More reliable answers are needed for questions like

how retinoid is released from the high affinity CRALBP binding cavity, which remains

d

an unresolved but important issue for ding how 11-cis-retinal is exported from
the RPE for visual pigment regeneration. Besides that, the function of CRALBP in

tissues other than the RPE remain to be determined (i.e. in retinal Miiller cells, ciliary
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epithelium, iris, cornea, pineal gland, and a subset of oligodendrocytes of the optic nerve
and brain). To answers these questions, determination of the three-dimensional structure
of CRALBP will be essential.

In addition to elucidating the physiological role of CRALBP, another reason that we
are interested in determining the crystal structure of CRALBP is its potential as a model
for rhodopsin. As discussed earlier, the qualifications of a good rhodopsin mimic should
include affinity for retinoids, ease in molecular biology manipulations, high expression
levels, great solubility, and routine access to high-resolution crystal structures. CRALBP
fits in almost all categories except for the crystal structures. Beyond these features,
CRALBSP is superior over CRABPII in mimicking rhodopsin in that retinal in CRALBP
is completely buried as in rhodopsin, while in CRABPII the ionone ring of the
chromophore is partially solvent-exposed. With these two reasons, we are driven to
pursue the crystallization of CRALBP. Chapter V details about our effort toward

obtaining the first crystal structure of CRALBP.
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CHAPTER Il. Crystal Structures of Ligand-bound
Cellular Retinoic Acid Binding Protein Il Mutants

2.1. Introduction.

2.1.1. Need for a ligand that can be totally buried inside the CRABPII

mutants.

The triple mutant KLE-CRABPII was a successful design in that it proved that the
protonated Schiff base and the stabilizing counter anion are two essential factors in
inducing the red shift of the bound retinal (/). However, there are still limitations of the
KLE-CRABPII-all-trans-retinal system in terms of its application towards investigation
of the point charge theory. According to the point charge theory, the placement of
counter anions along the polyene chain would potentially stabilize the positive charge of
the bound ligand at different positions and therefore lead to stabilization of different
resonance structures, which would result in differed red shift abilities. To test this theory,
the ideal situation is that the ligand is fully buried inside the protein and able to
experience various protein-ligand interactions generated by binding site mutations.
However, as shown in Figure II-1, the all-trans-retinal-bound CRABPII mutants all
feature a binding mode with the ionone ring of the retinoid partially solvent-exposed. To
circumvent this less-than-ideal situation associated with the Rt-bound CRABPII model
systems, we decided to explore the possibility of introducing a shorter ligand into the

CRABPII mutants. By docking simulations, we have identified a shorter retinal analog,
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Cjs-aldehyde (Figure I1-2), which is predicted to be totally buried inside the protein once

bound to the CRABPII mutants.

Figure II-1. Retinoic acid bound in wild-type-CRABPIIL

OH H OH
s N HO\%(N\/\’NJ{,OH
HO HO
Cis Y Bis-tris-propane (BTP)
S S ~o

all-trans retinal

Figure II-2. Structures of the related compounds.
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Table II-1. CRABPII mutants bound with C,s-aldehyde.

Mutant Amax.  red. am.’ quen. fluor.®
1 Cys-aldehyde (buffer) 340 N/A N/A
2 (C;s-aldehyde PSB (EtOH) 380 N/A N/A
3 RI32K:R111L:LI21E 380 yes 0.80
4  RI32K:RI11L:L121E:R59W 404 yes 0.81
5  RI32K:R111L:L121E:R59E 424 yes 0.81
6  RI132K:R111L:L121E:R59D 414 yes 0.87
7 RI32K:R111L:L121E:A36E 410 yes 0.89
8  RI32K:RI111L:L121E:V76Y 388 yes 0.85
9  RI32K:R111L:L121Q 413 yes 0.80
10 RI32K:R111L:A32E 407 yes 0.61
11 RI32K:R111L:T54E 402 yes 0.67
12 RI132K:Y134F:R111L:L121D:T54V 415 yes 0.78
13 RI32K:R111L:RS9L 406 yes 0.57
14 RI32K:R111L:F15D 390 yes 0.69

b
2 Deconvolusion of overlapping UV-vis spectra is detailed in reference (/). =~ Yes/no refer to the
+
results obtained from MALDI-TOF analysis (presence of [M+204] ) of protein-C| 5-aldehyde

. . v " C
complex that has been subjected to reductive amination conditions. ~ End fluorescence level after
fluorescence titration.

The Cjs-aldehyde was then synthesized by Kin-Sing Lee and subsequently used
for binding assays with different CRABPII mutants. Some of the results are shown in
Table II-1 (results from Kin-Sing Lee). The Cs-aldehyde itself absorbs at 340 nm as a
free ligand in buffer. Red shift to 380 nm is observed upon formation of the protonated
Schiff base when Cjs-aldehyde is incubated with tributylamine. Further red shift is

observed when the protonated Schiff base is formed between the CRABPII mutants and

the Cs-aldehyde, which is referred to as "opsin shift" since it is induced by protein-

chromophore interactions. The most dramatic opsin shift is observed in the CRABPII

mutant, KLE-RS9E, where an opsin shift of 44 nm is obtained. Compared to the Rt-
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KLE-CRABPII complex where the opsin shift is ~7 nm, the C;s-aldehyde-bound

CRABPII mutants seem to possess a better wavelength red shift ability.

The focus now shifts toward understanding of the details of how Cs-aldehyde is

bound in the CRABPII mutants in order to further explain the observed binding data as

well as to guide our future rational re-engineering of CRABPII. The determination of the

C)s-aldehyde-bound CRABPII mutant structures was therefore pursued.

2.1.2. Engineered CRABPII mutants as switchable colorimetric fusion

proteins.
The ability of the CRABPII mutants to form protonated Schiff bases with the

aldehydic ligands and afford a red shift of the ligand's Ay ax suggests a natural advantage

of the system in terms of generating ligand-dependent fluorescence. By introducing
highly conjugated chromophores to the designed CRABPII mutants, we could envision a
situation where a particular protein-ligand complex is able to produce fluorescence. Such
a scenario, combined with the fact that CRABPII is a small and soluble cellular protein,
suggests a potential of the designed CRABPII mutants being used as ligand-inducible
fluorescent fusion tags.

Green Fluorescence Protein (GFP) has been the top choice in the recent decade
(2-8). GFP is a spontaneously fluorescent protein from the jelly fish Aquorea victoria.
The wide usage of GFP and its genetic variants as fusion tags has addressed many

important biological questions (5, 6). The small size and the solubility of GFP are two
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other important factors that make GFP suitable as fusion tags. However, despite the
popularity of GFP as fluorescence fusion tags, there are some limitations with GFP. First

of all, molecular oxygen is required for the formation of the chromophore. This also

leads to the formation of the by-product, H,O,, which could be toxic during the

overexpression of GFP in the organisms (7). Second of all, the formation of GFP is slow
(up to 2 hrs) and is problematic for the study of proteins with short half-lives (9, 10).
Thirdly, raising the growth temperature always results in reduced fluorescence levels in
GFP. Finally, although GFP variants featuring different excitation and emission spectra
has provided the possibility of simultaneous detections, problems still exist both in the
high photobleaching rates and instability of some mutants and in the overlapping
excitation and emission spectra of the mutants (9, /1-14).

Our approach in using the CRABPII or possibly other lipocalin family proteins
could potentially provide an alternative option of fluorescence tagging. One of the
advantages of designing CRABPII into fluorescence fusion tags is its tolerance toward
multiple mutations. It is proven that the lipocalin family proteins are highly amenable
toward substantial modifications without destroying their structural integrity (/5-18).
Family members of the lipocalins share less than 10% sequence identity and yet all have
a highly conserved overall fold. Other advantages that CRABPII has in terms of being

used as a fusion tag include its even smaller size (137 aa vs ~240 aa for GFP) as well as
its great solubility. The binding cavity of the CRABPII is huge (600 A3), which possibly

allows adopting chromophores in a decent range of sizes and conformations. The
combination of different mutations and different chromophores introduced can be

expected to lead to color tuning of the fusion tags and therefore simultaneous detection of
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multiple proteins of interests. The most attractive feature of the CRABPII fluorescence
fusion tags is its tunable nature using small molecules, which could potentially provide a
temporal control of the fluorescence signal that can not be achieved using GFP and its

variants.

2.2. Cys-aldehyde-bound CRABPII mutant structures.

2.2.1. Two distinctively different binding orientations of C4s-aldehyde

in different CRABPII mutants.

The crystal structure of CRABPII mutant R132K:R111L:L121E:R59W (KLE-

R59W) bound to Cjs-aldehyde was determined at 1.95 A. This mutant was designed

based on the determinants of PSB formation in CRABPII mutants derived from our
previous work. These determinants include three aspects: (1) the nucleophilic Lys must
be properly positioned for proper nucleophilic attack; (2) the aldehyde carbonyl must also
be properly oriented and activated for nucleophilic attack; (3) a counter ion must be
provided to stabilize the positively charged protonated form of the Schiff base. As stated,
the first three mutations in the KLE-RS9W mutant, R132K:R111L:L121E, turned out to
be key for the formation of a stable PSB from Retinal (Rt) in CRABPII. The fourth

mutation is at a position where the corresponding residue is presumably within contact

distance of the ionone ring of the bound C;s-aldehyde based on our energy minimized

model (19).
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By looking at the overlay of the crystal structures of the Cjs-aldehyde-bound

KLE-R59W complex and the Rt-bound R132K:R111L:L121E (KLE) complex, it is clear

that the Cs-aldehyde adopts a similar trajectory to Rt in KLE (Figure II-3). There are
also distinct differences between the two structures. Besides C|s-aldehyde being shorter

in length, the two structures also differ in that the PSB formed in the C5-aldehyde-bound

structure is a trans imine, whereas in the KLE-Rt complex a cis double bond is formed.

The 2Fo-Fc electron density map for the C;5-aldehyde in KLE-R59W is shown in Figure

II-4A and the detailed binding site is portrayed in Figure II-5A. Glul21, which was
established as the counter anion stabilizing the PSB in the KLE-Rt complex, is now 4.8 A
away from the PSB nitrogen. A buffer molecule, bis-tris-propane (BTP, Figure II-2), is
also present inside the binding pocket. The -O8-H hydroxy group of BTP makes a 2.9 A
hydrogen bond with the Schiff base nitrogen, which turns out to be the only interaction
that the PSB makes. BTP also interacts with Glul21 through four hydrogen bonding
interactions, with two of them involving the same hydroxy that interacts with the PSB. In
other words, the stabilizing effect of Glul21 for the PSB is now indirect and mediated by
the hydroxy group of BTP through hydrogen bonding interactions. These hydrogen
bonding interactions further secure the position of BTP inside the pocket. BTP is
important in obtaining ligand-bound crystals of this KLE-RS9W mutant. Crystals of this
mutant obtained from co-crystallization experiments without having BTP in the growing
conditions all turned out to be apo, with no electron density for ligand evident after

refinement of the structures.
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Figure II-3. Ovelay of the ligands bound in different binding orientations. Green:

all-trans-retinal in KLE; Yellow: C,s-aldehyde in KLE-R59W; Magenta: C,s-aldehyde
in KL-A32E; KLE-CRABPII Ca trace is shown in lime.

Figure I1-4. 2Fo-Fc electron density map calculated at 1.0 o for bound ligands. A.
C,s-aldehyde bound to Lys132 (upper) and bis-tris-propane (lower) in KLE-R59W; B.
C;s5-aldehyde bound to Lys132 in KL-A32E.

69



C,s-aldehyde

WO R

' *3.50
293 1398 “.274 %
305 fC caldehyde 4,07 HEr7] (P
*- 7364 '280 ol
2.51:
L121 w109 512 w109
K132 K132 D121
S12
E.
2 w109
2234598

C,c-aldehyde (
132 hm
Figure II-S. Interactions between the PSB and the residues nearby in different C,s-

aldehyde-bound CRABPII mutants. A. KLE-R59W; B. KL-A32E; C. KL-T54E,
MolA; D. KFLDV, MolA; E. KFLDV, MolB. Distances are in Angstrém (A).

As expected, Cjs-aldehyde is now totally buried inside the protein. Trp59 is

sitting right on top of the ionone ring with its shortest distance to the ligand just over 4 A.
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This binding mode provided us with the possibility of engineering around any part of the

bound C;s-aldehyde analog.

The structure of the C|s-aldehyde-bound R132K:R111L:A32E CRABPII mutant

(KL-A32E) at 1.22 A resolution revealed a very surprising result. As shown in the

overlay between holo-KLE-R59W and holo-KL-A32E, the Cis-aldehyde in KL-A32E

swings about 90° away from the Cjs-aldehyde binding site seen in the KLE-RS59W

mutant and all other retinal-binding mutants as well (Figure 1I-3). The ligand is now
buried even further within the binding pocket (Figure 11-4B), approximately where the
BTP was bound in the KLE-RS9W structure. In this “alternative” binding trajectory, the

Schiff base adopts a cis conformation and is stabilized through hydrogen bonding with

two backbone carbonyl oxygens, Ala36 and Ser37 (Figure II-5B). The Cj;s-aldehyde

resides in a very hydrophobic environment in this structure. Note that the wild-type Leu,
instead of Glu as in KLE-R59W, resides at the 121 position. Mutation at this position
turns out to be key in determining the binding orientation. Mutation A32E was meant to
introduce a negatively charged residue next to the ligand bound in the orthogonal

orientation, but is indeed far away from the ligand due to the new binding mode.

2.2.2. A single mutation at position 121 is key in determining the

binding orientation of Cqs-aldehyde.

By overlaying the C5-aldehyde binding site in KL-A32E with that in the KLE-Rt

complex, it is clear that the L121E mutation sterically interferes with the alternative
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binding trajectory of Cs-aldehyde (Figure II-6A), while Leul21 in KL-A32E allows the

alternative binding mode. Two additional C|s-aldehyde-bound crystal structures were

obtained, which confirmed that smaller residues at 121 result in the ligand binding to this
alternative, more hydrophobic cavity. The two mutants are R132K:R111L:T54E (KL-
T54E) and R132K:Y134F:R111L:L121D:T54V (KFLDV). In these two mutants, either a
Leu (KL-T54E) or an Asp (KFLDV) is present at the 121 position. Despite the fact that
Leu is neutral and Asp is negatively charged, mutants containing either of the two

residues at 121 all allow the ligand to bind in the alternative orientation (Figure II-6B).

Y

\ \ /
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Figure I1-6. A. The structures of KLE-Rt and Cs-aldehyde-KL-A32E are overlaid.
Glul21 from KLE-Rt (magenta) and C,s-aldehyde from holo-KL-A32E (green) are

shown; B. Overlay of the C,s-aldehyde bound in three CRABPII mutants: KL-A32E
(magenta), KL-T54E (green), and KFLDV (yellow).

In addition to the crystal structures, we have another line of evidence to support

the role of residue 121 in directing the ligand binding orientation. Fluorescence titration

experiments were used to measure the Cjs-aldehyde binding affinity of the CRABPII
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mutants by measuring ligand-induced fluorescence quenching of protein tryptophan
residues. The quenching efficiency at saturation of the various mutants fell into two
categories (/9). The fluorescence of mutants containing Glu or Gln at 121 levels off
between 0.8 and 0.9, while that of mutants having smaller residues (Leu, Asp, etc.) at 121

levels off usually between 0.5 and 0.7 (Table II-1). This observation again suggests two
different types of binding for C|s-aldehyde. If we compare the two binding orientations
in terms of their relative distances to the nearby tryptophan(s), we can see that the new
binding orientation positions the ionone ring of the Cjs-aldehyde right next to Trp109

with the shortest distance between the two residues being only 3.7 A in KL-A32E (Figure
II-5B). In the orthogonal binding trajectory, except for the introduced Trp at 59 in KLE-
R59W, all of the three native Trp’s are far away from the Cs-aldehyde, with the closest
one being over 10 A. The alternative binding trajectory features a much closer distance
to Trp and therefore should lead to more efficient fluorescence quenching, which should

result in decreased fluorescence levels at saturation. Our fluorescence titration results are

consistent with the observation in our crystal structures, both indicating that the single
mutation at 121 is key in determining the different binding orientations of Cs-aldehyde

bound in CRABPII mutants. Glul2l forces the ligand to bind in the orthogonal
orientation and smaller residues at 121 prefer the ligand to go into the alternative binding

cavity.
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2.2.3. Protonated Schiff base stabilization.

The PSB in bovine rhodopsin is stabilized by the carboxylate oxygen of Glul13
3.4 A away (20-22). The counterion interaction has been shown to be responsible for the
majority of the red shift of the chromophore upon binding in the protein’s active site (23).
We have previously established a similar counterion interaction in our CRABPII model,
the KLE-Rt complex, where the carboxylate of Glul21 is positioned 2.6 A away from the
PSB nitrogen (7). Stabilization of the PSB through hydrogen bonding has also been seen
in certain rhodopsin crystal structures. In the sensory rhodopsin II, two Asp residues are
sitting 3.8 A and 4.0 A away from the PSB nitrogen, respectively, and a water molecule
makes contacts with both the PSB nitrogen (2.6 A) and the two Asp residues (24). Very
similar arrangements have been observed in both bacteriorhodopsin (25) and
halorhodopsin (26) where, besides weak counterion interactions, the PSB is also

stabilized by polarized water molecules through hydrogen bonding.

For our Cjs-aldehyde-bound CRABPII mutants, the formation of the PSB and

Schiff base has been confirmed by the shift of the chromophore’s Apax and by reductive

amination followed by MALDI analysis, respectively (Table II-1) (19). Each of the four
mutant structures displays a unique mechanism for PSB stabilization. As described
earlier, the PSB in KLE-RS59W (Figure II-5A) is stabilized only by the hydroxy group of
BTP through hydrogen bonding and the same hydroxy group is polarized through
hydrogen bonding interactions with the carboxylate of Glul21. This is an arrangement
similar to that seen in sensory rhodopsin II, bacteriorhodopsin and halorhodopsin where
the carboxylate can indirectly interact with the PSB through water-mediated hydrogen

bonding.
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In the case of KL-A32E, however, the PSB stabilization involves hydrogen
bonding of the PSB nitrogen with two carbonyl oxygens from the helix backbone (Figure
[I-5B). This stabilization mechanism is interesting in that it is the very opposite of the
classical “oxyanion hole” interactions present in many enzymes where the negatively
charged oxygen of the tetrahedral intermediate is hydrogen bonded with two backbone
amide -NH groups (27-30).

In the crystal structure of mutant KL-T54E, there are two molecules in the
asymmetric unit and they share the same mechanism for PSB stabilization. The PSB

nitrogen makes hydrogen bonding interactions with a nearby water molecule (3.0 A

distance) (Figure II-SC). For the Cjs-aldehyde-bound KFLDV mutant, the two

molecules in the asymmetric unit exhibit slightly different binding situations. In
molecule A, the PSB nitrogen makes hydrogen bonds with two nearby residues, a water
molecule at 3.2 A and the carbonyl group of Ala36 at 3.5 A (Figure II-5D). In molecule
B, a sole hydrogen bonding interaction between the PSB and a non-polarized water 2.7 A
away is stabilizing the PSB. Ala36 is moved away due to the crystal-packing-induced
partial unwinding of the a2 helix at its C-terminus (Figure II-5E). What is unique in our

system is that the PSB can be stabilized by interacting only with water molecules as
shown in both molecules of the holo-KL-T54E mutant and Mol B of the holo-KFLDV

mutant.

The pK, values of known rhodopsins have been reported to be between 9.3 and

~16 (31-35). The pK, values of the PSB in the C;5-aldehyde-bound CRABPII mutants,

KLE-R59W, KL-A32E, KL-T54E and KFLDV, were measured to be 7.7, 8.6, 7.8 and
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8.4, respectively (/9). Overall, these values are much lower than that of the bovine
rhodopsin (pK,; >16) (35) and that of the bacteriorhodopsin (pKj, 13.3) (37). The striking

difference might be contributed to whether negatively charged residues are placed in the
vicinity of the PSB. In all of the rhodopsin structures solved so far, one or two negatively
charged residues are always present in the vicinity of the PSB and interact with the PSB
nitrogen either directly (Glul13 in bovine rhodopsin and Asp238 in halorhodopsin) or
through water-mediated hydrogen bonding (Asp85, Asp212 in bacteriorhodopsin and

Asp75 in sensory rhodopsin). Although having a negatively charged residue next to the

PSB does not guarantee a greatly enhanced pK, as demonstrated in the all-rans-retinal-

bound KLE-CRABPII mutant (pK, 8.7), it is reasonable to rationalize that the lack of

negatively charged residues next to the PSB could possibly make the protonation of the

Schiff base harder and therefore results in a lower pK, of the PSB. Among the four Cs-

aldehyde-bound CRABPII mutants, KL-A32E, KL-T54E and KFLDV all lack negatively

charged residues in the vicinity of the PSB and are therefore not surprising to have much
lower pKj, values compared to the rhodopsins.

In the Cjs-aldehyde-bound KLE-RS9W-CRABPII mutant, the counterion,
Glul21, is close to the PSB (4.8 A) and is making indirect hydrogen bonding with the
PSB. However, similar to the all-trans-retinal-bound KLE-CRABPII mutant, the Cjs-
aldehyde-bound KLE-RS9W-CRABPII also shows relatively lower pK, (7.7). It has

been proven that distances between the PSB nitrogen and the counter ion as well as the

geometry of the hydrogen bonding also play important roles in determining the pK, of
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the PSB (36-38). Having a negatively charged residue next to the PSB is therefore not a
guarantee for increased pK,. While the relatively short distance between the counterion
and the PSB (2.6 A) in the Rt-bound KLE-CRABPII is probably responsible for its

relatively lower pKa (8.7), the apparent pK, of the C;s-aldehyde-bound KLE-R59W-
CRABPII (7.7) is harder to interpret. The pK, of the C;5-aldehyde-bound KLE-R59W-

CRABPII was measured in the absence of BTP. Attempts to measure the pK, in the

presence of 100 mM BTP were not successful due to precipitation of the protein probably

caused by the high concentration of BTP.

2.2.4. Cis versus trans protonated Schiff base.

As revealed in the crystal structures of different rhodopsins, the PSB always
adopts a trans conformation (20, 21, 24-26). In our KLE-R59W-C5-aldehyde complex,
a trans double bond is also observed for the PSB. However, in all three of the CRABPII

mutants where the Cs-aldehyde adopts the alternative binding mode, a cis double bond

was observed. A cis imine double bond has also been observed in our KLE-Rt complex
previously reported (/). Given the fact that trans double bonds are thermodynamically
more favored in solution, the formation of the cis PSB is apparently due to the
positioning of the ligand by specific residues inside the binding cavities of these

particular proteins.
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Figure I1-7. A. Proposed nucleophilic attack of lysine amino group to the aldehyde
following the Biirgi-Dunitz model; B. Surface repr ion of C,s-aldehyd
(yellow) bound in KL-A32E (gray).

In an overly simplified model, let us first assume that the nucleophilic attack
happens following the Biirgi-Dunitz trajectory (39, 40), where the lysine nitrogen adopts
a favorable 107° attacking angle with the terminal C=0 bond of the chromophore and the

N-C-O plane bisects the H-C(O)-C angle (Figure 1I-7A). We could also assume that the
C|s-aldehyde is not moving much from its original binding position due to the tight
interactions of the residues around it (Figure II-7B), which is supported by the three
CRABPII mutant crystal structures with Cjs-aldehyde bound in the alternative binding

pocket (Figure I1I-6B). Under these two assumptions we would see that during the
reaction the lysine side chain would have to either swing in a way to facilitate the
formation of a cis double bond or swing in another way facilitating formation of a trans

PSB. Given that the energy difference between a cis and a trans protonated Schiff base is

7-12 kJ mol_I (15-17 kJ mol_1 for the unprotonated imine) (4/), if the energy gained by

the lysine swinging into the “cis” conformation versus “trans” is greater than 12 kJ mol”
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I, the PSB formed would be cis. Otherwise, a trans double might be preferred. In the
case where the chromophore is less tightly packed, the increased freedom of the ligand
would probably favor the more thermodynamically stable trans double bond, as seen in

the Cs-aldehyde-bound KLE-R59W mutant structure.

2.2.5. Flexibility of the helix-turn-helix lid.

When overlaying different CRABPII mutant structures, one can clearly see that
the B-barrel portion of the protein is very rigid, whereas the helix-turn-helix shows
flexibility. The flexibility of the helix-turn-helix portion of CRABPII has been

previously observed (42). Based on the comparison of the crystal structures we have

obtained for CRABPII mutants, the largest movement is observed between the Cjs-

aldehyde-bound KL-A32E mutant and the C{s-aldehyde-bound KLE-R59W mutant, with

the longest distance being over 10 A between the same Ala35 Co. in the two different
structures (Figure II-8).

As shown in holo-KLE-RS59W, where the largest outward movement of a2 is
observed, the C-terminal of this helix (blue color) loses one helical turn and becomes a
loop-like structure. Similar unwinding has been observed in several apo mutants as well
and therefore is not induced by ligand binding. Unfortunately, up to this point, the apo

structure of KLE-R59W has not been obtained probably due to the decreased structural

stability of this protein when there is no ligand bound. This partial unwinding in the Cs-

aldehyde-bound KLE-R59W results in the biggest outward movement among all our
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CRABPII mutant crystal structures. Overlay of the Cs-aldehyde-bound KLE-R59W and

the apo structure of KLE-RS9E that shares the same partial unwinding shows that the

ligand would bump into the unwound portion of apo-KLE-R59E (Figure II-9A). In holo-
KLE-R59W the bound Cjs-aldehyde indeed pushed out the unwound C-terminal portion

of the a2 helix even more (Figure II-9B). In other words, the flexible helix lid allows the

ligand to bind in this particular trajectory.

Figure II-8. Stereoview of the overlay between holo-KL-A32E (green) and holo-
KLE-R59W (magenta). Blue portion indicates the unwinding of the a2 helix. Distance
(A) is measured between the Ca of Ala35 in the two structures.

The same partial unwinding has been observed in Mol B of the Cjs-aldehyde-

bound KFLDV mutant. However, the outward movement is more moderate compared to
the holo-KLE-R59W. In Mol A of holo-KFLDV, the a2 helix is well maintained and
adopts a “median” position in terms of movement by comparison with all the other

CRABPII mutant structures solved so far. The fact that the two molecules in the same
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asymmetric unit are displaying fairly large structural differences indicates that crystal
packing could be playing a role in this partial unwinding of the helix. Both molecules in
the asymmetric unit of the holo-KL-T54E mutant exhibit well-maintained helices. The
positions of the helices in both molecules could also be described as “median™ in the

context of all the known CRABPII mutant structures.

Figure II-9. Overlay between C,s-aldehyde-bound KLE-R59W (blue) and apo-KLE-
RS9E (green). A.Model of C,s-aldehyde in apo-KLE-RS9E; B. Crystal structure of
C,s-aldehyde bound in KLE-R59W.
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The most inward movement of the a2 helix is observed in the KL-A32E mutant,
where the helical structure is well maintained (Figure 1I-8). The inward movement of the
helix is possibly achieved through hydrogen bonding interactions between the two
backbone carbonyl oxygen atoms on the helix and the PSB nitrogen (Figure II-5B).
Crystal packing effects from the tight arrangement of neighboring molecules in this

crystal, which is not observed in the other three holo-CRABPII mutant structures, could

also contribute to the movement in the structure of the Cjs-aldehyde-bound KL-A32E

mutant. Nevertheless, the results from our crystal structures confirm and clearly

demonstrate the great flexibility of the helix-turn-helix motif in CRABPII.

2.2.6. An evolutionary correlation between CRABPII and plasma

retinol-binding protein?

Plasma retinol-binding protein (RBP) is a 21kD protein with 184 amino acid
residues and is the first structurally characterized lipocalin protein (16, 17, 43-47). RBP
is synthesized in hepatocytes and transports vitamin A (retinol) from the liver, its storage
site, to a variety of target tissues (44, 48-50). After being secreted out of the liver and
into the extracellular fluid, RBP circulates the plasma by forming a complex with
transthyretin (TTR), a thyroid-hormone-transporting protein (51, 52). The complexation
protects the relatively small RBP from being lost through glomerular filtration. RBP
exhibits a typical lipocalin scaffold (43, 45-47, 53). A hydrophobic binding cavity is
formed within an 8-strand B-barrel. Two helices are attached at each terminus of the

polypeptide. Unlike CRABPs, the RBP helices are not positioned at the entrance of the
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binding site, but instead swing outward into an almost parallel orientation with
neighbouring B-barrel strands.

Both CRABPs and RBP belong to the calycin superfamily, which includes fatty
acid binding proteins, lipocalins, avidin, metalloproteinase inhibitors, and triabin (/7).
The calycin proteins all contain a basic B-barrel scaffold to foﬁn the binding cavity,
which binds small, lipophilic ligands. An evolutionary correlation between cellular
retinoid-binding proteins and RBP has been previously suggested, though the sequence
homology between the two is very low (10% identity). Through site-directed
mutagenesis, Schmidt and co-workers have created a point mutation, Q117I, deep inside
the binding pocket of RBP (54). This Gln to Ile mutation established a better
hydrophobic interaction with the ionone ring of retinol, which resulted in more than
three-fold increase of the expression of the recombinant protein. The conversion into a
hydrophobic residue from a hydrophilic one in a hydrophobic environment was believed
to lead to further stability of the protein and therefore higher expression level. The same
mutant also showed slightly enhanced binding affinity for retinol due to a higher
association rate. The authors then raised the question of why nature would place a
hydrophilic Gln residue at that critical position when it has better choices. They then
compared RBP with cellular retinol-binding protein (CRBP). In CRBP, retinol binds in a
completely opposite orientation and a Gln is also present inside the hydrophobic binding
pocket, interacting with the hydroxy group of the ligand (55, 56). Interestingly,
replacement of Gln with Arg in CRBP has been shown to diminish retinol affinity (57).

They therefore speculated that “the Glnl17 residue in RBP constitutes an evolutionary

83



remnant from ancient times when vitamin A might have been bound to the B-barrel in a
different manner” (54).
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Figure II-10. Stereoview of the overlay of Cs-aldehyde-bound KL-A32E (green)
and retinol-bound RBP (pink). A. Overall scaffold; B. Binding sites overlay.

What we have observed in our Cjs-aldehyde-bound CRABPII system favors the

same argument. Although both CRABPs and RBP are retinoid-binding proteins, they
differ dramatically in the way that ligands sit inside the B-barrel pockets. Like its iLBP
family member CRBP, WT-CRABPII positions its retinoid ligand, RA, with the
carboxylate end going inside the cavity and the ionone ring portion solvent-exposed at
the entrance. RBP, however, positions retinol in the opposite way with the ionone ring

totally buried inside the cavity and the hydroxy group pointing outside, exposed to the
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solvent. With the discovery of the alternative binding trajectory of C;s-aldehyde in KL-
A32E and the other two CRABPII mutants, we noticed the similarity between the way

that Cs-aldehyde is bound in KL-A32E and the retinol in RBP.

By overlaying the two structures together through secondary structure alignment
using the online program “secondary-structure matching” (SSM) (58), 70% of RBP and
58% of CRABPII are aligned, respectively, with an rmsd of 2.62 A (Figure 1I-10A). In
the B-barrel region, the overall folds of the two proteins very much resemble one another.

Helical portions of the two, however, do not overlay at all. When looking into the

binding cavities of the two, we were happy to find that the ionone ring of Cs-aldehyde

and that of retinol occupy relatively similar positions (Figure II-10). Certain residues
around the ionone rings seem to be conserved (Figure II-10B and Table II-2). Phe65 in
CRABPII and Phe77 in RBP are close to each other in space and both are relatively close
to the ionone rings of the ligands (6.2 A and 4.4 A, respectively). Tyr134 in CRABPII
and Phel37 are also close (6.2 A and 4.6 A, respectively), approaching the ionone rings
from another direction. Trp7 in CRABPII and Trp24 in RBP are further away (beyond 8
A), but are very well conserved. Several other nearby residues, mostly hydrophobic, are
also listed in Table 3, with each pair making similar interactions with the ionone rings.
Based on this observation, we propose that an evolutionarily conserved, hydrophobic, yet
under-used binding cavity is present in CRABPII. This observation favors the argument
that an evolutionary correlation exists between the intracellular Lipid-Binding Proteins

(iLBPs) and the lipocalin protein family.
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Table II-2. Residues around the ionone rings.

Entry ] CRABPII RBP
1 F65 (6.21) F77 (4.44)
2 Y134 (6.25) F137 (4.62)
3 W7 (9.64) W24 (8.40)
4 T54 (3.74) A57 (3.45)
5 152 (3.66) AS5 (3.99)
6 L121 (3.67) Q117 (4.60)
7 V41 (4.86) A43 (4.69)

Numbers in parenthesis refer to the closest distances (A) between the specific residues to the
corresponding ionone rings of the ligands.

2.2.7. Testing the point charge theory based on the Cqs-aldehyde-
bound KLE-R59W-CRABPII structure.

The high-resolution crystal structures of the Cjs-aldehyde-bound CRABPII

mutants revealed detailed binding interactions between the chromophore and the nearby
residues. Such information not only gave us confidence in interpreting the wavelength
shifts results, but also helped us to identify options for further rational design. We then
set out to design out experiments to test the wavelength shifts upon placing negative
charged residues next to the polyene chain, referred to as the “point charge theory” (59).

Table 1I-3 shows a series of KLE-X-CRABPII mutants. As shown in discussed

earlier, the three mutations, KLE, not only ensure formation of the PSB between Cjs-

aldehyde and Lys132, but also render the ligand to adopt only one binding mode. In
addition to the KLE mutations, these mutants were designed in a way that a negatively
charged residue was introduced as a fourth mutation at places close to the polyene chain
of the chromophore (Figure II-11). As shown in Table II-3, the greatest red shift was
observed when a Glu is placed at position 59, which is right next to the ionone ring. As

the negative charge moves gradually toward the PSB, the absorption maxima also drop
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gradually to about 400 nm. This observation agrees well with the proposed theory in that
negative charges placed further away from the PSB should stabilize the positive charge
more remotely, leading to more extended conjugation and therefore greater red shift of

the absorption maxima.

Table I1-3. Absorption maxima observed for the KLE-X-CRABPII series of mutants

Mutant Ao (0m)
C)s-aldehyde (buffer) 340
C)s-aldehyde PSB (EtOH) 380
R132K:R111L:L121E 380

R132K:R111L:L121E:R59E 424

R132K:R111L:L121E:A32E 416

R132K:R111L:L121E:A36E 410

R132K:R111L:L121E:F15D 397

R132K:R111L:L121E:V76D 399
* Results from Kin-Sing Lee.

F15 K-st
’ A32
m
Cys-aldehyde W50
A36 \- p

Figure II-11. C,s-aldehyde bound in the KLE-RS9W-CRABPII mutant.

2.2.8. Conclusion

The crystal structures of four different C;s-aldehyde-bound CRABPII mutants

were determined. Protonated Schiff base formation was observed between the active site
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Lys at position 132 and the chromophore. Each of the four mutants contains a unique
hydrogen bonding pattern that stabilizes the PSB. Two dramatically different binding
orientations were observed in the different mutants with a single mutation at position 121

being key in determining which binding pocket the ligand occupies. Through steric

interactions, Glu or Gln at position 121 forces the Cjs-aldehyde into the orthogonal

binding mode where the ionone ring of the ligand extends towards the entrance of the
cavity. A smaller residue (Leu or Asp) at position 121 allows the ligand to swing into an
alternative, deeper, and more hydrophobic cavity. The constrained binding interactions
in the alternative binding mode prefers the formation of a cis PSB, while the less tightly
packed ligand environment in the orthogonal binding mode results in frans imine

formation. Flexibility of the helix-turn-helix motif was also observed, featuring a

dramatic 10 A movement of Ala35 Ca in two C|s-aldehyde-bound CRABPII mutants.

By overlaying the alternative binding mode in the mutant CRABPII with the retinol-
bound RBP through secondary structure alignment, we have observed structural
resemblances between the two proteins both in the overall B-barrel fold and in the
binding environments around the ionone rings of the ligands. Taken together with the
previous literature, we proposed that a conserved, yet underused binding pocket is present
in CRABPII and that an evolutionary correlation exists between the intracellular Lipid-
Binding Proteins (iLBP) and the lipocalin protein family.

A series of KLE-X-CRABPII mutants featuring negatively charged residues
placed next to the polyene chain of the chromophore displayed interesting wavelength
regulation properties. Negative charge placed further away from the PSB led to a greater

red shift of the absorption maximum of the bound chromophore. This result agrees well
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with the proposed point charge theory and presumably shed more light to the wavelength

regulation mechanism in color vision.

2.3. Merocyanin-bound CRABPII mutant structure.

HO. S.O
o)
Merocyanin MES

Figure I1-12. Structures of merocyanin and MES.

Table I1-4. UV maximum absorption of the merocyanin-bound CRABPII mutants.

Mutant Amax
1 Merocyanin in EtOH 461
2 Merocyanin in buffer 493
3 Merocyanin PSB in EtOH 578
4 Merocyanin PSB in buffer 573
5 R132K:R111L:L121E 588
6  RI132K:R111L:L121E:R59E 596
7  RI132K:R111L:L121E:R59W 596
8 RI32K:RI111L:L121E:T56W 591
9  RI132K:RI111L:L121E:TS6R 591
10 RI32K:R111L:L121E:V76E 593
11  RI132K:R111L:L121E:V76W 570
12 RI132K:R111L:L121E:V76R 586

* Results from Kin-Sing Lee.

As an effort toward designing CRABPII mutants as fluorescence tags, Kin-Sing

Lee and Calvin Grant in the Borhan lab have been working on synthesizing putative
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chromophores. An interesting compound, merocyanin, was synthesized and showed

excellent spectroscopic properties (Table 1I-4). By feeding this molecule to a series of

CRABPII mutants, red shift of the A, Was observed in almost all mutants tested. The

largest shifts were observed in mutants KLE-RS9E and KLE-R59W, both affording an

opsin shift of over 20 nm. However, the binding of merocyanin into CRABPII mutants

appeared to be much slower compared to C5-aldehyde or all-frans-retinal.

The crystallization of merocyanin-CRABPII mutant complexes was pursued.
Structure of the KLE-R59W CRABPII mutant bound with merocyanin was determined at
2.60 A. The merocyanin is bound the orthogonal way with its aromatic ring extending
toward the entrance and positioning itself right under the Trp59 (Figure II-13). The
Schiff base formed appears to be in a trans conformation and is stabilized by a weak
hydrogen bonding interaction from a water molecule that is 3.4 A away (Figure II-13C).

It is interesting to see the trans imine formation in this mutant especially when we

compare this mutant to the Cj5-aldehyde-bound-KLE-R59W-CRABPII where the ligand

binds also in the orthogonal way and also in trans imine form. The similarity of binding
in the two complexes seems to suggest that shorter chromophores that bind the
orthogonal way in CRABPII tends to favor a frans imine formation probably due to the
ligands' freedom in this spacious binding cavity. A buffer molecule, 2-(N-
morpholino)ethanesulfonic acid (MES), is found to be bound inside the cavity as well
(Figure 1I-13B), occupying a space approximately where BTP molecules are found in

some other CRABPII mutant structures. The overall fold of this merocyanin-bound-
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KLE-RS9W-CRABPII resembles the C)s-aldehyde-bound-KLE-RS9W-CRABPII

structure, with similar partial unwinding at the C-terminal end of the a2 helix.

S, E121
Y134

Merocyanin
K132

Figure II-13. Merocyanin bound in KLE-R59W-CRABPII mutant. A. Stereoview of
the overall fold of the protein; B. 2Fo-Fc map calculated at 1 o; C. Detailed binding
interactions between merocyanin and the protein.

lecule shows 11 fl ability after being

This merocyanin
complexed with CRABPII mutants. In particular, the complex between merocyanin and

KLE-R59W-CRABPII is capable to emit fluorescence at 614 nm after being excited at
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570 nm (to be published by Kin-Sing Lee). This serves as the proof-of-concept for
designing CRABPII mutants as ligand-inducible fluorescence fusion tags. The structural
information obtained from this complex will also be instructional for directing our future

ligand design and protein engineering efforts.
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CHAPTER IlIl. Crystal Structures of the Apo-CRABPII
Mutants

3.1. Introduction

Retinoic acid (RA) is the most important metabolite of vitamin A (retinol) in
vertebrates. It has been proven to play indispensable roles during cell growth and
differentiation by regulating the transcription of a variety of target genes (/-4). RA also
possesses antitumor activity. RA and other retinoid analogs have been successfully
employed in treatment again several types of cancers, including acute promyelocytic
leukemia (2), skin cancer (5) and cervical cancer (6).

The transcription effects of RA are exerted through binding of RA to the retinoic
acid receptor (RAR). RAR is a nuclear transcriptional activator, which forms a
heterodimer with retinoids X receptor (RXR) upon association with RA (7-10). The
RAR/RXR dimer then recognizes the RA-response elements on specific target genes and
regulates their transcription.

The delivery of RA to RAR is facilitated by cellular retinoic acid binding proteins
(CRABPs), members of the intracellular lipid-binding protein family (iLBP) (/1-13).
CRABPs are cytosolic, small (~16 kD), and soluble proteins that are found in all
vertebrates (/4). There are two types of CRABPs, CRABPI and CRABPII. CRABPI
and II are highly conserved (both >90% identity) across species, respectively (15, 16).
The identity between CRABPI and CRABPII in the same specie, however, is relatively
lower (74% in human). Therefore, the two proteins probably diverged at a fairly early

stage during evolution and have distinct cellular functions. CRABPs modulate the RA
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effective concentration through multiple ways, including binding to excess RA and/or
metabolizing the excess RA in the cell through interaction with metabolizing enzymes.
CRABPI and II deliver RA to RAR through different mechanisms (/7-19). While
CRABPI shows no interaction with RAR, CRABPII has been shown to localize into the
nucleus upon RA complexation and delivers RA to RAR through protein/protein
interactions (16, 20).

The crystal structures of the wild-type CRABPI and II have been solved earlier
(21, 22). Both proteins adopt a typical iLBP fold with a rigid "B-barrel" forming a huge
binding cavity and a flexible helix-turn-helix motif functioning as a "lid" at the entrance
(Figure III-1). Interestingly, water-mediated interactions are observed in the cavity of
apo-WT-CRABPII MolA, connecting the Argl11 deep inside the cavity through Argl32
to the Ala36 and Val33 on the a2 helix. The water-mediated network is not observed in
MolB probably due to the crystal packing. The difference in crystal packing
environments between MolA and MolB at the a2 helix region is dramatic, which is
apparent from the number of the intermolecular interactions that each a2 helix makes
with the neighboring molecules: MolA has 0 hydrogen bond and 8 vdw contacts and
MolB has 7 hydrogen bonds and 43 vdw contacts.

Similar water-mediated networks have been observed in other members of the
iLBP family, such as CRABPI (23) and intestinal fatty acid-binding protein (24), and
suggested to play important roles in maintaining the stability of these proteins. In the rat
intestinal fatty acid-binding protein (FABP) structure (1IFC, 1.2 A), the water-mediated
network connects the Argl06 (conserved residue of Arglll in CRABPII) through

Arg126 (conserved residue of Argl132 in CRABPII) to Asp34 and Ala32 on the a2 helix
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at the portal. In the CRABPI structure (1CBI), the network is observed, but not in a
continuous manner. This is probably a result of certain water molecules not being
observed due to the relatively low resolution of the structure (2.7 A). In the high
resolution structure of cellular retinol-binding protein II (CRBPII, 1.2 A, PDB ID:
2RCQ), which is also an iLBP family member, the water-mediated network is again
observed, which also resembles the one in apo-WT-CRABPII. In the apo-CRBPII
structure, the network starts at the Glul08 (conserved residue of Arglll in CRABPII
based on similarity) and extends to Ala36 and Val33 (both conserved in CRABPII based
on identity). These observations further emphasize the structural importance of these
water-mediated networks for the iLBP family proteins.

In the course of our study, we have generated many different CRABPII mutants.
The crystallization trials of these mutants have resulted in both ligand-bound and apo-
structures of certain mutants. In this chapter, the apo-CRABPII mutant structures will be
reported. Interesting structural information that is obtained from these structures will be

discussed.

3.2. Results

3.2.1. Mutations of conserved and non-conserved residues

Through site-directed mutagenesis, we have created a series of CRABPII mutants,
each of which carry multiple mutations involving both conserved and non-conserved
residues (25). All of the mutation sites that are involved in these mutants are shown in

Figure III-1.
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Argl32 resides deep inside the binding pocket and is a fully conserved residue in
the basis of identity in the intracellular binding protein family. In the WT-CRABPII,
Arg132 directly interacts with the incoming carboxylate group of the retinoic acid (RA).

The R132K mutation therefore greatly decreases the binding affinity of CRABPII toward

Retinoic acid

Figure III-1. Stereoview of the mutation sites involved in these CRABPII mutants.
Tertiary structure of CRABPII is represented by retinoic acid-bound CRABPII (PDB
code: 2FR3).

Tyr134 and Arglll are also positioned deep in the pocket and are conserved
residues based on similarity. Y134F is a very conserved mutation and ~20% of the iLBP
family members actually have Phe at 134 as the native residue. RI11L mutation,
however, introduces a dramatic change from the hydrophilic Arg to a hydrophobic Leu,
which enhances the hydrophobicity of the cavity and also creates an extra space due to
the size differences of the two residues.

Arg59, Ala32 and Thr54 are also conserved residues based on similarity. Among

the three, Arg59 and Ala32 are fully conserved residues and Thr54 is conserved in 46 out
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of 52 iLBP family members. These three residues are not deep inside the cavity and are
instead at positions where the linear part of RA interacts with. RS9E mutation, which
happens at the entrance, switches the positively charged Arg to a negatively charged Glu.
T54E or T54V mutations meant to decrease or increase the hydrophobicity of the cavity,
respectively. A32E mutation is unique in that it is the only mutation listed here that
involves a mutation of a residue on the heilx. The change induced by this mutation is
also unique in that the whole a2 helix in MolB of apo-KL-A32E mutant is completely
disordered.

The Leul2l is not a conserved residue. The mutations, L121E or L121D, both
introduce negatively charged residues deep inside the cavity replacing a neutral residue,
which decreases the hydrophobicity of the cavity.

Generally, combinations of these mutations do not change the overall fold of the

CRABEPII greatly, except for the R132K:R111L:A32E (KL-A32E) mutant where the a2

helix is completely disordered in MolB.

3.2.2. The structure of apo-R132K:R111L:L121E:R59E-CRABPII (apo-
KLE-RS59E)

The structure of apo-KLE-R59E is solved at 1.85 A with final Ry,ork and Reyee of

18.6% and 24.8%, respectively. The Ramachandran plot indicated that all of the residues
except Aspl126 are in the favored/allowed region. Asp126 in both MolA and MolB is in
the disallowed region. However, the electron density map suggests the correct
assignment of the residue. The same residue has always been found in the disallowed

region in previously solved CRABPII structures (22), which added to our confidence for
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the assignment for this residue. The overall fold of this mutant is approximately the same
as WT-CRABPII (PDB ID: 1CBS, 2FR3) with RMSD of 1.117 for MolA (Figure III-2A)
and 0.463 for MolB (Figure I1I-2B). The MolBs of the two molecules are very similar
which is also obvious from the RMSD value of 0.463. The two MolAs are, however,
experiencing greater differences. The main difference lies in the region where the C-
terminal of the a2 helix meets the BC-BD loop. A partial unwinding of the a2 helix is
clearly observed in MolA of the apo-KLE-RS9E mutant structure, which is not observed
in MolB and in either of the molecules of the WT-CRABPII structure. To accommodate
this movement, the BC-BD loop in apo-KLE-R59E correspondingly adopts an outward
movement, compared to the WT-CRABPII MolA. Similar movements have been
observed in previously solved apo-KLE-CRABPII mutant structure (PDB ID: 3D97).

The Arg59 in the WT-CRABPII resides on the BC-8D loop and guards the
entrance of the protein. In the WT-CRABPII structure, ArgS9 interacts with GIn74
through two water-mediated hydrogen bonding (Figure I1I-2C), which is disrupted upon
the RS9E mutation in the apo-KLE-RS9E mutant (Figure III-2D). Clearly, the disruption
of this interaction does not affect the overall rigidity of the CRABPII. The other three
mutations, R132K:R111L:L121E, are all deep inside the active site. A buffer molecule,
bis-tris-propane (BTP), is present inside the binding cavity in both MolA and MolB
(Figure III-2E). In both molecules, BTP is close to Trpl09 and partly fills the
hydrophobic hole created by R111L mutation as the overlay between this mutant and the
WT-CRABPII shows that Argl11 side chain would compete with the BTP for the same

space. The atomic positions of BTP in MolA are well defined with an average B factor

of 37.8 A2, reasonably higher than the overall B factor (28.9 A). The BTP in MolB,
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Figure III-2. Structure of the apo-KLE-R59E-CRABPII. (a) Overlay of MolA of apo-
KLE-R59E-CRABPII (gray) and MolA of apo-WT-CRABPII (green); (b) Overlay of
MolB of apo-KLE-R59E-CRABPII (purple) and MolB of apo-WT-CRABPII (cyan); (¢)
Salt bridge between Arg59 and GIn74 in apo-WT-CRABPII MolA; (d) Disrupted salt
bridge in apo-KLE-R59E-CRABPII MolA; (e) 2Fo-Fc map calculated at 1.0 o for bis-
tris-propane bound in apo-KLE-R59E-CRABPII MolA; (f) Water-mediated interactions
in MolA of apo-KLE-R59E-CRABPII.



however, is poorly defined (average B: 65.2 Az) even though the bulk electron density

clearly suggests its presence. Overlaying the MolA and MolB shows that the two BTP
molecules do not overlap with each other. In MolA, the BTP makes three hydrogen
bonding interactions with the nearby protein residues. In MolB, however, the hydrogen
bonding interactions are harder to assign due to our lack of confidence for each atomic
position of the molecule.

A water-mediated network is clearly shown, involving polar residues, BTP and
the ordered water molecules and extending from deep down in the cavity to the a2 helix
at the entrance (Figure III-2F). Similar water-mediated interactions have been observed
in previously solved CRABPII mutant structures and have been proposed to be important
in maintaining the structural integrity of CRABPII by acting as a pillar inside the huge,

hydrophobic binding cavity of CRABPII.

3.2.3. The structure of apo-R132K:Y134F:R111L:L121E-CRABPII (apo-
KFLE)

The structure of apo-KFLE was solved at a resolution of 1.78 A with Ry,qrk and

Rfree Of 18.0% and 23.8%, respectively. The Ramachandran plot indicates again that

Asp126 is the only residue sitting outside of the allowed region in both molecules of the
asymmetric unit. The protein also maintains the rigid overall structure. Overlay of this
mutant structure with the WT-CRABPII gives RMSD of 1.137 for MolA (Figure III-3A)

and 0.450 for MolB (Figure I1I-3B), which is similar to the ones observed for KLE-
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Figure III-3. Structure of the apo-KFLE-CRABPII. (a) Overlay of MolA of apo-
KFLE-CRABPII (purple) and MolA of apo-WT-CRABPII (green); (b) Overlay of MolB
of apo-KFLE-CRABPII (orange) and MolB of apo-WT-CRABPII (cyan); (c) Water-
mediated interaction in apo-KFLE-CRABPII MolA.

RSYE. In fact, this apo-KFLE mutant structure greatly resembles that of the KLE-RS9E
mutant including the same partial unwinding at the a2 helix region in MolA. The RMSD
between the two structures is 0.200 for MolA and 0.276 for MolB. This resemblance is
not very surprising. Except for the three common mutations, R132K:R111L:L121E, that
are shared between KFLE and KLE-RS59E, the fourth mutation in the KFLE mutant,

Y134F, is a conserved mutation inside the binding site. Therefore, minimal overall
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structural changes should be expected upon this mutation. There is no BTP bound in
either of the molecules even though the growth condition for the crystal also contains
BTP. In MolA of apo-KFLE, the water-mediated interactions are as follows: Glul21-
W260-Lys132-W274-W223-carbonyl group of Ala32/carbonyl group of Ser37 (Figure

111-3C).

Figure III-4. Structure of the apo-KFLD-CRABPII. (a) Overlay of MolA of apo-
KFLD-CRABPII (magenta) and MolA of apo-WT-CRABPII (green); (b) Overlay of
MolB of apo-KFLD-CRABPII (yellow) and MolB of apo-WT-CRABPII (cyan).

3.2.4. The structure of apo-R132K:Y134F:R111L:L121D-CRABPII (apo-
KFLD)

The structure of apo-KFLD was solved at 1.94 A with Ryork and Ryree of 21.0%

and 27.7%, respectively. Again, the overall structure of this mutant resembles those of
KLE-RS9E (0.271 for MolA and 0.256 for MolB) and KFLE (0.210 for MolA and 0.188

for MolB). The same partial unwinding is also observed at the C-terminal of the a2 helix
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region in MolA (Figure I1I-4). The helical structures are well maintained in MolB. The
crystal was also grown in conditions with BTP as the buffer and yet no BTP was found in
the crystal structure of this mutant. Surprisingly, the water-mediated interactions are not

observed in this mutant.

3.2.5. The structure of apo-R132K:Y134F:R111L:L121D:T54V-CRABPII
(apo-KFLD-T54V)

The structure of apo-KFLD-T54V was solved at 1.51 A. Final Ryqrk and Reree

after refinement are 17.1% and 21.2%, respectively. The Ramachandran plot showed
again that Asp126 is the only residue that is outside of the favored/allowed region. There
is no buffer molecule bound inside the binding cavity. Interestingly, no partial
unwinding is observed for the a2 helix in MolA of this mutant (Figure III-5A,B). Since
this KFLD-T54V mutant only differs from the KFLD mutant by a single mutation, T54V,
and this mutation did not change the size, shape or conformation of the residue, it may
suggest that the appearance of the partial unwinding of the a2 helix C-terminal is
random. Due to the fully maintained helical turns, the structure of this mutant now shares
more structural similarity with the apo-WT-CRABPII structure (RMSD: 0.302 for MolA
and 0.363 for MolB) than with that of the apo-KFLD mutant (RMSD: 1.136 for MolA

and 0.344 for MolB). The water-mediated interactions are shown in Figure III-5C.
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Figure III-S. Structure of the apo-KFLD-T54V-CRABPII. (a) Overlay of MolA of
apo-KFLD-T54V-CRABPII (pink) and MolA of apo-WT-CRABPII (green); (b) Overlay
of MolB of apo-KFLD-T54V-CRABPII (purple) and MolB of apo-WT-CRABPII (cyan);
(c) Water-mediated interactions in the apo-KFLD-T54V-CRABPILI.

3.2.6. The structure of apo-R132K:R111L:T54E-CRABPII (apo-KL-
TS54E)

The structure of apo-KL-T54E was solved at 1.85 A resolution. Final Ryqrk and

Rfree after refinement are 18.8% and 24.4%, respectively. Aspl26 is still the only

residue that sits outside of the favored/allowed region in the Ramachandran plot. There
is no partial unwinding on the a2 helix in MolA. The RMSD values between this mutant
structure and that of the WT-CRABPII are 0.369 for MolA (Figure I11-6A) and 0.344 for

MolB (Figure III-6B). BTP molecules are found in the cavities of both MolA and MolB
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of this mutant structure (Figure I1I-6C). It need to be pointed out that the B factors for

both BTP molecules in this structure (56.3 Az in MolA and 84.0 in MolB) are much

higher than the average B factor of the whole structure (24.0 Az). Long-range water-

mediated interactions are absent in this mutant probably due to the absence of charged
residues (Arglll or Glul21) deep inside the cavity. Short-ranged water-mediated
interactions are found between the Glu54 and the a2 helix: carboxylate group of Glu54-
W187-W172-carbonyl group of Ala36 (Figure I1I-6D). The Glu54 also forms hydrogen

bonds with the bound BTP.

Figure III-6. Structure of the apo-KL-T54E-CRABPII. (a) Overlay of MolA of apo-
KL-T54E-CRABPII (hot pink) and MolA of apo-WT-CRABPII (green); (b) Overlay of
MolB of apo-KL-T54E-CRABPII (yellow) and MolB of apo-WT-CRABPII (cyan); (c)
2Fo-Fc map of the BTP bound calculated at 1.0 o; (d) Water-mediated interactions in
MolA of the apo-KL-T54E-CRABPII.
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3.2.7. The structure of apo-R132K:R111L:A32E-CRABPII (apo-KL-
A32E)

K132
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Figure III-7. Structure of the apo-KL-A32E-CRABPII. (a) Overlay of MolA of apo-
KL-A32E-CRABPII (purpleblue) and MolA of apo-WT-CRABPII (green); (b) Salt
bridge between Arg59 and Glu32 in the apo-KL-A32E-CRABPII MolA; (c) Water-
mediated interactions in MolA of the apo-KL-A32E-CRABPII.

The crystal structure of apo-KL-A32E was solved at 1.56 A resolution. Final

Rywork and Reee after refinement are 15.3% and 19.9%, respectively. The R hand

plot showed that Aspl126 is the only residue outside of the favored/allowed region as

observed before. The helical structure in MolA is well maintained with no partial
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unwinding at the C-terminal of the a2 helix. The RMSD between this MolA and MolA
of the WT-CRABPII is calculated to be 0.414, consistent with the observation that these
two structures are very similar (Figure III-7A). The introduced Glu32 on the a2 helix
forms a salt bridge with Arg59 on the BC-BD loop (Figure III-7B). In MolB of the apo-
KL-A32E, however, the a2 helix is completely disordered. The rest of the KL-A32E
MolB still folds normally and overlays perfectly with MolB of other apo-CRABPII
mutants. Given the fact that the structures listed earlier all contain R132K:R111L
mutations and are all capable of maintaining the structural integrity of the protein, A32E
mutation in KL-A32E is clearly detrimental to the helical structure of the a2 helix. No
buffer molecule is found in the cavity in either MolA or MolB. The water-mediated

network in MolA is shown in Figure III-7C.

3.3. Discussion

3.3.1. Rigid overall fold of the apo-CRABPII mutant structures

By overlaying all six apo-CRABPII mutant structures together (Figure III-8), it is
evident that most of the B-barrel portion of the protein remains rigid in every structure
(red structures in Figure I1I-8). The flexibility can be seen for the helix-turn-helix region,
which serves as a lid governing the entry and exit of the ligand, and the BC-BD loop that
is next to the a2 helix. This is consistent with what have been observed in the NMR
solution structure (26) of apo-WT-CRABPII and in the crystal structures of other

CRABPII mutants (27).
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Figure III-8. Stereoview of the overlay of all apo structures together. Red: MolBs of
WT, KLE-RS9E, KFLE, KFLD, KFLD-T54V, and KL-T54E; green: MolAs of WT,
KFLD-T54V, KL-T54E, and KL-A32E; blue: MolAs of KLE-R59E, KFLE, and KFLD.

Three different conformations of the helices are present in different molecules.
The first conformation is shared by all of the MolBs, except for that of the apo-KL-A32E
mutant structure which lost its a2 helix completely. The MolBs are shown in red colors
in Figure III-8. All of these MolB molecules adopt almost an identical conformation with
the RMSD against WT-CRABPII MolB between 0.347 and 0.484.

Some of the MolAs adopt the second conformation (WT, KFLD-T54V, KL-A32E
and KL-TS54E), which is shown in the green structures in Figure III-8. In this
conformation, the helices are clearly shifted compared to the MolB structures, together
with the neighboring B-turn regions.

The third conformation is present in the rest of the MolA molecules (KLE-R59E,
KFLE, KFLD, blue colors in Figure I1I-8). The interesting feature of this conformation is
the partial unwinding at the C-terminal of the a2 helix. Similar unwinding has also been
observed in crystal structures of other CRABPII mutants, such as apo-KLE-CRABPII

(PDB ID: 3D97) mutant and apo-KE-CRABPIL.
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The occurrence of multiple conformations of the helices results from their unique
flexibility as discussed previously. The reason that all these MolBs display a uniform
conformation is probably because of the tight crystal packing. In other words, the tighter
interactions from the neighboring molecules that the MolB helices are experiencing
probably constrain the helices in these MolBs and leave them with only one favorable
conformation to adopt. The helices of the MolAs, however, are in a much less
constrained environment in the crystals and therefore are able to adopt different and more
relaxed conformations given their flexible nature.

It is not certain what causes the partial unwinding at the C-terminal of the a2
helix. It seems that the R132K and L121E/D mutations are present in all of the structures
that share the unwinding (KE, KLE, KLE-R59E, KFLE, and KFLD). However, at the
same time there are other mutants that share the same two mutations and yet do not have
the unwinding, such as KFLD-T54V and KFLE-T54V (PDB ID: 2FS0). Therefore the
partial unwinding is probably favored by the combination of R132K and L121E/D
mutations, but not guaranteed. Also, the T54V mutation seems to be able to reverse the

unwinding through some unclear interactions.

3.3.2. A32E mutation is detrimental to the a2 helix in apo-KL-A32E

Considering that the a2 helices in the apo-CRABPII mutant structures reported
here are all well ordered except for the KL-A32E mutant, we are able to see that the
A32E mutation is probably responsible for the loss of helical structure in MolB of the
apo-KL-A32E CRABPII mutant. Similarly, the a2 helix has been seen to be disordered

in a previously solved CRABPII mutant structure, apo-F15W-CRABPII (PDB ID: 2FRS)
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(22). Phels5 is located at the al helix. The F15W mutation clearly destabilizes the a2
helix and results in a totally disordered a2 helix in MolA of the apo-F15W-CRABPII
mutant. Steric hindrance between Trpl5 and the neighboring a2 helix residues is
believed to be responsible for the structural loss of the helix. When it comes to the KL-
A32E mutant, the loss of ordered helical structural is probably not because of steric
reasons since the Glu32 is close to the entrance and can clearly swing its side chains to
avoid bumping into neighboring residues. More possibly, the difference in favored phi
angles between Glu and Ala might be the reason for the detrimental effects of Glu32.

It is also interesting to notice that the a2 helix in MolA of the apo-KL-A32E

mutant is well preserved and the average B factor for the MolA a2 helix is 20.6 Az,

which is even lower than the overall B factor of 26.3 AZ. In MolA, a salt bridge is

established between Glu32 and ArgS9 (Figure III-7B). The same salt bridge is
maintained in another crystal structure of the same KL-A32E mutant when complexed
with a retinoid analog, suggesting a preference of this salt bridge of this mutant. When
overlaying the MolA and MolB of different apo mutant structures together, we can see
that the BC-BD loop in MoIB is shifted further away from the a2 helix than that in MolA
(Figure III-8), which causes the Arg59 to move away from the a2 helix. In the structure
of MolB of KL-A32E, this movement might cause disruption of the salt bridge between
A32E and Arg59. We then speculate that, while the A32E mutation is detrimental to the
structural integrity of the a2 helix, the salt bridge between Arg59 and Glu32 observed in
MolA of apo-KL-A32E possibly compensate for the reduced structural integrity

introduced by having Glu32 on the a2 helix and hold the ordered structure of the helix.
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The disruption of the salt bridge in MolB due to crystal packing then lead to the

disordered a2 helix.

3.3.3. Water-mediated network acts as a pillar inside the cavity

The water-mediated interactions have been observed in other apo-CRABPII
mutant structures and were suggested to play an essential role in preserving the structural
integrity of the protein. Similar situations are seen in the apo-mutant structures reported
here. Water-mediated interactions are observed in all six apo structures, except for apo-
KFLD. The appearance of these ordered waters that constitute these hydrogen bonding
networks in all of these crystal structures again suggest their possible structural roles. If
we overlay the water-mediated interactions together, we are able to see that these
different network patterns do not overlap with each other. This is due to the different
mutations that each mutant is carrying. However, at places where no mutation is
involved, we could be able to see some "conserved" water molecules in different mutant
structures.

However, contrary to what have been suggested before, the lack of the continuous
water-mediated network in apo-KFLD does not seem to break down the overall fold of
the mutant. Similarly, the lack of long-range water-mediated interactions in apo-KL-
A32E and apo-KL-T54E due to the absence of charged residues inside the cavities of the
two mutants does not lead to collapsed structures either. It is therefore more reasonable
to postulate that the ordered water molecules appear due to the stabilizing effect of the

polar residues inside the cavity of CRABPII.
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3.3.4. The hydrophobic cavity allows binding of BTP

BTP contains six hydroxy groups with three on each end of the molecule, which
are linked through a hydrocarbon chain. Out of the total of six apo-CRABPII mutant
structures reported here, two of them, apo-KLE-R59E and apo-KL-TS4E, showed
binding of BTP in the cavity of the protein. These binding situations differ in their
average B factors, indicating a difference in terms of how comfortable the molecule is
bound inside a specific mutant. By overlaying the structures that have BTP in the
binding sites, it is clear that these BTP molecules do not overlap. The freedom of binding
for BTP is due to lack of highly specific interactions between BTP and the binding
environment, which is consistent with the relatively high B-factors observed for some of
the bound BTPs. All BTP molecules occupy approximately the same hydrophobic hole
created by the R111L mutation and at the same time tend to adopt multiple conformations
with no particular preference energetically. That could possibly explain the less
definitive electron densities of specific atoms of BTP in apo-KL-T54E. There are also
cases where there is no BTP bound even when the crystal also grew in conditions that
contain BTP, indicating a low binding affinity of BTP toward CRABPII mutants.
Binding of BTP is not believed to alter the conformation of the protein, which is apparent
from the fact that different mutants display minimal structural changes with or without
BTP in the binding sites, such as BTP-bound KL-T54E vs. WT-CRABPII and BTP-

bound KLE-R59E vs KFLE-CRABPILI.
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3.5. Conclusion

The structural information deduced from six high resolution apo-CRABPII
mutant structures are presented and discussed. The B-barrel portion of CRABPII is again
demonstrated to be very rigid and resistant to multiple mutations involving either
conserved or non-conserved residues. The helix-turn-helix is proven to be very flexible,
with three conformations observed in different mutants. A partial unwinding at the C-
terminal of the a2 helix is seen in three mutant structures. This unwinding is believed to
be caused by a combination of helices' flexibility as well as mutations of R132K and
L121E/D. Water-mediated interactions linking residues deep inside the cavity with the
ones at the helical entrance are found in almost all mutants, indicating their important

roles in maintaining the overall fold of these apo-CRABPII mutants.
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CHAPTER IV. Investigation of the Interaction between
Cellular Retinoic Acid Binding Protein Il and Retinoic
Acid Receptor Gamma Ligand Binding Domain

4.1. Background

As stated earlier, the effects of retinoic acid (RA) are mediated by at least two
families of proteins, nuclear hormone receptors and cellular retinoic acid binding proteins
(CRABPs). The transcriptional activities of RA are mediated by two members of the
nuclear hormone receptor superfamily: Retinoic Acid Receptor (RAR) and Retinoid X
Receptor (RXR).  This superfamily is composed of nuclear ligand-activated

transcriptional regulators that also include steroid hormone, thyroid hormone and vitamin

D3 receptors. The RARs and the RXRs each consist of three isotypes (a, B, and Y)

encoded by separate genes. Each isotype has several isoforms, arising from the
differential usage of two promoters and alternative splicing (/, 2). The RAR family
(RARq, B, and y) binds to and is therefore activated by all-trans (tRA) and 9-cis RA

(9cRA), whereas the RXR family (RXRa, B, and y) is activated only by 9cRA (Figure

IV-1).
| I
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Figure IV-1. All-trans retinoic acid and 9-cis retinoic acid.
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Figure IV-2. Structural organization of nulear receptors (3).

The RARs and the RXRs exhibit the conserved modular structure of nuclear
receptors and their amino acid sequence can be divided into six regions (A-F) based on
homology among themselves and with other members of the nuclear receptor superfamily
(Figure IV-2) (4). Region C, consisting of 66 amino acids, contains two zinc finger
motifs and is the sequence specific DNA binding domain (DBD). Within a given species,
region C is highly conserved between the three RAR isotypes (94-97%) and between the
three RXR isotypes (91-97%). Region E consists of 220 amino acids and is the ligand
binding domain (LBD) which is also highly conserved between RAR isotypes (84-90%)
and RXR isotypes (88-95%). This region is functionally complex, including the ligand
binding domain, the ligand-inducible transcriptional activation function AF-2, and a
dimerization surface. The interspecies conservation of the DBD and the LBD of a given

RAR type or of a given RXR type is even greater than the similarity found when
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comparing the three RAR types or the three RXR types within a given species, which
suggests that the DNA and ligand binding properties of the various RARs and RXRs
could exhibit subtle functional differences.

Region D is located as a hinge between the DBD and the LBD and is conserved
both among RARs or RXRs within a given species and is conserved between species for
a given RAR or RXR. The C-terminal F domain, which exists in the RARs, is missing in
the RXRs and its function is still unknown. However, the amino end A/B regions of
RARs and RXRs have both been shown to contain a second transcriptional activation

function AF-1.

Figure IV-3. Comparison of the crystal structures of the apo-RXRa (A, PDB:
lLBD (5)) and hnlo-RARy (B, PDB: 2LBD; (6)) ligand-binding domains reveals the

d conformati change N-terminal is labeled in blue and C-terminal in
red in the rainbow representation in both structures.
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The crystal structures of the LBDs of both RARs and RXRs have been
determined (Figure 3) (5, 6). The LBDs are formed by 12 conserved alpha-helices and a
beta-turn (between H5 and H6) which are folded into a three-layered, anti-parallel helical
sandwich with H4, HS, H8, H9 and H11 situated between H1, H2 and H3 on one side and
H6, H7 and H10 on the other. In this structure, the C-terminal helix H12, which
encompasses the AF-2 activation domain, points away from the LBD core. By
comparing the crystal structures of apo-RXRa LBD and holo-RARy LBD, the major
conformational change before and after ligand binding seems to be the relocation of H12,
which after ligand binding folds back towards the LBD core and “seals” the ligand entry
site.

In the absence of the ligand, retinoic acid receptors are found primarily in the
nucleus. They bind as asymmetric, oriented RAR/RXR heterodimers to specific DNA
sequences, RA response elements (RAREs), composed typically of two direct repeats of a
core hexameric motif, (A/G)G(G/T)TCA (2, 7). The classical RARE is a 5-bp-spaced
direct repeat (DR5). However, RAR/RXR heterodimers also bind to direct repeats
separated by 1 bp (DR1) or 2 bp (DR2). Unliganded and DNA-bound retinoid receptors
repress transcription through recruitment of the corepressors NcoR and SMRT (8, 9).
After ligand binding, the resulting conformational changes cause the release of the
corepressors and recruit coactivators which upon association with larger complexes with
chromatin modifying and remodeling activities will decompact repressive chromatin and
facilitate the positioning of the transcriptional machinery at the promoter region (9-11).

CRABP 1 and II, are the other family of proteins that mediate the biological

effects of RA (12-15). CRABPs belong to a family of proteins called intracellular lipid-
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binding proteins (iLBP), including fatty acid-binding proteins, lipid-binding proteins, and
cellular retinoid-binding proteins (/6). CRABPs are responsible for modulating the
intracellular existence of RA. The sequences of CRABPs are highly conserved in
vertebrates (17, 18). CRABP I and II are closely related, with an identity of 76% in
human. CRABPs are believed to act as carriers of RA, serving to solubilize and protect
RA in the aqueous environment of the cytosol. In addition to this general role, CRABPs
have also been shown to facilitate RA modification upon interaction with other proteins
(12-15).

Despite the sequence similarity between CRABPI and CRABPI]I, the two proteins
have been shown to have distinct roles in regulating RA (/7). Professor Noy and
colleagues demonstrated that the rate constant for movement of RA from CRABPII, but
not CRABPI, to RAR strongly depends on the concentration of RAR (/9). They
therefore suggested that transfer of RA from CRABPI to RAR involves dissociation of
RA from CRABPI, followed by association of RA with the acceptor. In contrast,
movement of RA from CRABPII to RAR is facilitated by a mechanism involving direct
interactions between CRABPII and RAR. However, the interaction between the two is
short-lived according to their observation as no stable complex could be trapped in spite
of several attempts including chemical crosslinking, electrophoresis under denaturing
conditions, fluorescence anisotropy titrations and electrophoretic mobility shift assays.

Their later investigations revealed three spatially aligned residues E75Q, K81P,
and E102K (CRABPI/CRABPII), displaying dramatic changes in electrostatic surface
potential of the two proteins (/7). Substituting the corresponding CRABPII residues onto

CRABPI conferred upon the protein the ability to channel RA to RAR and to enhance the
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transcriptional activity of RAR in cells. Conversely, substituting the three residues on
CRABEPII into their CRABP I counterparts resulted in loss of the ability to interact with
RAR and to enhance the activity of the receptor.

Professor Chomienne and co-workers also worked on the interaction between
RAR and CRABPII. By attaching CRABPII with fluorescence proteins they have
demonstrated the distribution of CRABPII in the nucleus (20). However, contradictory to
what had been suggested by Professor Noy, they have shown that CRABPII was
associated with RARa and RXRa in a ligand-independent manner through a GST pull-
down assay using GST-tagged RARa or RXRa.. Moreover, they have demonstrated that,
in the presence of retinoids that bind both the nuclear receptors and CRABPII,
transcription by RARa-RXRa heterodimers is enhanced by the presence of CRABPII,

suggesting CRABP II as a novel transcriptional regulator involved in RA signaling.

COOH

Figure IV-4. The synthetic retinoid analog CD270.

To further investigate the problem, Budhu and Noy performed a similar in vitro
pull-down assay using immobilized His-tagged RARa-LBD incubated with CRABPII in
the presence of RA or a synthetic analog CD270 (Figure IV-4) which had been reported

to interact with CRABPII with a high affinity but to be a poor ligand for RARa (/8).
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The results are consistent with their earlier statement that CRABPII interacts with RAR
in a ligand-dependent manner and that the complex is not stable. No CRABPII was
found to co-precipitate with RARa-LBD in the absence of ligand or in the presence of
RA. However, CD270 stabilized the complex in a dose-dependent manner and CRABPII
was co-precipitated with RARy-LBD in the presence of CD270.

As we have shown earlier, among our mutants of CRABPII, the triple mutant

KLE-CRABPII shows an excellent retinal-binding property (Kq = 1.4 + 4.9 nM). In this

particular protein, retinal forms a protonated Schiff base with the lysine residue in
position 132, which can be followed by the UV red shift from 380 nm (free retinal) to
447 nm (protonated Schiff base). This covalent protein-ligand complex gave us an
opportunity that resembles the situation in Noy’s research involving the synthetic CD270.
In both cases, ligands prefer to stay with the CRABPII proteins instead of being
transferred into RAR, which has been suggested by Noy and colleagues as key in order to
achieve a stable complex between the two proteins. We therefore set out to detect the
protein-protein interaction between CRABPII and RAR employing the all-trans-retinal-

bound KLE-CRABPII mutant.

4.2 Results and discussion

4.2.1. In vitro binding assay.
With both RARy-LBD and CRABPIIs (WT-CRABPII and KLE-CRABPII) in
hand, the binding assay was performed. His-tagged RARy-LBD was first immobilized

on Ni-NTA resin. WT-CRABPII and KLE-CRABPII were then incubated with the
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immobilized RARy-LBD either in the absence of ligand or in the presence of either RA
(for wild type) or retinal (for triple mutant) at 4°C for 1 h. The resin was then washed
three times with Tris buffer (10 mM Tris, 100 mM NaCl, pH 8.0). SDS gel loading
buffer was then added to the beads and proteins attaching to the resin were analyzed by
SDS electrophoresis. The results are shown in Figure IV-5. For wild-type CRABPII, no
interaction between RARy-LBD and WT-CRABP II was observed either in the absence
(lane 6) or in the presence of RA (lane 7). The same results were obtained for the triple
mutant CRABP II: no KLE-CRABPII was co-precipitated with RARy-LBD either in the

absence (lane 8) or in the presence of RA (lane 9) or retinal (lane 10).

B.
L2 -3.4-5 /6 7 8.9 10 1 234 5276 789
. T sk 55 T Ty

Figure IV-5. In vitro binding assay. 1. MW; 2. WT-CRABPII; 3. KLE-CRABPII; 4.
Ni-NTA beads + WT-CRABPIIL; 5. Ni-NTA beads + KLE-CRABPII; 6. Ni-NTA beads +

Hisg-RAR-LBD + WT-CRABPII; 7. Ni-NTA beads + Hisg-RAR-LBD + WT-CRABPII
+ RA; 8. Ni-NTA beads + Hisg-RAR-LBD + KLE-CRABPII; 9. Ni-NTA beads + Hisg-

RAR-LBD + KLE-CRABPII + RA; 10. Ni-NTA beads + Hisg-RAR-LBD + KLE-
CRABPII + retinal. A. Coomassie blue stain; B. Silver stain.
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4.2.2. Following the protonated Schiff base formation by UV.

As mentioned before, there is a major red shift in the UV spectrum from 380 nm
to 447 nm before and after retinal binds to KLE-CRABPII. In order to investigate
whether RARY-LBD will prevent the formation of the protonated Schiff base, RARy-
LBD was added into the complex between KLE-CRABPII and retinal. A UV scan was
performed and it turned out that the protonated Schiff base is no longer existent after
RAR-LBD was added, based on the fact that the UV absorbance went back to around 375
nm. Two possibilities were proposed: one is that the Schiff base might have been
hydrolyzed and retinal was transferred into RARy-LBD; the other possibility is that the
Schiff base is not completely hydrolyzed, but instead of being protonated, the Schiff base

is now unprotonated, which could also lead to an absorption at 375 nm.

4.2.3. In vitro binding assay using reductively aminated Schiff base
complex.

Since a secondary amine base is much more stable than a protonated Schiff base

in the aqueous environment, a reductive amination was conducted using Na(CN)BH3.
The excess of retinal in the reaction was removed from the reduced protein-ligand
complex by buffer exchange using a concentrator. Similar in vitro binding assay was

performed. However, again, no co-precipitation with RARy-LBD was observed for

reduced KLE-CRABPII-retinal complex.

4.2.4. Presence of Tween20 leads to hydrolysis of the protonated
Schiff base.
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Tween20 (0.1%) was present in the purified RARy-LBD solution. It was
introduced during the dialysis after Ni-NTA purification (see detailed procedures in
Chapter VI). The function of this detergent is to prevent aggregation of the protein.
Since detergent is well known to be able to change the solubility of proteins in buffers, it
is suspected that the presence of Tween20 might lead to certain conformational change of

CRABPII, which will eventually lead to the hydrolysis of the PSB.
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Figure IV-6. Detergent titration of the protonated Schiff base formed between KLE-
CRABPII and retinal.

By adding the Tween20 containing buffer into the Schiff base complex, it was
observed that the absorption went back to 375 nm. A detergent titration experiment was

also performed (Figure IV-6). To the Schiff base formed complex was added Tris buffer
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containing different concentrations of Tween20. The concentration of Tween20 that
starts to destroy the protonated Schiff base was found out to be between 0.001% and

0.005% (V/v).

4.2.5. Purification of RARy-LBD without detergent.

Since the detergent was the reason for disrupting the protonated Schiff base,
RARy-LBD was then purified without detergent. After Ni column, the protein solution
was dialyzed against 10 mM Tris, 100 mM NaCl, pH 8.0. It was then concentrated,
followed by gel filtration purification. However, the spectrum of the gel filtration looked
quite different from the previous run when Tween20 was used in the buffer. RARy-LBD
purified this way came off the column quite early and covered a much broader range of
fractions. What’s more, the UV of RARY-LBD after purification does not look normal.
Absorption at 260 nm is strongly interfering the protein absorption at 280 nm, suggesting
possible nucleotide contamination.

The fact that RARy-LBD came off the gel filtration column earlier as well as the
fact that the UV spectrum of RARy-LBD showed an elevated baseline indicate possible
aggregation of the protein. To test this possibility, detection for inclusion bodies was
performed and insoluble RARy-LBD was detected in the cell pellet. To reduce the

inclusion bodies and aggregation problems, several things were modified in the RARY-
LBD purification. The optimized purification included the following steps. After ODggg

reached 0.6, IPTG was added and the growth was continued at 16°C for 20 h (previously
5 hatr.t.). The proteins were eluted off the Ni-NTA column by 250 mM imidazole, 100

mM NaCl, 10 mM Tris, pH 8.0 (previously 100 mM EDTA, 500 mM NaCl, 20 mM Tris,
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pH 8.0). After the Ni column, each individual fraction was examined by UV and the best
fraction(s) were immediately loaded onto the Sephadex G-50 gel filtration column. It
was then eluted with 10 mM Tris, 100 mM NaCl, 10% glycerol, pH 8.0. The fractions
were again examined under UV and it turned out that most of the fractions obtained this
way showed maximum absorption very close to or exactly at 280 nm, suggesting much

less or even no contamination from nucleotides.

4.2.6. Circular dichroism of RARy-LBD and fluorescence titration of
RARy-LBD with retinoic acid.

The purified RARY-LBD was then characterized first with CD. Both apo- and
holo-RARY-LBD were measured and the obtained spectra resemble the literature data
(21). a-Helix content was indicated by the negative ellipticity with minima at 222 and
208 nm. There are no major changes before and after tRA binding, which is also

consistent with the published data.
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Figure IV-7. Fluorescence titration of RARy-LBD with all-trans-retinoic acid.
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Figure IV-8. Titration of KLE-CRABPII with retinal. A. Using KLE-CRABPII
purified earlier; B. Using fully active KLE-CRABPII.
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Fluorescence titration of RARy-LBD with all-frans-retinoic acid was also

performed to verify the ligand binding ability of the purified protein. The extinction

coefficient of RARy-LBD was measured to be 11,972 em M. Titration data is shown

in Figure IV-7. The calculated K; is 0.5 nM, which is very close to the 0.6 nM binding

affinity reported in the literature.

4.2.7. Titration of KLE-CRABP Il with retinal followed by UV.

A perfect KLE-CRABPII (R132K:R111L:L121E) should bind retinal up to 1
equivalent and still maintain the maximum absorption at around 440 nm corresponding to
the protonated Schiff base. However, the KLE-CRABPII that was purified in the
previous batch failed to give a decent titration (Figure IV-8A). The retinal could only be
added up to 0.5 eq and after that the absorption started to blue shift. Later the same
titration using KLE-CRABPII purified in a different batch turned out to be fully active

(Figure IV-8B). This batch of protein was later used in the in vitro binding assays.

4.2.8. In vitro binding assay using RARy-LBD directly from Ni-NTA
resin.

Since we had concerns on loss of activity of RARy-LBD due to dialysis and other
handling of the protein, we decided to try the binding assay one more time using the
RARy-LBD directly from the Ni resin. This way we would save the effort of eluting the

protein off the Ni resin and later on binding it again onto the resin and also exert
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minimum handling of the protein. Moreover, since the purity of the protein was proved
to be fairly good after Ni-NTA purification, this seemed to be a method worth trying.
Besides RARy-LBD, retinal solution was also freshly prepared. The KLE-
CRABPII used here is the one proved to be fully functional based on the titration
experiments described earlier. In this assay the interaction between KLE-CRABPII and
RARy-LBD was investigated and that between WT-CRABPII and RARy-LBD was not.
The procedure is the same as described earlier in the first in vitro binding assay. The
results are shown in Figure IV-9. KLE-CRABPII showed up together with RARy-LBD
on the gel either in the absence (lane 3) or presence of retinal (lane 4), however, in the
same intensity as the control (lane 2), indicating again lack of interaction between the two
proteins. Lane 5, 6 and 7 showed the protein content of the supernatants corresponding
to lane 2, 3 and 4 respectively. As shown, the same amount of KLE-CRABPII appeared
on the gel, suggesting the same degree of binding for KLE-CRABPII both in control and

in real assays and therefore no interaction between the two proteins.

Lane 1 2 3 4 5 6 7 8 9 10

Figure IV-9. In vitro binding assay using RARy-LBD directly from Ni-NTA resin. 1.
RAR-LBD on Ni beads; 2. Ni-NTA beads + KLE-CRABPII; 3. Ni-NTA beads + Hisc-RAR-LBD
+ KLE-CRABEPII; 4. Ni-NTA beads + Hiss-RAR-LBD + KLE-CRABPII + retinal 5. Supernatant
of lane 2; 6. Supernatant of lane 3; 7. Supernatant of lane 4; 8. Washed off lane 2; 9. Washed off
lane 3; 10. Washed off lane 4.
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4.3. Conclusions

Despite several efforts, no in vitro protein-protein interaction between CRABPII and
RAR-LBD is detected. CD270 should be used to set up a positive control for future

binding experiments.
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CHAPTER V. Preliminary X-Ray Crystallographic Studies
of Cellular Retinaldehyde Binding Protein

5.1. Background

As stated earlier, the lack of a three-dimensional structure of the cellular
retinaldehyde binding protein (CRALBP) has hindered many research efforts in
addressing important biological questions associated with this protein. So we decided to

tackle this problem.

5.2. Crystallization of the full-length CRALBP

The CRALBP (rCRALBP) gene was generously provided by professor John W.
Crabb. The rCRALBP gene was then cloned into both His-tagged (pET19b) and non-

fusion (pET17b) plasmids and each was expressed respectively in BL21(DE3) cells.

5.2.1. His-tagged full-length CRALBP crystallization.

The His-tagged rCRALBP was purified using Ni-NTA affinity chromatography to
homogeneity (Figure V-1). The binding property of this His-tagged rCRALBP was
tested by observing UV shifts while titrating the protein with one of its natural ligands,
11-cis-retinal.

The purified His-rCRALBP was then tested at room temperature for

crystallization. Primary screen of the apo protein at different concentrations (25 mg/mL,
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10 mg/mL, and 5 mg/mL) were performed and results obtained were compared. None of

these trials gave protein crystals.

Figure V-1. Pure fractions of His-rCRALBP eluted after Ni-NTA purification.

Since room temperature crystallization did not work well. Crystallization in the
cold room (4°C) was then pursued. Primary screen of this protein (9 mg/mL) at 4°C gave
several hits, which later on were all proven to be salt crystals.

Since the apo protein failed to crystallize, we turned to the holo-protein based on
the knowledge that ligand-bound CRALBP was more soluble than the protein itself (/).
The protein was concentrated to 10 mg/mL and 11-cis-retinal was added up to 2.5 eq.
The primary screen was set up in the cold room (4°C) under dim red light. Boxes were
wrapped with aluminum foil and kept in the dark. Unfortunately, no crystal was

observed in any conditions.
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5.2.2. Non-fusion full-length CRALBP crystallization.
Since the His-tagged protein failed to give any crystals either in the apo form or
bound to 11-cis-retinal, we decided to try to crystallize the protein without the His-tag.

CRALBP was expressed using the pET17b vector in BL21(DE3) codon+ cells as a tag-

free protein. The purification largely follows the procedure developed by Crabb and
colleagues (/). In the first step of purification, a DEAE column was employed. The
roughly purified protein mixture was then applied to a hydroxyapatite (HTP) column and
eluted with a gradient of sodium phosphate buffer. This step eliminated most of the
impurities and gave moderately pure CRALBP. The last step of purification employed
the FPLC source Q column, after which the CRALBP was purified to homogeneity

(Figure V-2).

2 3 4 5 6 78 9 10

e —————

Figure V-2. Non-fusion CRALBP purified. This gel displays the fractions after the
FPLC Q column purification. Fractions containing CRALBP are 38 through 43. Lane 1.
Molecular Weight Standard; 2. fraction 29; 3. fraction 30; 4. fraction 31; 5. fraction 38; 6.
fraction 39; 7. fraction 40; 8. fraction 41; 9. fraction 42; 10. fraction 43.

142



The binding activity of purified CRALBP with its natural ligand 11-cis-retinal
was tested using the UV titration method. When low equivalents of ligand (up to 0.2 eq)
were added, the complex showed a distinct red shift from 380 nm to ~420 nm. However,
when more ligand was added, the absorption started to shift back toward 380 nm (Figure
V-3). By looking thoroughly in the original paper of Crabb, I found that the protein they
purified was also not fully active (/). The only graph that showed the red shift of the
bound chromophore in the paper is actually looking very similar to our titration with 0.2
eq of ligand being added.

Primary crystallization trials of the apo form of this protein were performed at
4°C. However, again, no crystals were observed for this non-fusion full-length

CRALBP.

Figure V-3. UV titration of non-fusion CRALBP with 11-cis-retinal.
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5.2.3. Full-length CRALBP with a cleavable His-tag.

In previous attempts, the purified non-fusion CRALBP showed reduced activity,
probably due to the prolonged purification steps. In order to overcome this possible
problem, we decided to introduce a cleavable tag to the protein so that the purification

could be done in much shorter time and hopefully with similar or even better purity.

A. Overnight cutting B. 3 hour cutting

Figure V-4. Full length CRALBP expressed in pET28a and purified with his-tag
cleaved. A. Overnight cutting followed by FPLC resource Q purification; B. 3 hour
cutting followed by FPLC resource Q purification.

The full-length gene encoding CRALBP was successfully cloned into the pET28a
expression vector. The expressed protein contains a poly-histidine tag at the N-terminal
followed by a thrombin-cutting site. The full length CRALBP was first over-expressed
and purified by Ni-column. The purified His-tagged protein was then treated with
thrombin to cleave the tag. It turned out that this step could be non-specific if the cutting
time is too long. The overnight cutting gave two bands, which could not be separated
after resource Q FPLC or gel filtration (Figure V-4A). Cutting for 3 hours gave a much

better result. The full length protein turned out to be the major component, with very
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little over-cut protein present (Figure V-4B). However, crystallization of this construct

did not yield any crystals either.

5.3. Crystallization of the N-terminal-truncated CRALBP.

Attempts to crystallize the native, full-length CRALBP all turned out to be not
successful. This then lead us to question whether floppy domains exist in native
CRALBP, which hinder the crystallization of this protein. According to the literature, the
N-ternimal of CRALBP is subjected to limited trypsin digestion (2). When we looked
back at our trypsin cutting experiment (Figure V-4), we could also identify that the over-
digested peptide is only slightly smaller than the full-length protein. This result possibly
suggests that a floppy N-terminal exists in CRALBP. What's more, one of the family
members of CRALBP, a-tocopherol transfer protein (aTTP), was crystallized with a N-
terminal truncation (3). These facts all suggest that N-terminal deletion of CRALBP

might help the crystallization of the protein.

5.3.1. Truncation at 43/44 on the N-terminal of CRALBP.

It is vital to make the right decision on where to make the truncation. Certainly,
cutting should not disrupt the globular structure of the protein. It is also important that
not a lot of unstructured amino acids are left hanging at the N-terminus after the deletion,
otherwise they will still hamper the crystal packing of the protein. To make the decision
on the cutting position, I first looked at the corresponding position where others have
made deletion to help crystallize aTTP. The first 20 amino acids were actually cleaved

off aTTP, while its first o helix starts at position 27 based on its crystal structure.
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Another family member, Secl4, has its first o helix start at position 33 (4). Besides,
based on the model for CRALBP, the proposed first helix starts at around 66 (5). Two
sequence alignment methods, ClustalW and MAP, were used to compare the
corresponding position 20 of aTTP on CRALBP. However, the two disagree with each
other to a large extent especially at the N-termini of this family of proteins. By
comparing the starting position of the first a-helix of each protein based on the secondary
structure prediction generated with the two methods, MAP seemed to give more accurate
estimations (1AA difference) over ClustalW (SAA difference). Therefore, from the
comparison of the MAP sequence alignment, position 43 on CRALBP turned out to be
the corresponding position 20 on aTTP. Since 43 is still far enough from position 66,
where the first a-helix starts according to the model built for CRALBP, it should be a
safe place to make the deletion. Therefore, it was decided that the truncated protein
would start from position 44.

The truncated gene was generated through PCR and cloned into the pET28a
vector. However, multiple attempts to express this truncated CRALBP resulted in no
expression at all. The inclusion body was later detected in the pellet of cells after
sonication, indicating misfolded proteins. To improve the situation, lower temperature
growth (16°C) and less IPTG induction were investigated. Fortunately, this time small
amounts of the target protein were obtained after Ni column purification (Figure V-5).
After cutting with thrombin, the protein was further purified by resource Q FPLC. The

protein was mostly pure except for a contaminant with a higher MW.
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Lane 1 2 3 4 5 6 7 8

Figure V-5. N-43/44-truncated CRALBP expressed from pET28a and purified by
Ni-column. 1. MW; 2. Flow through; 3. First wash; 4. Second wash; §~8. Elution
fractions.

However, the 43/44 truncation made at the N-terminus of CRALBP was later
proven to be not active for binding to 11-cis-retinal. The truncated protein failed to bind
to 11-cis-retinal based on the fact that no red shift of the absorption maxima was
observed when the ligand was introduced to the truncated protein. Although red shift of
the absorption maxima does not necessarily equal to ligand binding, it is still safe to say
that cleavage of 43 amino acids off the N-terminal is too much, which either results in a
completely non-functional protein or removes important protein-ligand interactions that

lead to no red shift of the bound chromophore.

5.3.2. Discovery of the ideal N-terminal truncation site.

To look further into truncation options, we decided to make several truncations at
the N-terminus (A10, A1S, A20, A25, A30, A35). These mutants were successfully
cloned, expressed and purified using the same systems that were employed for the 43/44

truncation construct earlier. During expression of these truncation mutants, it turned out
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that, as expected, not all the mutants could be expressed. Deletion of up to 25 amino
acids was able to maintain good expression of the protein. Deletion of 30 amino acids or
more resulted in very poor or no expression (Figure V-6).

MW A10 A15 A20 A25 A30

Aot

Figure V-6. Expression of the truncated CRALBPs.

To further test whether the well expressed proteins are all active, UV titration
experiments were carried out for each of the four mutants: A10, A15, A20 and A25. By
continuously adding 0.1 equivalent of the ligand 11-cis-retinal into the protein solutions,
red shifts from 380 nm to 410 nm were observed in all cases. The first three proteins
(A10, A15 and A20) bind to the ligand almost as well as the full length CRALBP. For
these three truncations, red shifts continued until up to 0.4~0.5 eq was added for all three
truncations (0.5~0.6 eq for the full length protein). Afterwards, the absorption started

going back toward 380 nm. However, the last one, A25, could only take up to 0.3~0.4 eq
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of ligand before the absorption started going back toward 380 nm (Figure V-7). The

result suggested that A25 might not be as active as the other three truncations.

A. FL-CRALBP titrated with 11-cis-retinal

l.1eq
1.0eq
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0.8eq
—0.7eq
—0.6eq
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B. 10-CRALBP titrated with 11-cis-retinal
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Figure V-7. UV titration of full-length and truncated CRALBPs with 11-cis-retinal.
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Figure V-7 (cont’d).

C. 15-CRALBP titrated with 11-cis-retinal
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Figure V-7 (cont’d).
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E. 25-CRALBP titrated with 11-cis-retinal
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Further proof of A25 being different from other active truncations came from gel
filtration experiments. Gel filtration purification for each of the full length CRALBP as
well as the four truncations (A10, A15, A20, A25) were carried out, respectively, to
further purify the proteins as well as to observe whether they would purify as monomers
or dimers or even other association forms. A10, A15, and A20 all gave similar profiles to
the wild-type CRALBP for their gel filtration run (a huge peak at the void, a smaller,
sharper peak fractions later and a shoulder in between, Figure V-8), while A25 only gave

a peak at the void.

o

Figure V-8. Gel filtration separation of full-length-CRALBP.
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Fractions 13-16 titrated with 11-cis-retinal
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Figure V-9. UV titration of different fractions from gel filtration separation of A20-
CRALBP.
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Figure V-9 (cont’d).

C. Fractions 21-23 titrated with 11-cis-retinal

-0.01 = S Y e
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nm

This observation, together with the previous observation that A25 was not as
active as the other truncations, also led to the suspicion that the more active form of the
protein might reside in the fractions that showed up later in the gel filtration runs of A10,
AlS5, and A20. To test this suspicion, UV titration experiments were carried out for
different gel filtration fractions, respectively (Figure V-9). It turned out that the most
active protein did come from the later fractions corresponding to the smaller, sharper
peak with an approximate molecular weight of 120 KD (0.8 eq, tetramer?). The protein
coming out of the void had the worst binding property (0.2~0.3 eq) and the shoulder

fractions showed an average binding activity (~0.6 eq).
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A. CD of void (13-16) fractions from 20-CRALBP gel filtration
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B. CD of middle (17-20) fractions from 20-CRALBP gel filtration
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Figure V-10. CD spectra of different fractions from gel filtration separation of A20-
CRALBP.
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Figure V-10 (cont’d).

C. CD of late (21-23) fractions from 20-CRALBP gel filtration

The circular dichroism (CD) absorptions of A20 out of different gel filtration
fractions were also measured (Figure V-10). The CD spectrum of the later fractions
resembles the reported CD spectrum of active full length CRALBP. The CD of the void
fractions only showed a signal at ~220 nm and was missing the signal at ~208 nm. The
middle fractions showed a CD signal as an average of the previous two.

Based on the above results, it turned out that A20-CRALBP is the ideal construct,
which is hopefully free of floppiness and, at the same time, proven to be able to express

well as a functional protein.
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Figure V-11. Gel filtration purification of the A20-CRALBP grown at different
temperatures. A. 37°C; B. 16°C.
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5.3.3. Enhancing the expression and purification of functional
CRALBP.

As shown in Figure V-8, the gel filtration purification of the A20-CRALBP
results in an elution profile with a majority of the protein being eluted at the void. This
suggests possible aggregation of the overexpressed protein. To tackle this problem,
different growth temperatures were tried and yielded exciting results. It turned out that
lower temperature did greatly favor the functional A20-CRALBP over the aggregated
form (Figure V-11). The trypsin cutting conditions were also optimized to remove the
tag after the Ni-NTA purification (Figure V-12). The complete procedure for optimized

growth and purification of CRALBP (both truncated and the full length) is described in

Chapter VI.
Full length CRALBP A20 CRALBP
Trypsin:prot 1:50 1:500 1:50 1:500
N ; A SR P
‘ ke - s o Sl i (s 0
MW STD 0.5h th 2h 4h  O0Sh 1h 2h 4h MW STD 05h 1h 2h 4h 0Sh Ih 2h 4h

Figure V-12. Trypsin digestion performed for both full length and A20-CRALBP
under 4°C.
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5.3.4. Crystallization trials.
The crystallization of the pure, active apo-A20-CRALBP (10 mg/ml and 20

mg/ml, respectively) at both room temperature and 4°C did not yield any hits.

Figure V-13. Crystals of merocyanin-bound proteins. A. merocyanin-bound A20-
CRALBP; B. merocyanin-bound KLE-R59W-CRABPII.

The crystallization efforts then turned to the holo-CRALBP complexes.
Merocyanin has been proven to be an excellent substrate for CRALBP. The merocyanin-
A20-CRALBP complex was then used in crystallization. Very interestingly, purple,
crystal-like entities were observed in a particular condition (Figure V-13A). Based on
our previous experience with the merocyanin-bound-KLE-R59W-CRABPII mutant
crystals (Figure V-13B), we know that the purple color can result from the formation of
the protonated Schiff base between a protein Lys residue and the aldehyde functional
group on the ligand. Therefore, we are hopeful that this entity is formed by proteins
instead of salts. Unfortunately, this crystal-like entity failed to diffract X-rays, which
probably indicates its lack of a more ordered arrangement of the molecules

microscopically. Further efforts toward optimization of the quality of the crystals did not
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improve the situation. However, the discovery so far gives us confidence that the A20-
CRALBP finally showed some tendency toward crystallization and that we might be at
the very edge of obtaining the first crystal of the CRALBP protein. The synthesis of 11-
cis-retinal and ring-locked-11-cis-retinal is underway and we hope we will have better

luck trying to crystallize CRABLP bound with these new ligands.

5.4. Conclusion.

The crystallization of CRALBP in both full length and the N-terminally truncated
version has been performed. Despite various efforts, no crystals have been obtained so
far. However, by introducing retinoid analogs into the protein, we seem to be able to
improve the protein's tendency toward crystallization. It seems very promising that
future crystallization trials probably with new ligands might lead us to obtaining the first

crystal of the CRALBP.
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CHAPTER VI. Experimental

6.1. Cloning, mutagenesis, expression and purification

6.1.1. Cloning, mutagenesis, expression and purification of CRABPII
mutants.

Mi is.  Site-di d is was performed using the CRABPII-pET17b

plasmid following Stratagene’s Quil(change:® protocol. The PCR products were

transfected into JM109 competent Escherichia coli cells for plasmid maintenance.

MW 18- ‘19 21 23" 25 28’ 31 -33. :35

Figure VI-1. R132K:Y134F:R111L:L121E-CRABPII (KFLE) purified after source-
15Q anion exchange column. The corresponding fraction number is listed on top of
each lane.

Protein Expression and Purij ion. Human recombi CRABPII was expressed and

purified as described (/). The target gene (CRABPII/pET17b), as isolated from JM109
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using Qiagen’s Maxi Prep® DNA isolation kit, was transformed into E. coli strain

BL21(DE3)pLysS cells (Stratagene), according to standard protocols. The transformed
cells were grown at 37°C in an LB agar plate containing both ampicillin (100 pg/mL) and
chloramphenicol (25 pug/mL). A single colony was inoculated in 50 mL of LB containing
the same amount of the two antibiotics and grown overnight with shaking at 250 rpm at

37°C. This culture was then transferred to 1 L of LB with the same antibiotics. The
culture was incubated at 37°C until Aggg reached between 0.6 and 0.8. The expression

was induced by addition of 0.5 mM isopropyl-1-p-D-galactopyranoside (IPTG). The
growth was continued for another 5 h at 30°C. The cells were harvested using
centrifugation (5000 rpm, 10 min) and frozen at -80°C. The frozen cells from 2 L of
growth culture were thawed and resuspended in S0 mL of 10 mM Tris (pH 8.0). The
suspended cells were lysed by four 1-minute bursts of sonication (probe sonicator,
Biologics Inc., 60% power) on ice and centrifuged for 30 min at 4°C at 7000 rpm. The
supernatant was subjected to FastQ (Q-sepharose Fast Flow Resin) column
chromatography (100 mL bed volume; Amersham Biosciences). The column was
washed with 10 mM Tris (pH 8.0) and proteins eluted with 100 mM of NaCl in 10 mM
Tris (pH 8.0). The fractions were analyzed by SDS 16% polyacrylamide gel
electrophoresis and those of the highest purity were combined. The protein solution was
desalted by concentration using Centriprep 3 concentrators (Amicon, MWCO 3000),
followed by dilution with 10 mM Tris (pH 8.0). The proteins were further purified on a
BioRad system (BioLogics Duo Flow, BioRad) using a Sourcel5Q (Amersham
Biosciences) anion exchange column. Fractions were analyzed by UV absorption at 280

nm as well as SDS 16% PAGE. All the steps of purification were performed at 4°C. The
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most pure fractions were combined and concentrated to ~20 mg/mL, as determined by

Asgo. The pure and concentrated protein solutions were aliquoted and stored at -80°C.

6.1.2. Cloning, expression and purification of RARy-LBD.

The pDONR vector (gentamycin resistant) containing the RARy-LBD gene (178-
423) with a hexa-His tag at the amino end was obtained from Dr. Marc Ruff in professor
Pierre Chambon’s lab. The gene was subcloned into the Ndel-BamHI sites of pET15b
and the resulting plasmid was amplified in DHSa. Transformation into E. coli

BL21(DE3) provided the construct ready for overexpression.

s ~’--.

Figure VI-2. Elution fractions of RARy-LBD from Ni-NTA purification.

Cells were grown in LB medium containing ampicillin as described (2, 3). Cell
culture from 6 L shake flasks was centrifuged and the cell pellet was resuspended in 50
mL buffer A (5 mM imidazole, 500 mM NaCl, 20 mM Tris, pH 8.0), followed by

sonication. The cell lysate, after centrifugation, was mixed with Ni-NTA resin (20 mL)
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and shaken at 4°C for about 1 hour. The flow through was collected. The resin was then
washed twice with 50 mL of buffer B (50 mM imidazole, 500 mM NaCl, 20 mM Tris, pH
8.0). The proteins were eluted with buffer C (100 mM EDTA, 500 mM NaCl, 20 mM
Tris, pH 8.0) as 5 mL fractions, yielding 14 mg of protein (Figure VI-2).

The protein solution was dialyzed against Dialysis buffer (10 mM DTT, 500 mM
NaCl, 10 mM Tris, 0.1% Tween20, pH 8.0). It was then concentrated to 2.5 mg/mL,
followed by gel-filtration chromatography (Superdex200, Pharmacia) using the same
Dialysis buffer. The RARy-LBD (28 KD) was obtained mainly as a homodimer as

expected.

6.1.3. Cloning, mutagenesis, expression and purification of CRALBP.

6.1.3.1. Initial constructs of CRALBP.

The rCRALBP gene was generously provided by professor John W. Crabb. The
rCRALBP gene was then cloned into both His-tagged (pET19b) and non-fusion
(pET17b) plasmids and expressed respectively in BL21(DE3) cells. The His-tagged
rCRALBP was purified using Ni-NTA affinity chromatography to homogeneity (Figure
VI-3). The binding of this His-tagged rCRALBP was tested by observing UV shifts
while titrating the protein with its natural ligand 11-cis-retinal.

Non-fusion CRALBP was expressed from the pET17b vector in BL21(DE3)

codon® cells as a tag-free protein. The purification largely follows the procedure

developed by Crabb and colleagues (4). In the first step of purification, a DEAE column
was employed using a gradient of 10 mM to 400 mM of NaOAc in 25 mM Tris buffer

with 0.1 mM DTT, pH 7.0. The roughly purified protein mixture was then applied onto a
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hydroxyapatite (HTP) chromatography and eluted with a gradient of sodium phosph

(0-80mM) buffer (25 mM Tris, 300 mM NaOAc, 0.1 mM DTT, pH 7.0). This step
eliminated most of the impurities and gave moderately pure CRALBP. The last step of
purification employed the FPLC Q column (gradient from 50 mM to 500 mM of NaOAc

in 20 mM MOPS and 0.1 mM DTT, pH 7.0), after which the CRALBP was purified to

homogeneity (Figure VI-4).

2 3 4 5 6 78 9 10

1
i

Figure VI-4. Non-fusion CRALBP after purification. This gel displays the fractions
after the FPLC Q column purification. Fractions containing CRALBP are 38 through 43.
Lane 1. Molecular Weight Standard; 2. fraction 29; 3. fraction 30; 4. fraction 31; 5.
fraction 38; 6. fraction 39; 7. fraction 40; 8. fraction 41; 9. fraction 42; 10. fraction 43.
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6.1.3.2. Cloning, mutagenesis, expression and purification of the newer constructs.

Molecular cloning. Inserts of full length, A10, A15, A20, A25, A30, A35-CRALBP (all
N-terminal deletions) were prepared using sequential digestion with BamHI and HindIII.
The primers used for generating different deletions are listed in Figure VI-5. The

digested genes were then successfully ligated into pET28a vectors, respectively.

10 AAGGATCCgtacctgaagaggaacaggag
15 AAGGATCCcaggagctccgtgcccaa

20 AAGGATcccaactggagcagctcac

25 AAGGATCCacaaccaaggaccatggacc
30 AAGGATCCggacctgtctttggcccgt
35 AAGGATCcccgtgcagccagctgce

Figure VI-S. Primers used for constructing different N-terminal deletion CRALBP.
Capital letters represent non-matching bases. The BamHI cutting sites together with the
overhang bases are in purple.

Expression and purification. The plasmids were transformed into E. coli BL21 codon®

cells, respectively. Cells were plated on the LB plates containing both kanamycin and
chloramphenicol and grown at 37°C for about 12 hrs. Single colonies were used to
inoculate 50 mL LB/kan/chlor medium and grown overnight at 37°C. The overnight
culture was then used to inoculate 1L LB/kan/chlor medium. The cells were allowed to
grow first at 37°C till OD600 reached between 0.5 and 0.6 (roughly 1.5 hrs). The culture
was then taken out of the shaker and cooled down in the cold room (4°C) for 2-3 hrs.

IPTG was then added to 0.5 mM and the growth was continued at 16°C for ~20 hrs. The
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cells were harvested after centrifugation at 4,000 rpm for 10 min at 4°C. If not used
immediately, cells were usually frozen using liquid nitrogen and stored at -20°C.

Cells were defrosted and re-suspended in 40 mL of buffer A (same as described in
RAR-LBD purification). Protease inhibitor cocktail tablet (complete, EDTA-free,
Roche) was then added. The cell suspension was lysed using four 1-minute bursts of
sonication (probe sonicator, Biologics Inc., 60% power) on ice and centrifuged for 30
min at 4°C at 7000 rpm. The supernatant was loaded onto Ni-NTA resin (bed volume of
~ 15 mL) and the flow-through was collected. The resin was then washed with 2x50 mL
of buffer B (same as used in RAR-LBD purification). The protein of interest was then
eluted with 5x10 mL of the elution buffer (250 mM imidazole, 500 mM NaCl, 20 mM
Tris, pH 8.0). The pure fractions were combined and thrombin was added to a molar
ratio of ~ 1:500 (thrombin : protein). The solution was dialyzed against 20 mM Tris, 50
mM NaCl, pH 8.0 for a total period of 6-9 hours, during which the buffer was changed 3
times. After dialysis, the protein solution was concentrated using Centriprep 3
concentrators (Amicon, MWCO 3000) to a volume of 1-2 mL. The sample was then

placed in an eppendorf tube and centrifuged at 14,000 rpm at -4°C for 10 min to remove

precipitate. The supernatant was further purified by a size-exclusion column (HiPrepTM

16/60, SephacrleM S-300, Pharmacia Biotech) on FPLC (Pharmacia Biotech) and eluted

with the same buffer as used in the dialysis. The elution profile features two peaks, with
one at the void and one that immediately follows (Figure VI-6). Although both peaks
show very pure CRALBP, only the later peak was verified to contain fully active protein
and therefore is collected. The pure, active protein (Figure VI-7) was then concentrated

to the desired concentration, frozen in liquid nitrogen and stored at -80°C.
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Figure VI-6. Typical size-exclusion purification profile of CRALBP represented by
A20-CRALBP grown at 16°C.

Figure VI-7. CRALBP after purification. A. Full length CRALBP; B. A20-CRALBP.
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6.2. Protein crystallization
6.2.1. Co-crystallization of CRABPII mutants bound with ligands.

Preparation of complexes of the C5-aldehyde bound to the CRABPII mutants. The light

sensitive Cj5-aldehyde was synthesized by a colleague (5), dissolved in ethanol, stored at
-20°C, and always protected from light. The complex was prepared freshly by adding the

C|5-aldehyde stock solution (0.245 M in ethanol) to the protein solution (~ 20 mg/mL) in
a volume ratio of 1:16 (Cs-aldehyde in ethanol : protein solution) to a final molar ratio

of ~10:1 (C5-aldehyde : protein). The complex was first incubated at room temperature

for 30 min and then 4°C for 1~2 hrs before being used for crystallization. The complex
was only exposed to dim red light when necessary (crystallization, flash freezing or under

the microscope) and was kept in the dark for the rest of the time.

Preparation of complexes of the merocyanin bound to the CRABPII mutants. The light
sensitive merocyanin was synthesized by a colleague, dissolved in ethanol, stored at -
20°C, and always protected from light. The complex was prepared by adding the
merocyanin stock solution (0.032 M) to the protein solution (~ 20 mg/mL) in a volume
ratio of 1:10 (merocyanin in ethanol : protein solution) to a final molar ratio of 2.5:1
(merocyanin : protein). The complex was first incubated at 4°C for over 1 hr and then at
room temp for several more hrs before being used for crystallization. The complex was
only exposed to dim red light when necessary (crystallization, flash freezing or under the

microscope) and was kept in the dark for the rest of the time.
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A. B.
G: D.
E.

Figure VI-8. Pictures of crystals of the ligand-bound CRABPII mutants. A. C,s-
aldehyde-bound KL-A32E-CRABPII; B. Cs-aldehyde-bound KL-TS4E-CRABPII; C.

Cs-aldehyde-bound KFLDV-CRABPII; D. merocyanin-bound KLE-R59W-CRABPII;
E. merocyanin-bound KLE-R59W-CRABPII, taken while the crystal was being cryo
protected by the nitrogen stream when sitting on the goniometer at the LS-CAT at APS.
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Crystallization and Cryoprotection. The hanging drop vapor diffusion method was used.
The crystallization was performed at 4°C under dim red light and the crystallization
boxes were covered with aluminum foil to avoid light exposure. Boxes were kept at 4°C.

Crystals of holo-KLE-R59W were grown in 0.1M bis-tris-propane (BTP), pH 7.5,

and 30% PEG 400. Crystals appeared within 24 hrs. On the fourth day crystals were

taken out of the drop and flash frozen by immersion in liquid N».

Crystals of holo-KL-A32E were grown in 0.1M Na citrate, pH 7.5, 0.2M
ammonium acetate, and 26% PEG 4000 (Figure VI-8A). Crystals appeared within 24 hrs
and were immediately transferred to a soaking drop containing 4 pL of the reservoir
solution (0.1M Na citrate, pH 7.5, 0.2M ammonium acetate, and 20% PEG 4000), 1 pL
of protein solution (22 mg/mL), and 0.5 pL of ligand stock solution (0.245M in ethanol).
After 42 hrs of soaking, crystals were briefly immersed in a cryo solution composed of

0.1M Na citrate, pH 7.5, 0.2M ammonium acetate, 26% PEG 4000, and 20% glycerol and
flash frozen in liquid N».

Crystals of holo-KL-TS4E were grown in 0.1M NaOAc, pH 5.8, and 18% PEG
6000 (Figure VI-8B). Crystals appeared after 1 week. On the same day crystals were
soaked briefly in 0.1M NaOAc, pH 5.8, 18% PEG 6000, and 30% glycerol and flash
frozen.

Crystals of holo-KFLDV were grown and frozen in the same way as holo-KL-
TS4E (Figure VI-8C). Crystals appeared after 40 hrs and were flash frozen right after
appearance.

Crystals of merocyanin-bound KLE-RS9W were grown in 0.1M MES, pH 6.3,

0.2M ammonium sulfate, and 30% polyethylene glycol mono-methyl-ether (PEGMME)
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5000 (Figure VI-8D,E). Crystals displayed a distinctive purple color and grew bigger
gradually for two weeks. Crystals were soaked briefly in 0.1IM MES, pH 6.3, 0.2M

ammonium sulfate, and 30% PEGMME, and 20% glycerol and flash frozen.

6.2.2. Crystallization of apo-CRABPII mutants.

The hanging drop vapor diffusion method was used. The droplet consisted 1 pl of
concentrated protein (~20 mg/ml) and 1 pl of the reservior. The crystallization was
performed at room temperature. All crystals appeared within 24 hours and were frozen
within a week after appearance. Cryoprotectants were prepared with either 20% or 30%
glycerol in addition to the components of the corresponding growth conditions in the
same concentrations. All of these apo CRABPII mutant structures are in the P 1
spacegroup.

Crystals of the apo-R132K:R111L:A32E-CRABPII (KL-A32E) were grown in
0.1M Tris, pH 8.5, 0.2M NaOAc, and 26% PEG 4000 (Figure VI-9A). The crystals were
briefly immersed in a cryo solution containing 20% glycerol before they were flash
frozen in liquid nitrogen.

Crystals of the apo-R132K:R111L:T54E-CRABPII (KL-T54E) were grown in
0.1M bis-tris-propane (BTP), pH 7.5, and 30% PEG 4000. Two microliters of the
cryoprotectant (20% glycerol) was added to the crystal-containing droplet and the
crystals were then taken out of the drop after ~30 seconds, followed by flash freezing in
liquid nitrogen.

Crystals of the apo-R132K:Y134F:R111L:L121D:T54V-CRABPII (KFLD-T54V

or KFLDV) were grown in 0.1M Tris, pH 7.5, 0.2M NaOAc, and 24% PEG 4000 (Figure
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VI-9B). Two microliters of the cryoprotectant (20% glycerol) was added to the crystal-
containing droplet and the crystals were incubated in the new drop for ~30 sec before

being flash frozen in liquid nitrogen.

Figure VI-9. Pictures of crystals of the apo-CRABPII mutants. A. apo-KL-A32E-
CRABPII; B. apo-KFLDV-CRABPII; C. apo-KFLD-CRABPII; D. apo-KFLE-CRABPII.

The apo-R132K:R111L:L121E:R59E-CRABPII (KLE-RS9E) was crystallized in

0.1M BTP, pH 7.5, and 22% PEG 8000. Two microliters of the cryopr (30%
glycerol) was added to the crystal-containing droplet and the crystals were incubated in

the new drop for ~30 sec before flash frozen in liquid nitrogen.
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The apo-R132K:Y134F:R111L:L121D-CRABPII (KFLD) was crystallized in 0.1M
BTP, pH 8.1, and 22% PEG 4000 (Figure VI-9C). Cryoprotection and flash freezing
were performed in the same way as for apo-KLE-R59E.

The apo-R132K:Y134F:R111L:L121E-CRABPII (KFLE) was crystallized in 0.1M
BTP, pH 7.0-8.5, and 20-30% PEG 4000 (Figure VI-9D). Cryoprotection and flash

freezing were performed in the same way as for apo-KLE-RS9E.

6.3. Data processing and structure determination

6.3.1. Structures of the Cqs-aldehyde-bound CRABPII mutants.

Data Collection. Datasets were collected at the Advanced Photon Source LS-CAT 21-ID

at Argonne National Laboratory. Processing and scaling was done using HKL2000 (6).

For the dataset of KLE-R59W (1.95 A, P3,21), the crystal to detector distance was 200
mm and 120° of data were collected with an oscillation of 1°. For KL-A32E (1.22 A,

P2)), the crystal to detector distance was 75 mm and 200° of data were collected with an

oscillation of 1°. For KL-T54E (2.00 A, P6;22), the crystal to detector distance was 200
mm and 150° of data were collected with an oscillation of 0.5°. For KFLDV (1.54 A,
P2,212;), the crystal to detector distance was 150 mm and 360° of data were collected

with an oscillation of 1° (only the first 120° were scaled).

All datasets were collected at the Advanced Photon Source at Argonne National
Laboratory. Datasets for KL-A32E, KL-TS4E, KFLD-T54V and KLE-RS9E were

collected at LS-CAT 21-ID. The dataset for KFLD was collected at SBC-CAT 19-BM.
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The dataset for KFLE was collected at COM-CAT 32-ID. All datasets were processed

with HK1.2000 (6).

Structure solution and refinement. Structures of KLE-R59W and KL-A32E were solved

using Molrep (7) in CCP4 (8) with KLE-CRABPII as the search model (PDB ID:2G7B).

Structures of KL-T54E and KFLDV were solved using Phaser (9) with the same model.
Model building was accomplished in both TURBO-FRODO (10) and COOT (/1)

for each of the four structures. REFMACS (72-15) within the CCP4 suite of programs

was used to refine the structures against 95% of the data, while 5% of data was chosen
randomly for cross validation, Rgee. For KL-A32E, SHELXL-97 (/6) was used in the

later stages of refinement. For KL-TS4E, TLSMD analysis (/7, 18) was performed and

TLS refinement in REFMACS with 3 groups for Chain A and 4 groups for Chain B

resulted in improved B factors and R/R ree.

Asp126 was the only residue outside of the allowed region in the Ramachandran
plot in all four structures after refinement. In holo-KL-A32E it resides in the generously
allowed region, while in the other three structures in the disallowed region. The same
Aspl126 was found to reside in disallowed regions in all previously determined CRABPII
structures (/9). The good electron density maps at this position greatly enhanced our

confidence in the non-favorable geometry of this residue.

6.3.2. Structure of the merocyanin-bound KLE-R59W-CRABPII
mutant.

Data Collection. The dataset was collected at the Advanced Photon Source LS-CAT 21-

ID at Argonne National Laboratory. Processing and scaling was done using HKL.2000
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(6). The dataset was determined to be in P321 spacegroup with the highest resolution at

2.60 A. The crystal to detector distance was 250 mm and 180° of data were collected
with an oscillation of 1°.
Structure solution and refinement. Structure of the merocyanin-bound KLE-R59W and
was solved using Molrep (7) in CCP4 (8) with KLE-CRABPII as the search model (PDB
ID:2G7B).

Model building was accomplished in both TURBO-FRODO (/0) and COOT (/1).
REFMACS (72-15) within the CCP4 suite of programs was used to refine the structure

against 95% of the data, while 5% of data was chosen randomly for cross validation,

Rfree- TLSMD analysis (/7, 18) was performed and TLS refinement in REFMACS with 5

groups resulted in improved overall B-factor and R-factors.

6.3.3. Structures of the apo-CRABPII mutants.

All structures were solved using either Molrep (7) or rigid body refinement in
Refmac5 (/2-14) in CCP4 with apo-WT-CRABPII MolA as the search model (PDB ID:
2FS6). Model building was accomplished in both COOT (/1) and TURBO-FRODO (/0)
for every structure. Restrained refinement in Refmac5 was used to refine the structures
against 90-95% of the date, while 5-10% of data were chosen randomly for cross
validation, Rfree. Anisotropic refinement for temperature factors was employed for KL-
A32E and KFLD-T54V (13). For KL-T54E, TLSMD analysis was performed and TLS

refinement with 9 groups for both chain A and chain B resulted in improved B factors as

well as Ryork/Rfree (15, 17, 18).
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Figure VI-10. Ramachandran plot of the C;s-aldehyde-bound-KLE-RS9W-

CRABPIL
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Figure VI-11. Ramachandran plot of the C,s-aldehyde-bound-KL-A32E-CRABPIIL.
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Figure VI-12. Ramachandran plot of the C;s-aldehyde-bound-KL-T5S4E-CRABPII.



Psi (degrees)

180

45

Phi (degrees)

180

Figure VI-13. Ramachandran plot of the C,s-aldehyde-bound-KFLDV-CRABPIIL.
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Figure VI-14. Ramachandran plot of the merocyanin-bound-KLE-R59W-CRABPII.
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Figure VI-15. Ramachandran plot of the apo-KLE-R59E-CRABPII.
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Figure VI-16. Ramachandran plot of the apo-KFLE-CRABPIIL.
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Figure VI-17. Ramachandran plot of the apo-KFLD-CRABPII.
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Figure VI-18. Ramachandran plot of the apo-KFLDV-CRABPII.
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Figure VI-19. Ramachandran plot of the apo-KL-T54E-CRABPII.
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Figure VI-20. Ramachandran plot of the apo-KL-A32E-CRABPII.
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6.4. Protein characterization

6.4.1. General procedure for UV-vis titrations of CRABPII/CRALBP
with retinoids.

A stock solution of the specific retinoid (retinoic acid, all-trans-retinal, 11-cis-

retinal or Cjs-aldehyde) was prepared in 95% spectroscopy grade EtOH. To a protein

solution, 0.1 equivalent of the retinoid was added as increments and spectra was recorded
at room temperature from 200 nm to 600 nm (Lambda 40, Perkin Elmer and Cary

WinUv, Varian). The secondary derivative of the spectra was calculated by using the

corresponding software provided with the UV instrument. The determination of the Ay«

of a UV peak using mathematical equations has been established as a valid method and

has been used in a variety of applications (20-24).

6.4.2. Determination of the extinction coefficients of proteins.

The absorption extinction coefficients (¢) for the various proteins were determined
according to the method first described by Gill and von Hippel.(25) The €gen (¢ of

denatured proteins in 6 M Guanidine HCI) is dependant primarily on the number of Tyr,

Trp and Cys residues present and can be calculated according to equation:
sden = aEtyr + bEtrp + Cecys
where a, b, and c represent the number of respective amino acids per molecule of protein,

and their ¢ values have been determined experimentally (eyp, = 5690 M em”, Etyr =
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1280 M cm'l, Ecys = 120 M cm-], wild type CRABPII protein contains 3 Trp, 2 Tyr,

and 3 Cys residues).

Two protein solutions are prepared, at identical concentrations, one in the native

buffer (4 mM NaH,POy4, 16 mM NaHPOy4, 150 mM NaCl, pH = 7.3) and the other in a
denaturing buffer (6 M guanidine HC]l, 4 mM NaH;PO4, 16 mM Naj;HPO4, 150 mM
NaCl), and the Abs,g( for each sample is measured.

The €, the extinction coefficient for the native protein, can be determined
according to Beer’s law:

AbS den+ €den = € den

ADbS pat+ €nat = € pat

where Abs is the UV absorbance at 280 nm, under both native and denatured conditions.
Since the concentration of both samples is the same, we can equate the two equations and
solve for the extinction coefficient. The measurement must be repeated until a consistent

number is obtained.

Molar absorbance determined :

RARy-LBD : 11,972 cm M’
Full length CRALBP : 24,514 cm 'M’"

A20-CRALBP : 24,267 cm M’
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6.4.3. Reductive amination procedure.

CRABPII (0.3 mg) in PBS buffer (1 mL) was mixed with 1.2 equivalents of

retinal from an ethanol stock (final ethanol volume less than 35 pL). The mixture was
incubated at 25°C in darkness for 10 min after which 15 pL of S M NaCNBHj3 in H,0

were added. The reaction was left for 4 hours. Absorption at 330 nm was observed of

the reaction ixture, indicating a successful reduction.

6.6.4. Circular Dichroism of protein samples.

Circular dichroism (CD) spectra of protein samples were obtained in order to verify
the correct folding of each protein. The use of CD spectroscopy for protein
characterization depends mostly on empirical rules applied by comparing the obtained
spectrum with characteristic spectra of peptides with specific folding patterns.(26)

Instrument settings and sample concentrations were very important in acquiring
reproducible CD spectra. The protein concentrations used had to be in the range of 1 — §
uM. Lower concentrations gave noisy spectra, while higher concentrations produced
spectra where the amino acid absorbance overshadowed the structural features. A similar
problem was also observed when the bandwidth of the instrument, which defines how
much light is allowed to enter the sample chamber, was set higher than 1 unit.

In a typical protocol, a 5 uM solution of protein in buffer was used for CD
measurement (JASCO 710). The spectra were scanned from 500 nm to 200 nm at 100
nm/min, with a bandwidth of 1 nm. Extended degassing of the sample chamber with

nitrogen must be performed to ensure quality spectra near the 200 nm region.
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6.4.5. Fluorescence.

Fluorescence quenching is used for the determination of dissociation constants for
binding of both retinal and retinoic acid to CRABPII proteins.(/, 27) It is known that
proteins containing Trp residues absorb light at 280 nm and fluoresce at ~340 nm. This
fluorescence can be quenched in the presence of a chromophore that is close to Trp
residues in space. As the chromophore is titrated into the protein solution, some amount
of the Trp fluorescence will be quenched, until the pocket is fully saturated and a change
is no longer detected in the Trp fluorescence. Therefore, by monitoring the fluorescence
of Trp residues in the protein as a function of the concentration of added chromophore an
apparent dissociation constant for the ligand-protein complex can be calculated (detailed
description follows).

Due to the sensitive nature of the experiment, the optimization of the fluorescence
titration experiments has been particularly tedious. Air bubbles and small particles cause
noisy spectra, therefore buffers should be degassed and samples filtered before used (28).
In addition, it has been found that the oily residue from fingerprints can demonstrate
fluorescence, so care has to be taken not to touch the quartz cuvettes (29). When
handling the cuvettes lint free gloves should always be worn, as lint on the outside of a
cuvette interferes with the reading as well. All samples should be stored in glass
containers (29). In the case of protein samples, silanized glassware should be used, as
many plastic containers will leach fluorescent materials into the sample.

Sample concentrations are also very important. Literature reports suggest the use of

a sample concentration as close as possible to the expected K4, maintaining an accurate

measurement. Considering that the K4 values would be in the nM range, protein
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concentration of 500 nM was found to be the optimal for our experiments. Anything
lower would compromise the accuracy of our experiment.

At the same time, the low solubility of retinal in water can cause problems, since
precipitation when high numbers of equivalents are added can produce cloudy samples,
resulting in erroneous results. In addition, since the ligand is titrated into the protein
from a stock in EtOH one must make sure that the final EtOH concentration is kept below
2%, to prevent possible protein denaturation. It has also been shown that EtOH
concentrations between 2-8% can red shift the maximum wavelength up to 40 nm (30).

Additionally, an optimum salt concentration must be used for protein analysis in
buffer. Polar solvents, including water have been shown to quench some amount of Trp
fluorescence (37). A high salt concentration (150 mM) potentially helps to shield the
protein and reduce the amount of unwanted quenching. All salts used in the buffer must
be of the highest grade available to ensure minimal background fluorescence.

Maintenance of temperature and pH of the measurement samples is also critical. If
the temperature rises above ambient, the wavelength of the Trp emission red-shifts and
the intensity of the peak decreases. At higher temperatures, the excited state can return to
the ground state via other means such as phosphorescence.(28, 32) Likewise, an optimal
pH is required for the protein sample, if it is either too acidic or too basic, the protein
sample may denature (33). Typical protein samples have a Trp emission in the range of
330 — 350 nm, but this varies with the protein, the number of Trp residues, and whether
or not they are solvent-exposed (34-36). Free Trp emits at 365 nm. A denatured protein

will red shift towards 365 nm and provide a false saturation point for the titration.
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Another point of concern is the fact that proteins tend to stick to the surface of
glass. When storing the samples, silanized glassware should be used to avoid loss of
protein and a change in protein concentration. When performing the actual fluorescence
titration with low concentration of protein, a dummy protein, such as gelatin, should be
used to stabilize the protein and avoid loss due to binding with the surface of the cuvette.
Gelatin does not contain Trp residues, therefore it will not interfere with the fluorescence
measurements.

A final note to mention is the fact that retinal alone actually interferes to some
extend with the Trp fluorescence detection. The free chromophore can quench some of
the Trp emission. To correct for this, one must perform a blank titration with N-

acetyltryptophanamide and add back this lost fluorescence (37). Details of this process

are described below. Interestingly, retinoic acid, which has a closer Ay value to the

Trp emission wavelength, does not have the same effect.

6.4.6. General protocol followed for Fluorescence Quenching and Ky
determination experiments.

The cuvette is allowed to sit with 3 mL of a 0.01% gelatin containing PBS (4 mM
NaH,;PO4, 16 mM NajyHPO4, 150 mM NaCl, pH=7.3) for 30-60 min. This buffer is
discarded and the cell is rinsed once with distilled water. The cuvettes are all handled
while wearing gloves so as to avoid both fingerprints and lint. Then 3 mL of a room
temperature 500 nM protein is added to the cell. The sample is excited at 283 nm with a

slit width about 1.5 nm (this varies in order to ensure that the intensity of each sample

remains below one million counts). The fluorescence is measured at the peak maximum,
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about 345 nm (varies with different proteins). The chromophore is added at varying
equivalents from a ~1.5 mM stock (in 95% spectroscopy grade EtOH) sample maintained
in the dark. A measurement is taken after each addition at the same wavelength. The
results are plotted as concentration of chromophore versus relative fluorescence intensity.

When the curve levels off, the titration is complete.

If the chromophore is all-trans-retinoic acid (Sigma, & = 45,000 M'em, Amax =

350 nm), the data can be plotted as it is. There is minimal effect of retinoic acid on the
Trp emission as seen in a blank titration run with N-acetyltryptophanamide.

If the chromophore is all-trans-retinal (Toronto Research Company, £ = 48,000

M-] cm-], Amax = 380 nm), a blank titration must be run with 3 mL of 1.5 uM N-

acetyltryptophanamide. The peak maximum for the blank is at 365 nm. This curve is
plotted as concentration of retinal versus change in intensity. The retinal absorbs some of
the emission observed through the Trp residues. This will be added back into each of the
protein / chromophore titrations.
The correction for the retinal titrations involves a four step calculation after

completion of both the protein titration and the blank titration (37).

F_-F

Fow = F,

Fpax = fluorescence upon saturation

F, = initial fluorescence

F = observed fluorescence

a = fraction of free binding sites
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1. Determine the free ligand concentration, R.
R=R,—-nP,(1-a)
R, = ligand concentration

n = number of binding sites / protein, assume n=1

P, = protein concentration

2. Find fluorescence contribution of free ligand, Fg, to be deduced

from blank (see solved example below).

3. Subtract fluorescence contribution of free ligand from actual

readings, plot vs. ligand concentration.

(F-FR) vs. R,

The dissociation constant is calculated with the program SigmaPlot through non-
linear least square regression analysis.(27, 38) Within SigmaPlot, the corrected relative
fluorescence intensities are plotted against the concentration of retinal. The protein
concentration and the final fluorescence intensity upon saturation are the other two values

needed to solve the equation for the dissociation constant:
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F o5 P,+R,+Kd—\/(P,+R,+Kd)2-4P,RI)
Fy F; 2P

F = observed fluorescence

Fr= fluorescence of free protein
F}, = fluorescence of bound protein
P, = total protein concentration

R, = total chromophore concentration

As input into SigmaPlot (for our specific example):
y = pl+p1*((p2/p1-1)*(p3+x+k-((p3+x+K4)"2-4*p3*x)"0.5))/(2*p3)

y = fluorescence value

x = chromophore concentration

pl = initial fluorescence intensity = 1

p2 =fluorescence intensity upon saturation = 0.66

p3 = protein concentration = 5*107(-7)

* Cleaning of Fluorescence Cuvettes:
As both fingerprints and protein residue on the surface of the fluorescence cells may
cause interference in the measurements, they should be thoroughly cleaned regularly,

depending on volume of use. A proper cleaning procedure entails:
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1. Soak 24 h in chromic acid, then rinse with water.

2. Soak 8 hiin a KOH / MeOH solution (20 pellets / 100 mL), then rinse with

water.

3. Soak 4 h in HNO3, then rinse with water
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