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ABSTRACT
X-RAY CRYSTALLOGRAPHIC STUDIES OF MUTANTS OF CELLULAR
RETINOIC ACID BINDING PROTEIN (II) TOWARD DESIGNING A MIMIC OF
RHODOPSIN
By

Soheila Vaezeslami

Although it has long been known that 11-cis-retinal is the unique visual
chromophore in the human eye it is still not clear how the interactions of retinal with
the binding pockets of each of the four different opsins lead to the perception of
different wavelengths, known as wavelength regulation. Since rhodopsins are
transmembrane proteins, spectroscopic and crystallographic experiments on these
proteins are very challenging. Therefore, to study the theories about wavelength
regulation, a more tractable mimic of rhodopsin would be helpful. Cellular retinoic
acid binding protein (CRABP) II, a small cytosolic protein that binds to retinoic acid
as its natural substrate, is an attractive candidate. Systematic mutations supported by
X-ray crystallographic data allowed conversion of CRABPII from a retinoic acid
binding to a retinal binding protein. Crystal structures of several apo, retinoic acid-
and retinal-bound mutants of CRABPII at high resolutions elucidate structural
changes introduced by different mutations on the structure of the mutants and show
the importance of different mutations toward making the mimic. For example, the
structure of the mimic not only shows the Schiff base (SB) formation between retinal
and a designed Lys residue inside the pocket of the mimic but also shows the

importance of a Glu as a counter anion for the protonated Schiff base (PSB), as it was



observed in bovine rod-rhodopsin. Based on these structural data we propose a
mechanism for PSB formation inside the pocket of the mimic. Further rational
mutations within the pocket of the surrogate protein may reproduce the interactions of
different visual rhodopsins and 11-cis-retinal.

CRABPII is a small, cytosolic protein that solubilizes and transfers retinoic
acid (RA) to the nucleus while also enhancing its transcriptional activity. We have
determined the first high-resolution structure of apo-wild type (WT) CRABPII at 1.35
A. Using three different data sets collected on apo-WT CRABPII we have shown
that apo- and holo-CRABPII share very similar structures. Binding of RA appears to
increase the overall rigidity of the structure, although the induced structural changes
are not as pronounced as previously thought. The enhanced structural rigidity may be
an important determinant for the enhanced nuclear localization of the RA-bound
protein. Comparison of our apo-WT with the apo-R111M structure shows that
mutation of Arglll, a conserved residue of CRABPII and a key residue in RA
binding, causes major structural changes in the molecule. We further investigated the
structural importance of Argl11 by determining the structures of four other CRABPII
mutants. Our structures also demonstrate structural changes induced by crystal
packing and show that a crystal can harbor demonstrative structural differences in the

asymmetric unit.
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Introduction

1.1 Introduction to Vision and Scope of the Project
1.1.1 Background

Vision is a complex process that begins with the conversion of electromagnetic
energy (photons or quanta) into neural signals the brain can analyze. Studying the
mechanism of vision and color perception in the human eye dates back to the time of
antiquity. Ancient Greeks and Arabian philosophers were the first who have recorded
studies of human vision. Since their ideas were unscientific and merely based on their
personal opinion, it is not appropriate to credit any of them for proposing a better idea. It
was not until the 17" century that scientific opinions were proposed.'

Plato, in the 4" century BC, believed that the soul is the source of vision via light
rays emitted from the eyes. In the same century, Euclid in his book titled "Optics"
mentioned that rays emerge from the eye in a cone (called visual cone) with its vertex at
the eye and base at the object and developed a geometrical analysis of the vision problem.
Aristotle, one of the most prominent philosophers of ancient Greece in the 4™ century
BC, was among the first who refuted the vision theory of light rays emitted from the eyes.
Aristotle’s theory of vision stated that the object altered the medium between the object
itself and the eye and these changes in the medium were transferred into the eye . Many
other philosophers and scientists contributed to the understating of vision problem but
until the sixteenth century it was thought that the lens was the receptor of light. It was

not until 1604 that Kepler, the chief German founder of modern astronomy, explained the



optics of the eye and proposed the first theory of the retinal image. He could show that
the lens was simply an optical component in the eye, which participated in imaging the
outside world on the retina.’

In 1704 Isaac Newton introduced the scientific thinking of vision and showed that
color is not the property of the object but is a property of the eye itself. This was the
foundation of modern theories of color vision, however he did not speculate on the basis
of color perception in the eye."!' In 1802 Young suggested the three-fold characteristic
of color vision and speculated that there are three types of color receptors (red, blue and
gréen) in the eye that make color vision possible, and all other colors are seen by a
combination of these primary colors. However his finding was prior to the discovery of
cone cells, as photoreceptor cells, by Schultze in 1866.!' It was Heinrich Miiller, who
first described a reddish colorant in fresh retinas in 1851 (visual purple, which later was
called rhodopsin). The color quickly faded upon peeling of retina from the eyeball. The
bleaching effect was attributed to a postmortem effect. It was not until 1876 that Franz
Boll discovered that it was the light that bleaches the visual purple. A year later, Willy
Kiihne for the first time could extract rhodopsin (as he called it) from the outer segment
of the bovine rod cells by using a detergent solution. In the 1930’s Wald and his
coworkers were the first to discover that rhodopsin is a protein and consists of two parts:
a protein called opsin and an organic light-absorbing molecule, retinal.'>'3 In the 1950’s
the same group used chemical methods to separate visual pigments from the retina and
measured the wavelength absorption of different pigments in the retina using
spectrophotometry experiments. Those experiments verified the Young theory on color

perception.'>'*!* In 1958 Hubbard and Kropf discovered that upon absorption of a



photon of light 11-cis-retinal photoisomerizes to all-trans.'® Later in 1968 Wald
demonstrated that this photoisomerization is the primary event in the phototransduction
cascade. George Wald (1906-1997) pioneered our understanding of the molecules
responsible for the first steps in the vision process, which led him to win the Nobel Prize
in Medicine and Physiology in 1968.5"

However, given the key role of the photoreceptor cells in vision, it was not until
the 1980’s that Lubert Stryer and Denis Baylor, both at Stanford, discovered how these
cells operate.'®? Improved methods for making electrical recording from individual
photoreceptor cells provided detailed information about the mechanism by which light
energy is transduced into neural signals.> The day Jeremy Nathans heard of these new
discoveries, he became interested in how we see in color. He has spent more than 20
years incorporating molecular genetic approaches to the study of the physiology and
development of the retina and to understanding the mechanisms of human retinal
diseases. As a result, he has explored the basis of the molecular genetics of the cone

pigments and some important aspects of the evolution of human color vision.’

1.1.2 Rod and Cone Photoreceptor Cells

Due to extensive research on the vision process our understanding of vision has
come a long way. Now we know that although all the parts in the eye are important in
perceiving an image on the retina, which is the most inner layer of the eye, it plays a very
crucial role in vision process. There are two types of photoreceptor cells in the retina that
are called rod and cone cells. These cells are located at the most outer layer of the retina.

As shown in Figure 1-1, an electron micrograph of the photoreceptor cells in retina, the



terms rod and cone are derived from the shape of these photoreceptor cells.>* These cells
are specialized neural cells that detect the light entering the eye and convert it into an
electrical signal that is sent to other neurons of the retina (gangolion cells), which in turn

send the signal to the visual section of the brain for further processing.

Figure 1-1 Electron micrograph of bovine rods and cones. Rods outer segment (OS) are seen in the
upper part and two cone OS are seen in the lower part of the picture. The mitochondria rich inner
segments of the cones are denoted by IS. From R. N. Frank, H. D. Cavanagh, and K.R. Kenyon.
Light-stimulated phosphorylation of bovine visual pigments by adenosine triphosphate. J. Biol. Chem.

248, 596-609 (1793).%3

Rod cells are responsible for dim light (scotopic) vision but are so sensitive to
light that they become overloaded and incapable of signaling in ordinary daylight.2
Although these cells make it possible to form black-and-white images in dim light, they

do not mediate color vision and have a low visual acuity. On the other hand daylight



vision is mediated by the cone cells, which operate successfully at high levels of light
(photopic vision). Cones are responsible for high visual acuity (high resolution) and
make color vision possible. Although all the vertebrates have rod cells, some do not have
any cone cells and therefore cannot see colors. 2!

The rod cells are more numerous than the cone cells. The human eye has
approximately 120 millions rod and 6 to 7 millions cone cells. Although we have more
rods than cones, most of the time we use cone cells because they allow for fine
discrimination of the colors and visual acquity. Cones are concentrated in a point of the
retina called fovea or “yellow spot”, which is located right across from the pupil of the

eye and is 300-700 um in diameter."'

Therefore in order for us to see the details, for
example while reading a book, our eye constantly moves to focus the image on the small
surface of the fovea. This movement takes place so fast that we do not realize we are
focused on one point at a time. A schematic drawing of a rod and a cone cell is shown in
Figure 1-2.

Each cell is divided into two parts: the outer segment (OS) and the inner segment
(IS). The OS contains most of the molecular apparatus for light absorption and
generation of an electrical (neural) signal. It is comprised of a membrane that is folded
into a densely packed stack of tiny disks, which contain the light receptor protein,
rhodopsin.2!  These highly packed disks ensure a dense packing of light-absorbing

rhodopsins, and therefore a high probability of a single photon absorption.’ The

structure and function of the rhodopsin system will be discussed in the next section.
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Figure 1-2 Schematic representation of a rod and cone photoreceptor cell.

Rod cells contain only one kind of rhodopsin molecule, rod rhodopsin, which
absorbs at ~ 500 nm. Cones, on the other hand, consist of three different types of cells,
each "tuned" to maximally absorb at a distinct wavelength. These cells absorb maximally
at the short, medium and long wavelength region of visible light and are therefore called
blue, green, and red cones, respectively. These different absorbing properties are due to
- the presence of different photoreceptor cells, red, green, blue opsins that maximally
absorb at ~ 560, 530 and 410 nm, respectively. It is the combination of the absorbances
of these three different cone cells that allows for color differentiation. Among mammals
only primates posses trichromatic color vision ability.”>*

The inner segment of the photoreceptor cells contains the nucleus and other cell
organelles, such as mitochondria and golgi bodies, that are necessary for the correct cell

function. The mitocondria are thought to supply the energy necessary for processes

associated with transduction and for the synthesis of visual pigments. In addition to these



components the inner segment is comprised of a synaptic terminus, which sends the
electrical signal generated in the outer segment of the photoreceptor cells, to the neurons
in the inner retina. These signals are transmitted through an elaborate array of synapses,

or neural junctions in the retina and toward the visual section of the brain.'*?>?’

1.1.3 Rhodopsin System

In the 1930’s George Wald discovered that rhodopsin consists of two parts: an
apo-protein called opsin, bound to a chromophore, 11-cis-retinal.'>'> In 1958 Hubbard
and Kropf discovered that 11-cis-retinal, an aldehyde derivative of vitamin A, absorbed a
photon of light and isomerized to all-trans.'® In 1967 Wald was the first to demonstrate
that this photoisomerization is the primary event in visual excitation and triggers the
vision transduction process.>¢!4!%17:1828

Rhodopsins are transmembrane proteins that span the membrane disks of the OS
of the photoreceptor cells (Figure 1-3). Over 90% of the proteins in the disk membrane
of rod cells are rhodopsins, which are packed with an average packing density of ~
25,000 rhodopsin/umz.29 Recent high resolution infrared-laser atomic-force microscopy
(AFM) studies on mouse disk membranes revealed that rhodopsins form unevenly and
dense packed rows of dimers in their native form. Still it is not clear what impact this
high packing density of rhodopsins has on the structure and function of rhodopsins. For
example, although this high density may improve the light sensitivity, it may also cause a
slow visual response, which is limited by the diffusion controlled protein-coupling in the

visual cascade 3036
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Figure 1-3 Rhodopsins span the membrane disks of the photoreceptor cells.

Since rods are more abundant than cones, most of our knowledge about
rhodopsins arises from studies done on the structures and biological functions of rod
rhodopsins in human and animals such as bovine, mouse and chicken. Rhodopsins
belong to the heterotrimeric guanine nucleotide-binding protein (G protein)-coupled
receptor (GPCR) superfamily of proteins. Members of this family are activated by
different external stimuli, such as Ca®", amines, hormones, neutrotransmitters, odors and
light, and in turn activate G proteins. Activation of a G protein initiates an enzymatic
cascade that ultimately produces a neural signal.*™*® Rhodopsins are a distinct group
within GPCRs: while all GPCRs bind their agonists through noncovalent interactions,

rhodopsins have a covalently bound ligand, 1 1-cis-retinal.*



All GPCRs are composed of seven transmembrane (7TM) helices that are
connected by six hydrophobic loops of varying lengths. Among GPCRs, bovine
rhodopsin was the first member to be purified, its gene was the first to be cloned and
sequenced, and its three-dimensional structure was the first determined.”> The bovine eye
has only rod rhodopsins and therefore has no color vision. Rhodopsins can be readily
isolated from retina of a number of species, however bovine eyes are readily available

from meat packaging plants and are a major source of rhodopsin.*

Efforts in studying
and determining the structures of opsins have been hampered by the difficulties of
working with membrane proteins. The only crystal structure of a visual rhodopsin (and a
GPCR) is bovine rod rhodopsin, which was determined by Palczewski et al. in 2000
(PDB ID: 1F88)* Bovine rhodopsin is a middle size protein among the GPCR family
(348 residues and ~ 40 KDa molecular weight), and therefore this structure may be used
as a good representative of this superfamily of proteins.'>**'*> The structure is in a P41
space group and has two molecules in the asymmetric unit. A ribbon diagram of chain A,
prepared from the deposited coordinates in the Protein Data Bank (PDB ID: 1F88), is
shown in Figure 1-4.

The amino-terminus (N) of the protein is located at the extracellular surface and
the carboxy-terminus (C) is at the cytoplasm (intracellular). The helices are linked
together by 3 intracellular and 3 extracellular loops. The 7TM helical bundle forms a
barrel around the chromophore, 11-cis-retinal. In both rod and cone cells the
chromophore binds covalently to the protein via a protonated Schiff base (PSB) with the

6

g-amino group of a lysine residue on the seventh helix.*®* In bovine rod rhodopsin

Lys296, which is located more toward the extracellular surface of the membrane bilayer,



Figure 1-4 Crystal structure of bovine rod rhodopsin
solved at 2.8 A (PDB ID: 1F88). Seven transmembrane
helices are attached to each other by six loops of varying

lengths.

forms the PSB linkage with the chromophore.*”*® The chromophore is positioned
parallel to the surface of the membrane and therefore the direction of the light entering
the eye is perpendicular to the long axis of the chromphore.*’ This structure makes it
possible to have the maximal light absorption and therefore the maximum light
sensitivity.*>*® The retinal binding site is completely buried within the protein and is not
accessible to the cytoplasmic or extracelluar surfaces. The chromophore interacts with
neighboring helices, and is tightly held in place. The structure shows no gap between the
helices to let retinal exit the binding site. However, like other ligands, retinal must move
in and out of the binding pocket to regenerate the photopigment, therefore it is believed
that alterations in the published structure must occur in the functional protein. X-ray data
is collected over a long period of time (hours) and is an average of the diffraction of
many protein molecules in the crystal. Therefore the crystal structure shows a temporal
and spatial average of all the protein molecules in the crystal. The published structure
shows an inactive form of rhodopsin, however thermal fluctuations and/or isomerization

of retinal might cause structural changes in the protein to allow the passage of the ligand

10



in and out of the pocket. Although this structure is a ground state it provides valuable
insights into the dynamic activation and signaling process of the receptor.”!

The first step in activation of rhodopsin is absorption of a photon of light by 11-
cis-retinal, covalently bound to Lys296 via forming a PSB, and its photoisomerization to
all-trans-retinal.*'” The quantum yield of the photoisomerization reaction depends on the
wavelength of the incident light and decreases going from short wavelengths toward long
wavelengths of visible light.”> The 500 nm light has a high quantum yield of ~ 0.67,
which decreases by ~ 5% in 570 nm.**>® Therefore two thirds of the 55 Kcal/mol energy
of the 500 nm photon (~ 37 Kcal/mol) is stored in the all-trans-retinal-opsin complex,
which is released later to give rise to the signaling form of the protein, metha-rhodopsin
I1>* Photoisomerized retinal triggers a series of conformational changes in the opsin,
which creates an enzymatic site on the cytoplasmic surface of the protein.’>*® The
enzymatically active rhodopsin, although short-lived catalyzes the conversion of several
hundred second messengers from an inert to an active state and therefore allows detection
of a single photon of visible light. It is this high amplification of a single photon that

enables us to see at even very dark environments.>’

Conformational Changes of Rhodopsin upon Light Absorption
Within a few picoseconds of absorption of a photon by rhodopsin, the
chromophore, 11-cis-retinal goes through a series of conformational changes described in

-5.5'"  The isomerization can be monitored by various low temperature

Figure 1
spectroscopic techniques including UV-vis.>**%#! The first spectroscopically

characterized species that forms within femtoseconds is called photorhodopsin, which is a

11



highly distorted all-trans PSB. Within picoseconds this species is converted to the first
isolable, less distorted intermediate, batho-rhodopsin. In approximately 1 millisecond,
bathorhodopsin goes through several additional intermediates to form meta-rhodopsin II
(meta II). In meta II, the Schiff base (SB) is deprotonated and the Glul13, which is the
counter anion of the PSB is protonated. The conformational changes of the chromophore
resulting in the meta II conformation cause a re-packing of the transmembrane helices,
that is relayed to changes on the cytoplasmic surface of the cell.**> This allows for the
G protein transducin (Gt) to interact with rhodopsin resulting in activation of the
phototransduction cascade. At the end of the cycle, as shown in Figure 1-5, the SB imine
bond of meta II is protonated (meta III) and hydrolyzed to generate all-frans-retinal,
which separates from the opsin and travels back to the retinal pigment epithelial cells,
where it is converted back to 11-cis-retinal via several enzymatic steps. At this time the
regenerated opsin binds to another 11-cis-retinal and the cycle repeats. “**> The changes
in retinal/opsin interactions accompanying visual transduction and the rhodopsin
intermediates have also been elegantly studied spectroscopically using photoaffinity
labeling with a rhodopsin analog (diazoketo-rhodopsin).>®

It is not clear how 11-cis-retinal gains access to the binding site and the crystal
structure of bovine rhodopsin does not provide any evidence to this mechanism. The
binding site is completely buried and inaccessible from outside the protein. Based on
accessible surface calculations it appears that movement of several of the helices would

permit access to the site from the hydrophobic' core of the bilayer.*

12
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The Phototransduction Cascade

As mentioned above upon absorption of a photon of light rhodopsin (R) becomes
activated (R*). Formation of the active form of rhodopsin (meta II) causes structural
changes on the 7TM helices of the opsin, which result in a biochemical cascade that
involves a G protein, transducin, phosphodiesterase (PDE), and guanisine 3', 5'-cyclic
monophosphate (cGMP).*> The biochemical cascade of phototransduction is illustrated
in Figure 1-6. R* binds to GDP-bound transducin (Gt), resulting in an exchange of GDP
for GTP. The o subunit of the Gt (Gta-GTP) then dissociates from the By subunits
(GBY). Gta-GTP binds and switches on a cGMP PDE by binding to and removing an
inhibitory subunit (y subunit). The activated PDE converts cGMP to GMP. Reduction in
the level of cGMP makes cGMP incapable of keeping the cGMP-gated ion channels
open, resulting in hyperpolarization of the membrane and therefore generation of

electrical signals that form the basis of vision.'>1843 R

separates from the inactive part
of Gt and recycles to activate more transducins.

The binding of Gt-GDP to R*, exchanging GDP for GTP, and separation of Gta-
GTP from the GPYy subunits occurs multiple times prior to hydrolysis of the imine bond
between all-trans-retinal and a lysine of the opsin. Since hydrolysis happens very slowly
on the time scale of phototransduction, it gives an R* molecule enough time to activate

on the order of 10?> PDEs, which each can convert on the order of 10° ¢cGMPs to GMPs.

Therefore one R* is capable of converting 10° cGMPs to GMPs.%2
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Figure 1-6 Phototransduction cascade. Rhodopsin absorbs light and becomes activated, which catalyzes

exchange of GDP for GTP in Gt molecules. The o subunit of Gt separates and activates the
phosphodiesterases, which convert cGMP to GMP. This conversion polarizes the membrane by closing the

ion-gated channels, which leads to the neural signal.'"®®* More details are discussed in the text.

During hydrolysis rhodopsin kinase (RK) binds to R* and phosphorylates several
residues in the C-terminal region of the protein. Arrestin (Arr) binds the phosphorylated
R* (R*-p) to completely shut off the process. At the end of the cycle, all-trans-retinal
dissociates from the opsin and travels back to the retinal pigment epithelium (RPE) for
regeneration to 11-cis-retinal. The opsin accepts a new 1l-cis-retinal, which was
regenerated in RPE and transported to the outer segment of the photoreceptor cells. The
regenerated rhodopsin reinitiates the phototransduction cascade.

Rhodopsin is within the disk membranes of the outer segment of the
photoreceptor cells, however it is free to diffuse in the membrane. Transducin is at the

surface of the disk membrane but when it is activated by R*, Gta-GTP can diffuse

15



toward other neighboring disks and activate many PDEs. PDEs are either membrane
bound or free in the cytoplasm. cGMP is within the cytoplasm.®? When c¢cGMP is
hydrolyzed to GMP, the concentration of cGMP in the cytoplasm decreases and therefore
more cGMPs are drawn from the plasma membrane toward these sinks, causing the ion-

gated channels to close and the membrane to become polarized. 18.43.62-64

1.1.4 Color Vision with the Same Chromophore

As mentioned earlier all different opsins bind to the same unique chromophore of
vision, 11-cis-retinal, however they absorb light at different wavelengths. Therefore a
long-standing question in vision research has been to understand the mechanisms by
which different opsins regulate the wavelength absorption of the same chromophore, and
later relate those understandings to the visual ability and evolutionary history of each
species.65

Free all-trans and 11-cis-retinal both absorb at ~ 380 nm in organic solvents such
as methanol (Figure 1-7). When the SB is formed with n-butylamine (to model
rhodopsin), it absorbs at ~ 365 nm. However if the SB becomes protonated (PSB) the
chromophore will absorb at a significantly higher wavelength, ~ 440 nm (Figure 1-7).%
With changing the solvent and its concentration this value may shift to 500 nm.*’
Although formation of the PSB can explain the absorption of rod and blue pigments, the
~ 60 nm red shift upon protonation of the SB is not sufficient to explain the red shifted
absorption of the green and red thodopsins.®® The interaction of the residues within the

binding pocket of the opsins with the chromphore must be responsible for the spectral

tuning of the chromophore that make it absorb between 400 and 600 nm in different

16



rhodopsins.  These interactions

modulate the ground-excited (So-

S1) electronic transition energy of 11-cis-retinal
the retinal PSB. The difference

between the Ama of the pigment

from that of the PSB model “'Ci;'l;emm
compound is called “opsin shift”,*’ SN

a term also used to refer to the

differences in the Am. values ll'c"l;‘é";ﬁm
among pigments.” It is the unique SN

interaction of each opsin with the

. Figure 1-7 1l-cis-retinal absorbs at ~ 380 nm in
chromophore and coexistence of all

methanol. When bound as a SB to n-butylamine, it

three colored rhodopsins in the eye
absorbs at ~ 365 nm. Protonation of the Schiff base

that enable us see the entire visible leads to a large bathochromic shift to ~ 440 nm.

spectrum.
Although opsin shifts have been known for a long time,”" their physical origin is
still a long-standing question, which is addressed in solution experiments,72 mutagenesis

74-

studies,” and also high-level quantum-chemistry calculations. 7 For a long time it was

believed that the interactions of the residues inside the pocket of the opsin with retinal red
shift the absorption maximum of the chromophore compared to that in solution.®'””’
Although in 1974, Suzuki et al. based on theoretical models had predicted that an isolated

PSB retinal absorbs at ~ 600 nm,”® it was not until very recently that its actual value was

measured. In 2005, Andersen et al.”’ measured the absorption spectrum of all-trans-

17



retinal with a protonated n-butylamine Schiff base, as a model of PSB in rhodopsin, in
vacuo and found a maximum at ~ 610 nm. The new gas-phase absorption data provides a
closer model to the actual absorption of the bare chromophore, when it is free from
intermolecular interactions, such as hydrogen bonding, dispersion and coulomb
interactions with charged and polar groups in solution. So according to this new finding
it is believed that the binding pockets of the opsins actually blue shift, and not red shift,
the absorption of the bare chromophore.”

The either red or blue shifting of the maximum absorption of the chromophore
inside the pocket of the opsins can be verified by studying the interactions of the residues
inside the binding pocket of each of the opsins with the chromophore. However,
rhodopsins are membrane-bound proteins and therefore are very difficult to manipulate
and study. Particularly crystallization of membrane proteins has been a bottleneck in
studying the structures of these proteins. The first and only crystal structure of a
rhodopsin molecule, and in fact a GPCR protein, is of bovine rod rhodopsin. This
structure was determined at 2.8 A by Palczewski et al. in 2000 (PDB ID: 1F88).* A
refined model added some residues missing from the original structure (PDB ID:
1HZX).® The resolution was extended to 2.6 A in 2002 (PDB ID: 1L9H);®' and finally
in 2004 Okada et al. crystallized this protein in a new condition and refined the structure
to 2.2 A (PDB ID: 1U19).®2 The new structure is in general agreement with the previous
data and provides more details on the chromophore binding site including the
configuration about the C6-C7 single bond of 11-cis-retinal. The map around the C6-C7
bond, which defines the orientation of the B-ionone ring, becomes clearer at 2.2 A,

supporting a 6-cis form with substantial negative twist. Most importantly, the C11-C12

18



double bond is found to be significantly pre-twisted in the ground state, which explains

the isomerization around this double bond upon absorption of a photon.82

As of today,
there is no crystal structure of a cone rhodopsin available. Therefore the only structural
information on cone rhodopsins are obtained through indirect methods such as
photoaffinity NMR labeling, cryoelectron microscopy, site directed mutagenesis and

advanced theoretical calculations.®*%

Proposed Hypotheses for the Mechanism of Wavelength Regulation

Although there is no structure of a cone rhodopsin available, over the past S0
years several hypotheses have been proposed to explain the wavelength regulation by the
same chromophore. All of these hypotheses are based on the basic fact that

photoexcitation of the chromophore increases the delocalization of the n-electrons.”®!

Since retinal is bound as a SB to the opsin, in addition to normal ®—n* electronic
transitions of conjugated double bonds of the polyene, the lone pair of the nitrogen,
which occupies an n-orbital can also be excited and make a second type of transition,
n—T*, possible. Protonation of the SB will change the energy gap of the n—n*

transitions and consequently the absorption spectrum of the chromophore.92

Also any
interactions between the residues inside the pocket of the opsin and 11-cis-retinal that
favor delocalization, selectively stabilize the excited state (S;) and cause a red shift, i.e., a
smaller energy gap between the ground and excited states of the chromophore. On the

other hand, any interaction that does not favor delocalization leads to a larger energy

difference between the ground and excited state causing a blue shift.
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Based on empirical and theoretical studies several major hypotheses have been
proposed to explain the mechanism by which opsin shift may occur: (1) Steric factors
may lead to twisting around the intervening single bonds of the chromophore altering the
p-orbital overlap, which in turn changes the level of delocalization of the m-electrons, or
in other words changes the degree of cationic conjugation along the polyene. A change
in the level of conjugation will cause a shift in the absorption of the retinal. Binding
pockets of different rhodopsins may impose different steric constrains on the
chromophore and therefore cause different degrees of twisting about the single bonds.

More twisting and less orbital overlap lead to a blue shift and vice versa (Figure 1-8).3%

Figure 1-8 Twisting of the single bonds will
reduce the degree of p-orbital overlap, and
thus will lead to different maximal

wavelengths.

Although retinal would rather adopt a planar conformation to maximize the
orbital overlap, it has been shown that 11-cis-retinal is not a planar molecule. The
chromophore has a 6-s-cis, 12-s-trans conformation, where steric interactions between
the C5-Me and C8-H as well as the C10-H and C13-Me force twisting of the C6-C7 and

C12-C13 single bonds, respectively.”>

(2) Increasing the distance between the PSB and
its counter anion may favor delocalization of the nt-electrons, which leads to a red-shift.

Conversely, decreasing the distance may localize the positive charge of the PSB on the

nitrogen and therefore cause a blue shift (Figure 1-9).97 (3) Point charge model:
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Placement of full or partial charges along the polyene can change the degree of
delocalization or cationic conjugation along the polyene. For example positioning of one
or more anions along the retinal chain, presumably Glu or Asp, leads to increased

delocalization (Figure 1-9).%%%  (4) An alternation of the polarity or polarizability of

Figure 1-9 Distance of the counter anion to the
PSB and positioning of charges or dipoles along

the backbone of the polyene may cause spectral

tuning of the chromophore.

the binding pocket environment around the chromophore or in other words positioning of
the polarizable groups along the chromophore can change the delocalization of the
electrons and shift the wavelength. The polar groups can favor or disfavor delocalization
depending upon their orientation.'® On the other hand polarizable groups along the
polyene can stabilize the excited state by compensatory electronic movement.”'"! The
last three hypotheses focus on the effects of stereoelectronic factors on shortening or
elongating of polyene’s cationic conjugation.

In contrast to the variable maximum absorption of the chromophore along the
wavelength axis, the shape and width of the rhodopsin absorption curve is determined by
chromophore vibration and therefore is not modified by the opsin.®’

Fully understanding the mechanism of spectral tuning in rhodopsins and verifying
the proposed hypotheses are still pending upon determination of the crystal structure of
each color rhodopsin, which has been hampered by the challenges of working with

membrane proteins and the lack of material.
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Use of Biophysical Assays and Model Studies to Understand the Rhodopsin System
Although the crystal structures of the rhodopsin pigments are not available, the
binding pockets of different rhodopsins and retinal chromophore in those pockets have
been extensively studied using site-directed mutagenesis and biophysical methods.
Magic angle spinning (MAS) NMR techniques have increasingly provided more
powerful tools for structure-function analysis of membrane proteins over the past 15
years. These techniques are well-suited to provide information on helix-retinal and helix-
helix interactions that may be involved in receptor activation.'®'® Unfortunately NMR
spectroscopy failed to give complete structures of rhodopsins due to the molecular-
weight limit of this technique. However, cryo electron microscopy has been used to
determine the moderate to low-resolution structures of rhodopsins.gs””‘gs‘")4 Resonance
Raman spectroscopy of recombinant human cone pigments has been successfully used to
verify the proposed hypotheses of wavelength regulation by positioning of the point
charges or altering the polarity around the chromophore.'”® Also Raman spectroscopy
has been used to study the in situ conformational changes of retinal and its interactions
within the opsin binding pocket.'” Fourier-transform infrared diffraction spectroscopy at
low temperature (70 K) has been used to study the vibrational modes and therefore
conformational changes of the chromophore and opsin during the phototransduction
cycle.l07
The combination of a wide range of existing experimental data with theoretical
calculations has taken our knowledge of vision a long way. In particular, recombinant
site-directed mutagenesis of rhodopsins along with the modeling of the binding pockets

of different rhodopsins have elicited many of the key structural elements of rhodopsins
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and has led to a better understanding of the opsin shift as well as the key residues
involved in the wavelength regulation.92

The evidence that retinal is bound as a SB via a Lys residue was provided by
Bownds in 1957, and Akhtar et al. in 1968.'® Although in 1958 Hubbard had
suggested that the SB must be protonated, it was not until 1974 that Callender and his
group confirmed PSB formation through Raman spectroscopy.'®'” In 1958 Kropf and
Hubbard proposed that the wavelength regulation is a result of the interactions between
the charged residues inside the binding pocket of the opsins with the chromophore.go
Following the same principles, in 1972 Blatz et al. proposed the presence of a counter
anion to stabilize the positive charge on the PSB.”’ In support of the counter anion idea
in 1979 Honig et al.''" proposed the effect of suitably placed negatively charged residues
as a counter anion to stabilize the positive charge on the PSB. Also in agreement with
Kropf’s and Hubbard’s theory, they suggested that positioning of the point charges along
the polyene may change the absorption spectrum of the chromophore. They confirmed
these ideas by experimental evidence such as measuring the absorption spectra of simple
synthetic models.''*!"" Later in the 1980’s Mollevanger et al. validated these theories by
solid-state NMR studies of bovine rhodopsin.''> Although it was known that a counter
anion is necessary, it was not until 1989 that Sakmar and Oprian and their groups
independently showed that Glul13 on the third TM helix, a highly conserved residue in

i i ; 14
vertebrate opsins, is the counter anion.”'"

Sakmar’s group used site-directed
mutagenesis to unveil the importance of Glul13 as the counter anion of the PSB and its
crucial role in determining the pK, and Ama of rhodopsin. Different individual mutants

of rhodopsins were prepared in which Glul13 was replaced by different hydrophobic and
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hydrophilic residues. It was shown that mutation of Glull3 to neutral residues, or
positioning of the counter anion more distant to the PSB dramatically decreased the pK,
of the PSB in the mutants. The pK, of the PSB in rhodopsin is determined to be above
16,”5 while the pK, of the mutants were ~ 6.!"* It is believed that the high pK, of the
PSB is due to the specific geometrical arrangement of the SB and its counter anion,
which allows an efficient bridging of a water molecule to stabilize the ion pair.''®'"

On the other hand the point mutations modulated the Ay, of rhodopsin the same
way as predicted by the proposed hypotheses of wavelength regulation. The mutation of
Glull3 to a neutral residue such as Ala or Gln or positioning the counter anion more
distant with respect to its PSB (E113D mutant) caused a blue shift. These observations
indicated that Glul13 definitely influences the protonation state of the SB and its pK,.
The negative charge of the carboxylate compensates for the positive charge of the PSB.
Sakmar et al. introduced a large amount of different solute anions such as chloride to the
E113Q and E113A mutants. The anions could fulfill the role of the Glul13 in stabilizing
the PSB. Also different degrees of the Amay shift in the presence of different solute anions
indicated that the maximum absorptions of different rhodopsins are highly dependant on
the interaction between the PSB and its counter anion.''* In 1993 Oprian and his group
successfully showed that human green and red pigments bind chloride (C1”) ions and
undergo a significant amount of red shift in their absorption maxima. They used site-
directed mutagenesis to identify the Cl™ -binding site and demonstrated that this site is
conserved in all long wavelength absorbing pigments that had been sequenced and absent

from all rod and short wavelength absorbing rhodopsins.''®
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The importance of the distance and angle between the PSB and its counter anion
was highlighted by Sheves and his group in 1993. They used model compounds to mimic
the PSB of rhodopsin and demonstrated that moving the coﬁnter anion further from the
PSB caused a significant red shift of the absorption maxima of the rhodopsins. Changing
the angle did not influence the maximum absorption, however it significantly perturbed
the pK, of the PSB. An optimum angle was obtained when one ore more water
molecules could coordinate to the PSB.''®!''® Model studies have proposed several
theories regarding the presence of well-ordered water molecules in the binding pocket of
the rhodopsins in the vicinity of the PSB. These models suggest that the water molecules
increase the pK, of the PSB.!'®!20!2! EFTIR spectroscopic studies of the intramembrane
water molecules upon formation of rhodopsin photointermediates have revealed the
structural role of a water molecule during the proton transfer.'?

Although the orientation of the counter anion with respect to the PSB was shown
to shift the Ay of rhodopsin, it cannot by itself explain the 200 nm shift that we see
moving from blue to red pigments. In 1973 Blatz et al. proposed the possibility that
twisting the chromophore around its single bonds changes the orbital overlap and
therefore the Amax of the chromophore (Figure 1-8).”> As mentioned earlier, 11-cis-retinal
in rhodopsin is not a planar molecule and has a 6-S-cis and 12-S-trans conformation.
However steric factors imposed by the residues inside the pocket of each rhodopsin make
retinal twist around its single bonds in different ways and therefore make PSB bound
retinal absorb at a different wavelength in each pigment. According to this theory red
rhodopsin should have a more planar retinal molecule and therefore more orbital overlap

than green or blue rhodopsins. Model studies performed in solution did not give much
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insight into this theory since they showed a multitude of torsional angles possible for the
C6-C7 single bond.'” It should be mentioned that theoretical calculations suggest that
twisting around the single bonds by itself cannot be the major reason for the 200 nm red

shift between blue and red pigrnents.94

Molecular Genetics Studies of Rhodopsin

In 1984, Nathans and his coworkers isolated and sequenced the gene encoding
human rod rhodopsin. They showed that human and bovine rhodopsins are 93.4%
homologous and interestingly the key residues such as Lys296 and those known to form
loops on the cytoplasmic side of the cell are perfectly conserved between the two
species.124

Other groups had shown that the cytoplasmic side of the protein includes: (1)
Several residues close to the C-terminus that are subject to phosphorylation by rhodopsin
kinase,'?® and (2) A catalytic site that promotes GTP-GDP exchange by transducin.’’

In 1986, Nathans and his group cloned and characterized the genes that encode
human cone pigments. They demonstrated that red and green pigments are highly
homologous, 96% identical, but all other pair-wise comparisons showed only a 40%-44%
sequence homology. The sequence differences indicate candidate residues responsible
for spectral tuning.z“'50 The percentages of homology between different human opsins
have been tabulated in Table 1-1. The values below the 100 percent diagonal represent
the percentage of amino acids that are identical, while those above this diagonal represent

the percentage of amino acids that are identical or homologous. ***
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Table 1-1 Sequence homology between human rhodopsins

Percentage
Rod Blue Red Green
Rod 100 75 73 73
Blue 41 100 79 79
Red 37 43 100 99
Green 38 44 96 100

In agreement with the original identification of these three color vision genes by
Nathans and his group and based on genetic evidence,”* in 1991 Oprian et al. designed
and chemically synthesized genes for each of the three cone pigments. The genes were
expressed in COS cells (COS cells are mammalian cells that are employed frequently as a
general purpose mammalian expression system to produce small quantities of
recombinant proteins for structural and functional studies) and spectra were measured.
These results were the first to directly confirm the presence of the blue, green and red
genes in the human genome. 126

In 1986 Nathans et al. showed that human red and green pigments differ by only
15 amino acids of their 364 amino acids, and yet their Aga differ by ~ 30 nm.?* In 1994
Oprian and his coworkers demonstrated that in going from the red to green pigments only
7 amino acid residues are determinant.  These 7 residues are as follows:
S116Y:S180A:1230T:A233S:Y277F:T285A:Y309F, where the residues on the left are
those of the red and the ones on the right are those of the green pigment, respectiw:ly.I27

However in 1991 Jacobs and his group showed that substitution of only three non-polar

residues at positions 180, 277 and 285 of green pigment with hydroxyl-bearing (polar)
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residues can account for the majority of the absorption differences between the two
pigments, A180S (~ 4 nm), F277Y (~ 10 nm) and A285T (~ 16nm).”"'?*'% These
residues are all located around the ionone ring of 11-cis-retinal. In 1992 Sakmar and his
group tested this observation by mutating the three equivalent residues in rod rhodopsin
(Amax = 500 nm) to the same hydroxyl-bearing residues. The A164S:F261Y:A269T did
not bind 11-cis-retinal and therefore did not form a pigment to measure its Amax, however
the F261Y:A269T displayed a ~ 20 nm red shift. The A164S mutant just showed a slight
red shift (~ 2 nm) and absorbed at ~ 502 nm. So it appears that only two of these
positions (Phe277 and Ala285) are responsible for the differences between red and green
pigments in human eye. These results clearly show that newly introduced hydroxyl-
bearing amino acid residues can interact directly with the chromophore in the red
pigment, and the red-shifted An., values indicate an enhanced protein-chromophore
interaction. The results also show that the spectral tuning of the mutations is not strictly
additive.'®

To study the residues that are responsible for blue shift in the absorption of the
chromophore in blue pigments, other opsins have been mutated to promote absorption at
the blue wavelengths. In 1998 Sakmar’s group demonstrated that mutation of only 9
amino acid residues (M86L:G90S:A117G:E122L A124T:W265Y:A292S:A295S:A299C)
in human rhodopsin (Amax = 500 nm) blue shifted the absorption to ~ 438 nm, which
accounted for approximately 80% of the opsin shift between the blue pigment (Amax = 410
nm) and rhodopsin. These positions were identified based on sequence alignment of
bovine rhodopsin and human, mouse, rat, and bovine blue cone sequences. Although 12

sites were identified that might induce blue shift, mutation of only 9 residues was
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required to blue shift the absorption to 438 nm.”” A similar study by Farrens and his
coworkers showed that mutation of T118A:E122D:A292S in rod rhodopsin produces a

rhodopsin that absorbs at 453 nm, a 47 nm blue shift as compared to rhodopsin.""

Color Vision Deficiencies by Pigment Gene Defects

Color vision deficiencies are generally congenital and nonprogressive and their
existence and hereditary were described as early as the 18" century. John Dalton, who
had recognized himself and two of his brothers as “red/green blind”, was one of the first
people who reported this condition. Red/green dyschromatopsia are often referred to as
Daltonism in his honor. Among other early reports of this condition, in 1876 Horner
proposed the inheritance of this condition to be sex linked and in 1937 Bell and Haldane
proposed the linkage between hemophilia and color blindness.'32!*

Cloning of the visual pigment genes opened doors to molecular genetic analysis
of inherited red/green color vision deficiencies. Inherited color vision deficiencies are
known for all three types of color vision. While defects in blue color vision are very rare
and affect 1 in 100,000 individuals, red and green color blindness are more common and

127

affect 8% of the male Caucasian population. “° The red and green genes are located on

the X-chromosome with the red gene upstream of one or more green pigment genc:s.134
Genomic southern blot analyses of red and green pigments from individuals with
inherited red/green color vision deficiencies (dichromats and anomalous trichromats)
showed that red and green opsins go through rearrangements, containing segments from

both the red and green pigments.13 5 Dichromats lack either the red (protanopes) or green

pigment sensitivity (deuteranopes) and use only two primary colors to see all other
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colors. Anomalous trichromats require three primary colors in color-matching tests, but
require either more red (protanomalous) or more green (deuteranomalous) than normal

individuals.'?’

Cys203 is a conserved residue in green pigments. C203R missense
mutation of green pigment disrupts the folding and half-life of the green opsin molecule
and therefore its ability to absorb light at the appropriate wavelength and activate
transducin.'*®

Blue cone monochromacy (BCM) is a rare X-linked recessive condition that
results from the lack of both red and green pigments. Different classes of mutations can
cause BCM. A large proportion of BCM patients carry only a 5’ red-3" green hybrid
pigment gene that harbors a C203R missense mutation. Other BCM individuals have
been reported who carry up to three pigment genes, each of which contains this lesion.
Some other BCM individuals show various sized deletions (0.65-55 kb) of the proximal
part of the red/green cone pigment gene cluster.'>” BCM patients suffer from very poor or
the absence of color discrimination, photophobia and severely reduced visual acuity.
Although these subjects only have blue-cone pigments, it has been shown that some color
discrimination can be made in the region between 400 to S00 nm under dim light when
both rod and blue-cone are mediating vision. BCM frequency has been estimated to be
1:100,000.'**

The term “tritanopia” indicates the weak or absent discrimination of short-
wavelength blue-yellow stimuli. Analysis of the blue cone pigment in a small group of
families with tritanopia has revealed heterozygous missense mutations in this family,
G79R, S214P and P264S. Based on few surveys available the frequency of this

deficiency has been variously estimated to be 1:500-1:65,000.'3*!38
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Finally the most severe color blindness is rod monochromacy (also known as
achromatopsia), where no color discrimination happens. These individuals are almost
visually handicapped and are considered blind because they have very poor visual acuity
and severe photophobia. The frequency of rod-blindness is estimated to be 1:20,000-
1:50,000.'%

Interestingly there is a mutation in the red cone pigment that does not lead to any
color vision deficiency. In a recent survey, it was found that 62% of males have a serine

in position 190, while 38% have an alanine residue.'®

Modeling of Cone Pigments Based on the Structure of Bovine Rhodopsin

The X-ray crystal structure of bovine rhodopsin has been used to model and
perform rational experimental approaches for studying the cone pigments. Homology
models of the cone pigments are used to understand the role of different amino acid
residues in regulating the wavelength absorption of the chromophore. Figure 1-10 shows
the region around retinal in the modeled cone pigments.* For clarity residues that are
covering the view of the retinal are not shown. As in bovine rhodopsin, the environments
around the retinal in all three cone pigments are hydrophobic. Since red and green
pigments are more than 96% identical, their retinal binding sites are almost identical.
The central residue forming the cavity is Trp281 (analogous to Trp265 in bovine
rhodopsin). The counter ion to the PSB is Glul29 (analogous to Glull3 in bovine
rhodopsin). Lys312, forms the SB with retinal and there is a second glutamate, Glu102,

next to this lysine. The second glutamate is believed to red shift the absorption spectrum
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of the chromophore by increasing the negative electron density of Glul29 and therefore
decreasing the positive charge delocalization along the chromophore.*

In blue pigments Tyr262 is the residue that forms the cavity. Also since Tyr262 is
in the proximity of the ionone ring in this pigment, it is believed to be the major factor in
the blue shift of this pigment. This factor was tested by observation that the single
mutant Y262W leads to a 10 nm red shift.'*® On the other hand, the second glutamic acid
residue present in red and green pigments is absent here and causes an additional blue
shift. Some other residues have been modeled close to the counter anion in all the three
pigments. For example Ser183 in blue pigment is believed to form a hydrogen bond with
Glul 10, the counter anion. In green and red pigments Ser110 and Ser202 are believed to
do the same thing and hydrogen bond to the counter anion. However whether a hydrogen
bond forms or not depends on the free energy of this reaction, which is hard to calculate
for large systems like rhodopsin.*

It has been shown that red and green pigments have a chloride binding site in their
cavity which can act as a point charge in modulating the absorption spectrum of the
chromophore.''® Although residues of His197 and Lys200 are believed to be involved in
forming this binding site, there are some controversies between the postulated theories
and models of red and green pigments on the residues involved in this site. However it is
clear that His197 and Lys200 are fully conserved residues of all long-wavelength
pigments and are absent in all short-wavelength rhodopsins. Additional experiments
need to be done to elucidate their roles in spectral tuning.4

Although all this work has resulted in significant improvement of our knowledge

about the mechanism of visual transduction and wavelength regulation, in order to
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elucidate the precise mechanism of color vision the structures of each of the color
pigments are needed. To date, still it is not clear which of the possible theories is most
predominant in determining the maximum absorption of the chromophore or how many

factors are involved in a specific opsin shift.
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Figure 1-10 Models of retinal binding site in the blue, green and red cone pigments.

Negatively charged residues are shown in red and neutral residues in grey.*
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1.1.5 Need for a Protein Mimic of Rhodopsin

Over the past few decades various models of visual pigments have been proposed
to study the mechanism by which wavelength regulation takes place in each of the
different pigments. However the opsins are capable of modulating the wavelength of the
chromophore in ways that are difficult or impossible to produce by the solution model

systems.98

Although the crystal structures of each of the cone rhodopsins would be the
ultimate answer to our questions regarding the wavelength regulation mechanism in the
eye, we believe until the structures are solved, having a “protein mimic” of rhodopsin
would be a closer and more realistic model system.

Due to difficulties of working with membrane proteins our collaborators,
Professor Babak Borhan and his group (Department of Chemistry, Michigan State
University), initiated the idea of reengineering the binding pocket of a protein that is easy
to study to make it mimic the binding pocket of visual rhodopsin.

Protein engineering is the use of genetic and chemical techniques to change the
structure and function of a protein, and therefore produce a novel product with specific,
desired properties. These techniques are very young and recent. Hellinga and coworkers
pioneered the filed in 1997 and produced several examples of successful protein
design.'*!"'*  Recently there has been an increasing interest in the development of
engineered proteins for direct pharmaceutical applications, which can be a milestone in
the drug design industry by minimizing the side effects while optimizing the efficiency of

the drug. 147,148
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Characteristic of a Potential Protein Mimic

For a protein to be a good candidate to be engineered into a mimic of rhodopsin, it
must have several characteristics. (1) It must be a soluble protein and therefore easy to
manipulate and study. (2) Since several site-directed mutations need to be done toward
making the potential mimic, the chosen protein has to have a robust structure to withstand
the multiple mutations. (3) In order to perform rational mutagenesis studies we need the
crystal structures of the intermediate mutants. Thus the protein that we choose must be
relatively easy to crystallize and its structure easy to determine. Also since we need to
see the details of the interactions between the residues inside the binding pocket with
themselves and the chromophore, the candidate protein must be able to produce well-
diffracting crystals. (4) Since the majority of the assays that we planned to use to
characterize the mutants were §pectroscopic assays we needed a protein that could be
easily studied spectroscopically. (5) The candidate protein should have an embedded
binding pocket to ensure that the changes observed in the structure and the spectroscopic
data are only due to the mutations and not the solvent effect. (6) Since we want to design
a retinal binding protein that can form a PSB with a lysine residue inside the pocket, as
rhodopsin does, it was advantageous if we chose a protein that already binds to one of the
retinoid structures as its natural substrate.

In addition, we desired a protein that was easy to express in an E. coli expression
system. Several proteins were of initial interest, such as retinoid X receptors (RXRs) and
cellular retinoid binding proteins (CRBPs). However CRBPs and in particular cellular
retinoic acid binding protein type II (CRABPII) are more extensively studied. CRABPII

is a small (137 residues and ~ 16 KDa MW) and soluble protein that has high expression
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levels. Furthermore the crystal structure of a mutant (R111M) and the retinoic acid
(RA)-bound form of this protein had already been determined at the time that we started
this project.'**'*® The plasmid of the protein in a pET-17b vector (an E. coli expression
system) was generously gifted to us by Professor Honggao Yan (Department of
Biochemistry, Michigan State University).

To our knowledge this protein mimic is the first example of a protein model of
rhodopsin to study the wavelength regulation mechanism. So far CRABPII has been
reengineered into a very good retinal binding protein, which binds to retinal by forming a
PSB via a lysine residue suitably positioned inside the pocket. More mutagenesis studies
are being done to substitute the residues interacting with the chromophore with
equivalent residues from the rhodopsin pocket that are postulated to regulate the

wavelength of each of the cone pigments.

1.2 CRABPII: Physiological Importance and the Structure

Retinoic acid (RA), a biologically active metabolite of vitamin A (retinol), acts as
a morphogen during embryonic morphogenesis,*' and is found to be indispensable for
regulating vertebrate cell growth, differentiation and homeostasis.'>'>® It has also been

152,156,157

successfully used in the treatment of acute promyelocytic leukemia (APL), a

variety of skin disorders, human cancers and epithelial tumorigenesis."'""’ 2.158-160
Developmental gene expression can be disrupted either by an excess or deficiency

of RA. Much of the biological role of RA is due to its interaction with the RA receptor

(RAR), a member of the steroid/thyroid hormone receptor family of transcription factors.

RAR functions as a heterodimer with the retinoid ‘X’ receptor (RXR). The RAR/RXR

37



heterodimer recognizes RAR-response elements (RARE) in gene promoters in a ligand-
dependant manner and regulates the transcription of these genes.'>''®!-1¢

Due to its hydrophobic nature RA must be solubilized and transferred to the
nucleus, where it binds to RARs. Two homologous cytosolic proteins, cellular RA
binding protein type I and II (CRABPI and CRABPII),'*”'® solubilize RA, protect it
from isomerization and regulate its effective concentration in the cell by either binding to
excess RA and/or metabolizing RA in the cell through interaction with metabolizing
enzymes.'””'”® The fact that CRABPs are expressed in tissues that are sensitive to high
concentrations of RA supports this hypothesis.l77

CRABPs are found in virtually all vertebrates.'”® In embryos both CRABPI and
IT are widely expressed, although they do not co-express in the same cells.'” In adult rats
CRABPI is widely expressed; however, expression of CRABPII is restricted to specific

170

. . 1%
tissues such as skin'™, testis,' "%

uterus, ovary,”“'182 choroid plexus,40 and

hematopoietic cells.'>”'®®

CRABPs are small (MW ~ 16 kDa), soluble proteins that belong to the family of
intracellular lipid-binding proteins (iLBPs). This family is characterized by a well-
defined B-barrel formed by two orthogonal five-stranded B-sheets that provide a large,
deep and embedded binding cavity. Two short a-helices act as a cap to the portal of the
cavity.183
The two isoforms of CRABP are highly homologous in human (74% identity) and
among species. For example, CRABPI and II in human and mouse are 99.3% and 93.5%

identical, respectively. Higher sequence identity of the same isoform (CRABPI or

CRABPII) among different species as compared to different isoforms in the same species
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indicates these two homologues should have distinct functions, which explains the
conservation of their genes during the course of evolution.'®*'** Although both CRABPs
are believed to solubilize and transfer their ligands to the nucleus, experiments show that
CRABPII enhances the transcriptional activity of RA,'®® while CRABPI enhances the
activity of enzymes that catalyze RA degradation and therefore depresses RA efficacy in

the cell.!”>!"

Figure 1-11 Holo-CRABPII (PDB ID:

1CBS).

In 1986 Takase et al. demonstrated that CRABPs are carriers of RA to the nucleus
of rat testes by tracing the labeled [°H]-RA, initially bound to CRABP.'"*" In 1998 Gaub
et al. clearly showed both CRABPI and II are present in the nucleus.'”! In 1999, Dong et
al. successfully showed that the rate of transfer of RA from CRABPII to RAR is highly
dependent on the concentration of RAR, and the process follows a first order kinetically
controlled mechanism. This finding indicates that CRABPII directly interacts with RAR
and forms a protein-protein intermediate complex to directly transfer or “channel” RA to
the ac:ceptor.188 In the same year, Delva et al. showed that CRABPII, and not CRABPI,

associates with the RARa-RXRa complex in a ligand-dependent manner both in vitro and
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in vivo , and enhanced the transcriptional activity of the RARa-RXRa heterodimer."”’
Recently, Budhu et al. showed that although apo-CRABPII is mostly cytosolic, upon RA
binding it was dramatically localized to the nucleus and associated with RAR in a ligand-
dependent manner to “channel” RA to RAR. This sensitized cells to RA-induced growth
inhibition and enhanced the RA-induced transcriptional activity of RARo.'®#>'®° Taken
together these observations clearly show the important role CRABPII plays in shuttling
RA between the cytoplasm and nucleus of the cell, where RA is needed as a
transcriptional regulator. Although CRABPI and II have very high sequence similarity,
and their structures are almost identical, CRABPI does not directly interact with RAR

and has no effect on the growth inhibition activity of RA.'*>!%

Nuclear Localization of Holo-CRABPII

Nuclear localization is believed to occur through the recognition of a nuclear
localization signal (NLS). The NLS is a short sequence of basic amino acids that
regulates the transport of a protein from the cytoplasm of the cell to the nucleus.
Typically deletion of an NLS sequence abrogates nuclear localization and frequently a
non-nuclear protein can be localized to the nucleus by fusion to an NLS.'*'®! However,
the sequence of CRABPII does not have a recognizable NLS in its primary sequence.|89
Therefore, how these proteins can localize in the nucleus upon RA binding has been a
long-standing question.

In an attempt to understand the mechanism of CRABPII nuclear localization upon
ligand binding, a comparison was made between the structures of RA-bound CRABPII

(PDB ID: 1CBS) and the R111M mutant apo-CRABPII (PDB ID: 1XCA), which was the
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only structure of apo-CRABPII available at the time.'**"*'%° A significant
conformational change was observed in the a2 helix, which led to a significant change in
the electrostatic potential upon RA binding. Most of this change was localized to a
change in conformation of three residues, Lys20, Arg29 and Lys30 which upon RA
ligation assume a three dimensional structure that could be overlaid with the structure of
a classical NLS from the SV40-T antigen. In apparent confirmation of this hypothesis,
mutation of all three of these residues results in a CRABPII that is incompetent for
nuclear localization.'® However, these conclusions were made based on the structure of
a mutant of CRABPII (R111M)."*® Argl11 is a conserved residue in CRABPII (~
80%),'*? and the R111M mutation results in a 45 fold decrease in the RA binding affinity
of the protein.'*'*1% Therefore its mutation is likely to have a significant impact on the
tertiary structure of the protein. However since attempts in crystallizing the apo-wild
type (WT) had so far been unsuccessful, the apo-R111M mutant was the only apo-

CRABPII crystal structure available at that time.

Ligand Entry Problem in CRABPII

It has been shown that binding of the ligand to proteins in the iLBP family usually
results in major changes in the structure of the protein.m"95 19 Chen et al. used their
structure of the R111M mutant of CRABPII to address the ligand entry issue.
Comparison of the RA-bound WT CRABPII to the apo-R111M mutant CRABPII
suggested that binding of the ligand is accompanied by major structural changes in the o2
helix, the BC-BD and the BE-BF hairpin loops of CRABPIL. It was thought that these

structural changes were necessary to open the binding pocket allowing RA entry.

4]



Further, a three-step mechanism of ligand entry was proposed, which consisted of:
opening of the binding pocket, exposure of positive electrostatic potential that directs RA
to the binding pocket, and interaction of three residues (Arglll, Argl32, and Tyr134)
located deep inside the pocket, with the carboxylic group of RA to stabilize bound RA
deep inside the binding cavity.'*’

To test the issues raised by Sessler et al.'® and Chen et al.'*®, we have crystallized
and determined the structure of apo-WT CRABPII at very high resolution (1.35 A). We
have also extended the resolution of the wild type CRABPII bound to RA
(CRABPII'RA) complex to 1.48 A resolution so that a more detailed comparison of the

two structures can be made.'>
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Chapter Il

Reengineering CRABPII into a Rhodopsin Surrogate

2.1 The Structure of CRABPII Bound to RA as a Starting Point

As mentioned in Chapter I, our goal is to study the mechanism by which
wavelength regulation takes place in each of the different rhodopsin pigments in eye.
Rhodopsin itself is a membrane protein and therefore is hard to study. Opsins are capable
of modulating the wavelength of the chromophore in ways that are difficult to impossible
to produce by solution model systems.' The only structure of a vertebrate rhodopsin is of
bovine rod rhodopsin,* which by itself cannot address the questions regarding the
mechanism of wavelength regulation in the eye. We believe that having a “protein
mimic” of rhodopsin would be a closer and more realistic model system.

Since many rational mutations are envisioned in achieving a mimic of the
rhodopsins, the utmost important factor was to choose a protein that is highly tolerant of
mutations and at the same time is easy to over-express and crystallize. A vast amount of
work has been done on studying CRABPs using spectroscopic techniques while both the
NMR and the X-ray crystal structures have been determined. These reports suggest that

512 Therefore we

CRABPs have a robust structure and are easy to manipulate and study.
chose CRABPII to be engineered as a rhodopsin mimic.

CRABPI]I, a small (137 residues and ~ 16 kDa MW) cytosolic protein with a large
(~ 600 A%) and embedded binding pocket, is comprised of two orthogonal five-stranded
B-sheets and a helix-turn-helix motif capping the portal of the binding pocket (Figure 1-

11). These features make CRABPII a very good candidate for our purposes. The
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embedded binding pocket ensures that absorption and binding properties will be sensitive
to mutation and the large binding pocket allows the chromophore to assume a favorable
conformation in the pocket and not have steric hindrance by the residues within the
pocket.

Figure 2-1 shows 11-cis-retinal bound to Lys296 via PSB inside the pocket of
bovine rod rhodopsin. Residues within 6 A of retinal and Lys296 are shown and residues
within 4 A of the PSB are labeled. Rhodopsin has a very hydrophobic pocket and the
pKa of its PSB is estimated to be ~ 16." It has been shown that Glul13, which is a
highly conserved residue among all vertebrate opsins,' plays the important role of
counter anion for the PSB, stabilizing its positive charge. In bovine rhodopsin this
residue is 3.22 A away from the nitrogen of the PSB, however it is postulated that the
counter anion may reside at varying locations in other opsins.'>'” Mutation of Glul13 to
Gln, led to a dramatic blue shift in the maximum absorption of retinal, from 490 nm to
380 nm, indicating deprotonation of the SB.'®

Therefore in order to reengineer the pocket of CRABPII into a mimic of
rhodopsin, first we need to design a Lys residue, inside the pocket, that can perform a
nucleophilic attack on the carbonyl carbon of retinal and form a SB with it. We also need
to position a counter anion for the PSB, a mimic of Glul13 in rhodopsin. In addition, the
hydrophilic residues in close proximity to the chromophore may need to be mutated to
more hydrophobic residues, mimicking the hydrophobic pocket of rhodopsin, in order to

lower the pK, of Lys and therefore making it a good nucleophile.



K296 bound to
11-cis-retinal
via PSB

Figure 2-1 Retinal in the binding pocket of bovine rod rhodopsin (PDB ID: 1F88), bound to Lys296 via
SB. Residues within 6 A of Lys296 and retinal (violet) are shown. Residues within 4 A of PSB are

labeled. The distances are in angstroms.

Crystal Structure of WT CRABPII Bound to RA (PDB ID: 2FR3)

We began with the structure of CRABPII bound to RA (CRABPII*RA) as our
starting model. This structure had been solved for the first time by Kleywegt et al. at
1.80 A (PDB ID: 1CBS, Figure 1-11),5 however we crystallized it in a different

crystallization condition; and extended the resolution to 1.48 A (PDB ID: 2FR3). The
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structure was refined with very good crystallographic R-factors of 12.30% and 17.09%
for Rwork and Ry, respectively. Our structure is identical to the published one, but the
higher resolution of our data makes a better and more detailed definition of the model
possible. The structure is in the P2,2,2, space group and has one molecule in the
asymmetric unit. The data collection and refinement statistics are reported in Tables 4-4
and 4-6 in Chapter IV, respectively. All-trans-RA binds inside the pocket with its
hydrophilic end buried deep inside the cavity, and its ionone ring partially solvent
exposed at the portal of the pocket (Figure 2-2-A). RA is mostly surrounded by
hydrophobic residues except for the carboxylate group region, which makes direct and
tight hydrogen bonds with Argl32 and Tyr134 from one side and water-mediated
hydrogen bonds with Argl11 and Thr54 from the other side of the pocket (Figure 2-2-B).
These tight hydrogen bonds make RA a very good binder to the protein (K4 ~ 2 nM).
Consistent with the structural data, a novel competitive binding assay was developed, by
Yan and his co-workers for measuring the relative dissociation constants of the site-
directed mutants of CRABPs. Argl11 and Argl32 of CRABPII were replaced with Met
by site-directed mutagenesis. The relative dissociation constants of R111M and R132M
(K4 (R111M)/ K4 (CRABP-II) and K4 (R132M)/ K4 (CRABP-II)) were determined to be
40-45 and 6-8, respectively.'” As further discussed in this Chapter, our mutants also

show the importance of these residues in RA binding.
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Figure 2-2 (A) RA in the pocket of WT CRABPII; (B) Hydrogen bond interactions of the

carboxylate group of RA with the residues inside the pocket. The distances are in angstroms.
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We believed that since all-trans-retinal and all-trans-RA have similar structures,
retinal would occupy a very similar position as RA does in the pocket of CRABPII. We
used all-trans-retinal because it is much more stable and less light sensitive compared to
its cis isomer (the natural substrate of visual rhodopsin). Although the wavelength
regulation may be slightly different by all-trans- vs. 11-cis-retinal, the interactions of the
chromophore and the electrostatic environment should be very similar in both isomers,
and follow the same principles. Thus, first we will test the proposed hypotheses using the
trans isomer and after achieving the potential mimic we will substitute it with the cis
isomer to have a closer mimic to rhodopsin.

In order to perform rational mutagenesis studies toward making the mimic, we
needed the crystal structures of the intermediate mutants. The structures not only could
depict the picture of the interactions of the residues with each other and the chromophore,
inside the pocket, but also could show the effect of the mutations on the overall structures
of the mutants. Experimental details of the crystallographic experiments are in Chapter
IV.

Since this project involves expression and purification of a significant number of
protein mutants, we decided to add an affinity purification tag, His¢-tag, to the protein to
minimize the amount of work and time spent on the purification process.'” This tag
consists of six His residues that will bind to a Ni** resin column (Ni-NTA, Novagen), and
allow a fast and clean purification. This was done by cloning CRABPII into a pET-Blue2
plasmid via Ncol and Xhol restriction sites. Details of the cloning procedure can be

found in Dr. Crist’s thesis.?’
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However, early on during crystallization trials it was out that the His¢-tag was
hampered crystallization and leading to only poor diffracting crystals. Since CRABPII is
known to produce well-diffracting crystals in the absence of a tag,”® we removed the
Hise-tag, which resulted in very well-diffracting crystals. This was not to our surprise
because there were other cases reported in the literature in which the Hise¢-tag had
hindered crystallization.21 It should be mentioned that there have also been cases where
the Hise-tag has had no negative effect on crystallization,?? but the general belief is that if
both tagged and non-tagged proteins have a comparable expression level, it is better to
work with a non-tagged protein because it can potentially modify the structure of the
protein, as reported in the case of B-lactamase of a thermophilic Bacillus licheniformis
strain.2® So our collaborators re-made all the mutant proteins without a Hise-tag.

Since His¢-tagged proteins are easier and faster to purify, Dr. Crist continued
most of the mutations and assays with His¢-tagged proteins on a pET-Blue2 vector. For
the best and most successful mutants Dr. Vasileiou made the similar mutant on a pET-
17b vector. Eventually we gave up on pET-Blue2 mutations and all the mutations were
performed on pET-17b vector. Details about the mutation protocols can be found in Drs.

Crist and Vasileiou dissertations.*?*

Having in hand two series of the same mutants,
tagged and non-tagged, verified that the extra residues resulting from the tag did not
change the binding and spectroscopic properties of the mutants. Therefore for the rest of
this discussion we make no distinction between Hiss-tagged and non-Hise-tagged

mutants.
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2.2 Spectroscopic Assays Used for Characterization of the Mutants

Once the mutants were prepared they were characterized by spectroscopic assays
to verify SB or PSB formation between retinal and the designed Lys residue. Also these
assays were used to measure the binding constants of RA or retinal to each mutant. Here,
I briefly discuss each of these assays to explain how they were used to characterize the
mutants. More details about the spectroscopic assays can be found in the doctoral theses

of Drs. Crist and Vasileiou, who performed the assays.”*?’

2.2.1 Circular Dichroism (CD) Spectroscopy

Circular Dichroism (CD) spectroscopy was used to make sure that the protein had
reserved its structuralintegrity.?’ The CD result will show the presence of o helices and B
sheets in the structure, but will not tell us exactly what percent of the protein molecules in
the sample has o helical and B sheet properties.”* Our further crystallization analysis
proved that CRABPII is a very robust protein upon mutation, except for mutation of

some fully conserved residues that proved to affect the structure of parts of the protein.

2.2.2 Measurement of Extinction Coefficient (g)
In the beginning we used the Bradford assay to measure the protein concentration,
which is based on the absorbance shift in Coomassie Brilliant Blue G-250 (CBBG) when

bound to Arg and aromatic residues.?®

However making a standard curve is very
important in this assay, which itself is nonlinear over a wide range of concentrations.
Also since response to different proteins can vary widely, choice of standard was very

important. Soon we realized that measuring concentration directly using Beer’s law

70



(Abs.=¢gbc) gives us more accurate and producible results. To measure the concentrations
using the Beer’s law, we need the value of the extinction coefficient (€) for each mutant.
These values are calculated following an accurate method (to + 5% in most cases)
developed by Gill and Vonhippel in 1989.27 The method is based on using the calculated
€ of denatured proteins in 6 M Guanidine HCI (g4en) to calculate € for the native proteins
(Enat)- E€den 1s dependant primarily on the number of Tyr, Trp and Cys residues present and

can be calculated according to equation:

€den = AETyr T b"'-':Trp + CEcys 2.1)

where a, b, and c represent the number of respective amino acids per molecule of protein,
and their € values have been determined experimentally (€1, = 5690 M! em’, ETyr =
1280 M em™, 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,PO,, 16 mM Na,HPQO,, 150 mM NaCl, pH = 7.3) and the other in a
denaturing buffer (6 M guanidine HCl, 4 mM NaH,PO,4, 16 mM Na,HPO,, 150 mM
NaCl), and the Abs;g for each sample is measured.

The €nx, the extinction coefficient for the native protein, can be determined

according to Beer’s law:

AbS nat + €nat = C nat (2.3)
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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 by:

= (Absnm )(gden ) (2 4)
nat ( A bsde,,)

The measurement must be repeated until a consistent number is obtained, since
the calculated number is what is used for the determination of the concentration of each

CRABPII mutant for all the following spectroscopic assays.

This method has proved very useful since it is simply based on the knowledge of
the amino acid sequence analysis. These values, measured by our collaborators, are listed

in Appendix 1.

2.2.3 Fluorescence Titration

Fluorescence quenching is used to measure the dissociation constant values for
binding retinal or RA to each mutant. We followed a method developed by Li and
coworkers,”® which was also used by other groups.'? The fluorescence emission of Trp
residues in the protein is monitored as a function of the added chromophore. When
chromophore is present inside the pocket, it quenches the fluorescence emission of the
Trp residues. The chromophore (RA or retinal) is added to the protein solution until no
change is observed in the fluorescence emissions of the Trp residues, or in other words
the pocket is fully saturated. There are three Trp residues in the pocket of CRABPII:

Trp7, Trp87 and Trp109, which are 10.7, 17.8 and 9.4 A, away from the nearest point on
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RA, respectively (Figure 2-3-A). A typical graph obtained from these measurements is
shown in Figure 2-3-B. Dissociation constant (Kg) values of RA or retinal for each
mutant are calculated using non-linear least square regression analysis of this data. These

values, measured by our collaborators, are listed in Appendix 2.

Relative Intensity

0 2 4 6 8 10
Equivalents Retinoic Acid & Retinal

Figure 2-3 The dissociation constant of the chromophore bound to the CRABPII mutants is determined
by measuring the fluorescence quenching of Trp residues inside the pocket. (A) There are three Trp

residues inside the pocket of CRABPII (Trp7, Trp87, Trpl09). (B) A typical fluorescence quenching

titration curve.

2.2.4 MALDI-TOF Assays
MALDI-TOF assays were performed on each mutant to verify whether a SB has
formed between the designed Lys residue and retinal. In order to perform these assays

two types of experiments were performed, which will be briefly discussed here.
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Incubation of Protein with Retinal Followed by MALDI-TOF

The protein is incubated with retinal. After giving the mixture sufficient time (1-

2 h) to form a SB' and equilibrate, the

sample is washed with ethanol and MNAJ’ Lys132

concentrated. The putative covalent bond (M + 266]"

formed between retinal and the designed Figure 2-4 Retinal bound to a designed Lys

Lys residue (Figure 2-4), can be detected as shows a peak at the mass of CRABPII plus

266.
an [M+266]" peak in the MALDI-TOF

spectrum.29

Reductive Amination of the SB Followed by MALDI-TOF

First the putative SB is reduced

using sodium cyanoborohydride Mﬁ/\f Lys132

(NACNBH3;) to covalently trap retinal (M + 268]"

inside the binding pocket and then the Figure 2-5 Retinal bound to the Lys residue
sample is analyzed using MALDI-TOF has a peak at the mass of CRABPII plus 268
when SB is reduced.
mass spectrometry. SB formation is
confirmed if a peak is observed at [M+268]" (Figure 2-5).
There is a necessity for both types of experiments, since while some
mutants have very stable SB, in some others the SB can be hydrolyzed and therefore

reductive amination will help to confirm SB formation. On the other hand in some other

mutants the SB cannot tolerate the reductive amination condition but can easily be
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detected by simply incubating the mutant with retinal. The results of MALDI assays,

measured by our collaborators, are listed in Appendix 2.

2.2.5 UV-vis Spectroscopy

UV-vis spectroscopy was used as our main
tool to distinguish whether a PSB has formed
between the designed Lys residue and retinal. Free
retinal absorbs at ~ 380 nm, either in ethanol or
TRIS buffer (storage buffer). When the
chromophore migrates to the binding pocket of the

protein we do not expect to see a significant change

in the absorption. However a ~ 10 nm blue shift is

Figure 2-6 Red shift of retinal

observed, probably due to the more hydrophobic absorption upon PSB formation
environment inside the pocket. We are sure there is

no SB formation taking place because MALDI indicates no SB formation. Upon
formation of a SB we do not expect a very large change in the Anma because only the
carbonyl oxygen of retinal is replaced with a nitrogen, which does not make a very large
difference in the absorption of the conjugated system, ~ 365 nm (Figure 2-6). However,
protonation of the SB increases the levels of cationic conjugation along the chromophore,

and therefore results in a dramatic red shift in the absorption of the chromophore (above

~ 420 nm).

2.3 X-ray Crystallography
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Having the X-ray crystal structures of the CRABPII mutants was a key factor in
performing rational mutagenesis studies toward making a mimic of rhodopsin.

When a crystal is exposed to X-rays, constructive interferences between rays
scattered from successive planes in the crystal will only take place if the path differences
between the rays are equal to an integral number of wavelengths. This is known as

Bragg’s law:
2dsin@ =nA (2.5

The Bragg equation gives the condition for diffraction so that if a crystal is rotated
in a beam of X-rays, the scattering pattern is a series of intensity maxima. In a crystal,
electrons in atoms are the scatters, and each atom has a different effectiveness as a
scatter. Consequently, when an experiment is carried out, a set of diffraction maxima of
different intensities are observed. The crystal is rotated to obtain the scattering intensity
at various angles. The scattering intensity depends on the scattering effectiveness of the

individual atoms and the phase of the wave from each scattering source, known as
individual structure factor ( fi). The structure factor, F(hk/), for each plane (hkl) can be
defined as the sum of the structure factors for individual atoms, fj, times a phase factor,

o.(hkl), for each atom. In other words, the structure factor can be represented by its

amplitude and phase:
F(hkl) =Y fi? ™ PIRI D) = F(hl)e! ") (2.6)

where, F(hkl) is the amplitude and 0l(hkl) is the phase.

76



When the diffracted X-ray is recorded, all information on the phase is lost and
only a measurement of the intensity of the diffracted beam is recorded. The intensity in

each spot of the diffraction pattern is given by:

I(hkl)=[F (ki) @.7)

The electron density, P(7), is a function of the coordinates of the scattering

centers (the atoms) and has a maximum around the position of each atom. What is
desired is to convert the measured structure factors into atomic coordinates. This is done
by taking the Fourier transform of equation 2.6. In this case, the Fourier transform takes
the structure factors, which are functions of the electron density, and inverts the
functional dependence so that the electron density is expressed as a function of the

structure factors:

p(r)= Liﬁamon e F(s)e™" " dv. 2.8)

where, dvs is a small unit of volume in diffraction space. The integration can be
replaced by a summation since IF(S) is not continuous and is non-zero only at the

reciprocal lattice points. Therefore:

p (X}’Z) — %Z Z F (hkl)e—zm(hxwgwlz)

h k

1 i gy ;
_ F hkl la(hkl)e 27i( hx+ky+1z) 2.9)
3T
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where, p(xyz)is the electron density at any point x,y,z and F(hkl)is the amplitude,

which is proportional to the square root of the measured intensity of each reflection,
labeled hkl.

The problem is that only the intensity, which is the square of the amplitude, can
be directly derived from the measured intensity of the diffracted beam. Since only
intensities but not phases are measured in the recorded diffraction pattern it is impossible
to determine the electron density, and therefore a structure, directly from a recorded
diffraction pattern. This is a major problem in crystallography and is referred to as the
“phase problem”.*"'

There are few methods by which the phase problem can be solved. (1) The

Patterson summation: This is a Fourier summation based on the experimentally observed
[IF (hkl )]2 . It is basically a vector map of the structure and is applied for relatively small

molecules. (2) Direct methods: In this method mathematical relationship between the
reflections can be used to provide phase information. (3) Heavy atom isomorphous
replacement: In this method a heavy atom is introduced to a structure to provide phase
information. (4) Anomalous scattering: In this method phase information is obtained
from the information contained in the scattering by an atom, which its natural absorption
frequency is close to the frequency of the incident radiation. (5) Molecular replacement
(MR) method: A known structure will be used to find the phase of the unknown structure.
However the use of this method is limited because to have a good chance of success in
finding a solution, the search and target molecules must have a reasonable sequence

identity (>25%). Likewise, having data with high completeness can be crucial. Most of

78



the time, but not always, molecular replacement seems to be relatively easier than the
other methods and is the first choice in solving the phase problem.

Since two crystal structures of CRABPII have already been solved, CRABPII'RA
(PDB ID: 1CBS)’ and the apo-R111M mutant of CRABPII (PDB ID: 1XCA)?, we could
easily use molecular replacement to determine the initial phases of each of the structures
of CRABPII complexes and its mutants.

Generally there are two steps in molecular replacement known as the rotation and

translation functions that will be briefly discussed here.

Rotation Function

The rotation function should allow the orientation of the search molecule, which
produces a maximal overlap with the target structure to be determined in the absence of
any phases for the unknown structure. To do this, it compares the Patterson self-vectors
of the known and unknown structures at different orientations of the search model. It
should be noted that Patterson functions can be calculated from the amplitudes only and
using Patterson space means that the translation vector is irrelevant, since all
intramolcular vectors are shifted to the origin. The rotation function is usually calculated
as a function of Eulerian angles, o, B and y. The molecule is placed in an orthogonal
coordinate system with the axis of highest symmetry along Z (about o) to reduce the

amount of computation.

Translation Function
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Having determined the angles, o, B and ¥y, from the rotation search the rotation
matrix can be used and applied to the coordinates of the search molecule. The shift
vector, which is required to position the search molecule correctly relative to the
symmetry elements of the target molecule, can be determined by one of a number of
translation searches. Patterson methods can be used to measure the overlap of the target
Patterson cross-vectors with those calculated for the oriented search molecule as it ranges
through the target cell. The simpler way to solve the translation problem is the reliability
factor (R-factor) search. It involves the calculation of an R-factor as the search molecule
and its symmetry mates are moved through the unit cell of the target crystal. The correct

position should give the lowest R-factor defined as:

Z |Fobs| - IF call

R= (2.10)

Z lFobsl

where, Fos and Fca are the observed and calculated structure factors, respectively.

Basically when a crystal structure is known, values of F(/k/)can be calculated and a way

to test the correctness of the structure is how well the calculated values of F(hk!)agree

with the observed ones. Any random collection of atoms in the cell has been shown to
result in an R-factor of 83% and 59% for centric and acentric space groups, respectively.
Therefore any model that gives R-factors approaching these values is just a little better
than a collection of atoms randomly placed in a cell. An R-factor around 45% tells us
that the solution is not hopeless but major changes are needed to fit the model. An R-

factor of ~ 35% is likely to be a correct solution. An R-factor of 25% and below
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indicates that the model is most probably correct except for small (1.0 A) atomic shifts
and changes in temperature factors (B-factors).

Other parameters such as the Correlation Coefficient (CC) can be used to measure
the agreement between the Fobsand Fea as the search model is moved around. CC can

be expressed as:

3 ([Fosf” {Fsf ) ([Fef” JFesf

5t ot ot )

The CC runs from —1 (perfect inverse correlation), through 0 (no correlation), to

2.11)

Fobs ? ’IFobs Fcal

+1 (perfect correlation). It has the advantages of being almost independent of scaling

between Fobs and Feu , and is much more sensitive than the R-factor in the region where
the R-factor approaches its random limits. Conversely, the coefficient approaches 1.0
closely as the R-factor goes below 20%, and thus becomes of limited value.*?

If successful, a preliminary model of the target structure will be obtained by
correctly orienting and positioning the search molecule in the target cell. Subsequently,
this model can be refined and optimized by rigid body refinement.

Since our structures were just point mutations of the previously determined
structures we could simply use rigid body refinement, to determine the phases in each

structure.

Structure Refinement
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Once one has overcome the phase problem and a solution is found for the
structure, 2Fobs-Fcal and Fobs-Fcal Fourier maps are calculated, and the atomic
positions are taken as the locations of the electron density function. The advent of high-
speed computers has led to widespread use of the method of least squares, which

automatically adjusts the parameters so as to minimize some functions such as
Z(Fobs-Fcal)z. Each residue will be fitted manually in the structure until the bias

introduced by the starting model is reduced considerably. A correct structure should have

33 A satisfactory value

a satisfactory R-factor with no major unexplained discrepancies.
for the R-factor depends on the resolution of the data. The higher the resolution the
lower the R-factor must be. Before refining the model, a fraction of the reflections,
usually 5-10%, are randomly chosen and put aside for cross-validation. This set of
randomly selected reflections is called the test set. All the fitting of the residues and
refinement will be done on the working set (95% or 90% of the data). Then two separate
R-factors are calculated. The R-factor calculated for the working set is called “Ryor” or
“Rreal’” and that of the test set is called “Rge.”. As the Ry, decreases upon model fitting,
the Rgee should concurrently decrease. Generally Ry, is higher than Re,;, however they
should not differ by more than 6-7%.3'°23435

Values of Ryok and Rgee are measures of the agreement between the values of the

observed structure factors, given by these equations:

Rwom=M (2.12)
Z IFobsl

Rieem 2. ||Fobe| —[Feal] @.13)

z |Fobs'
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For the resolution range of our structures (between 1.2-1.8 A) an R-factor (Rwork
or Reat) below 20% is acceptable but below 18% is more desirable. *>** All the R-
factors for the mutant structures that we worked on are between 12-18%, which indicates
that the models are well-defined in all structures.

Details about the expression, purification, crystallization and X-ray data

collection of each of the mutants are discussed in Chapter IV.

2.4 Enhancing the Fluorescence Titration Measurement

In order to increase the fluorescence emission of the Trp residues inside the
pocket and around the chromophore, which will enhance the fluorescence quenching
experiments, we decided to incorporate an additional Trp residue in the binding pocket
closer to retinal. F15W and L19W mutants were designed, in which the introduced Trp
residues are 4.5 and 3.7 A away from the nearest point on retinal, respectively. The
experimental details on mutating these two residues are discussed in Chapter IV. Phel5
and Leul9 are both located on the al helix (residues 15-21). The two single mutants,
F15W and L19W led to very poor binding of RA as compared to apo-wild type (apo-WT)
CRABPII (Table 2-1). They maximally absorb at similar wavelengths to WT CRABPIIL.
The absorption is similar, because mutation of Phe or Leu to Trp does not change the

hydrophobicity of the pocket, significantly.
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Table 2-1The spectroscopic and binding properties of F1SW, L19W and apo-WT CRABPII

Protein RA K4 Retinal K4 Retinal Apgy SB SB
(nM) (nM) (nm) (MALDI) Red. Am.

Apo-WT 20+£1.2 6600 + 360 377 No No

F15W 40+ 4 5957 + 355 372 No No

L19W 170 £ 22 900 + 38 378 No No

We undertook an effort to crystallize both of these mutants to determine whether
or not these mutations change the overall structure of the mutants. F15W produced
beautiful, orthogonal very well-diffracting crystals, which diffracted to 1.51 A (see
Chapter IV). However attempts in crystallizing L19W only resulted in small and non-

diffracting crystals.

Crystal Structure of F15SW (PDB ID: 2FRS)

This mutant was crystallized at room temperature (25 °C) and in a crystallization
condition containing 0.2 M bis-TRIS propane pH 6.5 and 30% PEG 4000. The structure
of FI5W was determined using the Molecular Replacement (MR) method and the
structure of R111M mutant (PDB ID: 1XCA)® as the search model. It should be
mentioned that rigid body refinement could be used to determine the phases of the
structure. However MR produced better R-factors and thus a better solution. The
structure was refined at 1.51 A with crystallographic R-factors of Reea1= 17.40 and Rree =
24.00. The crystallization, structure solution and refinement details are discussed in

Chapter IV.
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The crystal structure of the F15W mutant (Figure 3-6 Chapter III) demonstrated
that mutation of Phel5 to a Trp completely disrupted the residues in the a2 helix region
of Mol A (residues 25-37). Since Phel5 is a fully conserved residue (100%) in
CRABEPII, its mutation probably affects the integrity of the structure. More details on the
structure and comparing this structure with apo-WT CRABPII are discussed in Chapter
IIL.

Our efforts in producing diffracting quality crystals of L19W mutant were
unsuccessful. However since Leul9 is also one of the fully conserved residues in
CRABPII, we believe its mutation will also disrupt the structure. Thus further mutants
containing the F15W and/or L19W mutations were not pursued since they change the
three dimensional structure of the protein. Later we realized that there is no need for
enhancement of the fluorescence emission in the vicinity of the chromophore and the

results from the fluorescence titration assays are satisfactory.

2.5 Design of a Lys Residue Capable of SB Formation

In order to engineer CRABPII into a mimic of rhodopsin it is necessary to design
a Lys residue that is capable of forming a SB with retinal. There are two conditions that
need to be met: First the amino group of the putative Lys should be positioned within the
van der Waals (vdw) distance of the carbonyl group of retinal. Second, this amino group
should be in a proper direction with respect to the carbonyl plane for the attack to happen.
Biirgi and Dunitz through elegant crystallographic experiments, studying amine
nucleophiles attacking electrophilic carbonyls, have demonstrated that nucleophiles

attack carbonyl groups at a tetrahedral angle (105 + 5°) rather than perpendicular.3 $ This
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probably stems from a compromise between the perpendicular approach to the carbonyl,
maximizing overlap of the nucleophile HOMO with n*, and the electronic repulsion
between the nucleophile and z-electrons. Therefore one of our guiding principles
throughout the reengineering of CRABPII was to apply the same principle, namely,
orienting the bound retinal to the active site Lys with a favorable Biirgi-Dunit trajectory.

Based on our crystal structures and the work done by other groups we knew that
Arglll, Argl32 and Tyr134 are the three key residues in binding of RA to CRABPIL>®
In silico mutagenesis and minimizations of the structure of CRABPII*RA (performed by
our collaborators) led us to believe that Argl32 would be an ideal choice to be mutated to
a Lys residue which is capable of nucleophilic attack. The amino group of the modeled
Lys residue resided ~ 3 A away from the carbonyl carbon of retinal, modeled in similar
position as RA. On the other hand the minimized model indicated that Lys132 can
approach the carbonyl carbon of retinal from the side and an almost Biirgi-Dunitz-like
trajectory (an angle of ~ 135°). Tyr134 was also considered as a possible site to design
the Lys residue, however a series of mutants containing the Y134K mutation did not
result in a favorable PSB formation (see Dr. Crist’s dissertation).20

The binding constant of RA is much lower for the R132K mutant than WT(K4 of
apo-WT CRABPII = 2 + 1.2 nM, K, of R132K mutant = 65 + 14 nM), however, retinal
becomes a better binder and its dissociation constant decreases dramatically from 6600 +
360 nM in apo-WT to 280 £ 17 nM in the R132K mutant. The increased affinity of the
R132K mutant toward retinal is either due to SB formation with the designed Lys residue

at position 132 or to other considerations.*”*
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The maximal absorption of the mutant bound to retinal is ~ 379 nm, which is very
similar to that of apo-WT (~ 377 nm). Since the R132K mutant did not red shift the
absorption of retinal, it must therefore not form a PSB. However, both incubation and
reductive amination MALDI experiments verified the SB formation in this mutant.
Similar MALDI experiments on apo-WT CRABPII did not show any SB formation
between retinal and the protein. Thus the SB in the R132K mutant indeed must be
between retinal and the designed Lys residue. For detailed experimental procedures and

5

spectra see Dr. Vasileiou’s dissertation.”> We did not study this mutant by X-ray

crystallography.

2.6 Hydrophobic Tuning of the Pocket and Design of a Favorable
Nucleophilic Attack

The binding pocket of this mutant was modeled using minimization techniques
(see Dr. Vasileiou’s dissertation).25 In this model the only polar residue within 4 A of the
amino group of the engineered Lys residue was Tyr134 (3.39 A). The hydropathic index
of Tyr and Lys are -1.30 and -3.9, respectively.’’ The more negative this number the
more hydrophilic is the residue. Due the close proximity of Tyr134 to the designed Lys
at position 132, the hydroxyl of Tyr134 may make the environment of Lys132 more
hydrophilic. This increased hydrophilicity might make Lys132 protonated and therefore
a weak nucleophile.

On the other hand, as shown in Figure 2-2-B, the hydroxyl group of Tyr134
makes a direct and tight hydrogen bond interaction with the carboxylate group of RA

(2.44 A). If the same interaction exists between the carbonyl group of retinal and

87



Tyr134, it might prevent free rotation of retinal to form a favorable Biirgi-Dunitz
trajectory with respect to the amino group of Lys132. Thus mutation of Tyr134 to Phe
was assumed to help SB formation in two ways: First, by increasing the nucleophilicity
of Lys132; and second, by giving retinal freedom to rotate and assume a favorable
orientation for the nucleophilic attack. Measuring the binding properties of this mutant
verified a significant increase in binding affinity toward retinal (K4 = 120 + 5 nM) and a
decreased affinity toward RA (K4 = 100 + 7 nM), which were both expected because we
have mutated Tyr134, a key residue in binding of RA, to a hydrophobic residue. The
spectroscopic and binding properties of WT, R132K and R132K:Y134F are shown in

Table 2-2.

Table 2-2 The spectroscopic and binding properties of WT and engineered CRABPII mutants

Protein RA K4 (nM) Retinal K, (nM) Retinal Ay, (nm)  SB formation.
WT 20+1.2 6600 + 360 377 No
R132K 65t 14 280 t17 379 Yes
R132K:Y134F 100+ 7.1 120+ 4.9 404 No

However, MALDI assays showed an unexpected result for this mutant. Analysis
of the protein sample after incubation with retinal resulted in a very small peak, which
was due to the covalent adduct that formed between retinal and Lys132. This data
indicated that a very small portion of the bound RA formed a SB. On the other hand,
reductive amination of this putative SB followed by MALDI did not support any SB

formation. This experiment was repeated many times while varying the reaction
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conditions, such as incubation time and amount and reaction time of reducing agent
(NaCNBH3) used, but the same result was obtained. It was interesting to explain why
while R132K mutant formed a SB, R132K:Y 134 did not. We were concerned that SB
had formed, however it was not stable enough to be detected by MALDI.

UV-vis data also did not indicate PSB formation. The R132K:Y134F mutant
bound to retinal (R132K:Y134F<Retinal) maximally absorbed at ~ 404 nm, which is a ~
25 nm red shift compared to the R132K mutant. This is not a red shift consistent with
PSB formation (based on solution studies, formation of a stable PSB leads to ~ 60 nm red
shift). So the red shift observed in this mutant must be due to making the pocket more
hydrophobic. In fact another mutant of CRABPII, R132L:R111L, is in agreement with
this hypothesis. In this mutant both Argl32 and Argll1 are mutated to a hydrophobic
residue (Leu). Although there is no engineered Lys residue which can form a PSB, the
mutant red shifts the maximum absorption of retinal to ~ 400 nm. In addition, MALDI
experiments indicate no evidence of SB formation in this mutant. Therefore these
observations suggest that the red shift observed in the R132K:Y134F mutant must be a
result of positioning retinal in a more hydrophobic pocket. It is not yet clear how making
the pocket more hydrophobic leads to a bathochromic shift.

There have been other reports of red shifted absorption of retinal in the binding
pocket of proteins, without SB formation. For example, in the case of cellular
retinaldehyde binding protein (CRALBP), which plays a fundamental role in vitamin A
metabolism in the retina and retinal pigment epithelium (RPE), a bathochromic shift was
observed from 380 to 425 nm. A series of reductive aminations in the presence of retinal

failed to produce a covalently bound protein-ligand species by MALDI mass

89



spectrometry. Thus the observed red shift was attributed to other interactions, such as
unspecified electrostatic interactions between retinaldehyde and the hydroxyl-bearing
(Thr, Tyr and Ser) and ionizable amino acids inside the pocket of CRALBP.*#2 A
similar red shift was observed in the spectrum of retinol inside the pocket of cellular
retinol binding protein (CRBP). CRBP has a very similar structure to CRABPII and also
belongs to the iLBP family. Free all-trans-retinol absorbs at ~ 325 nm, however when it
binds inside the pocket of CRBP the Apax shifts to ~ 350 nm (a ~ 25 nm red shift).
Although the role of electrostatic interactions should not be underestimated, it is believed
that retinol assumes a more planar conformation when it is inside the protein pocket than
in solution and therefore the polyene is further conjugated.”*** Since retinol is an
alcohol, unlike retinal, it cannot form a SB with the residues inside the pocket.

The above examples cannot provide a solid explanation for the red shift observed
when the chromophore is inside the hydrophobic pocket of the protein but can suggest
some possible explanations.

We undertook an effort to crystallize R132K:Y134F bound to all-trans-retinal.
Contrary to the spectroscopic assays, which can only provide indirect evidence of SB
formation, the crystal structure of the mutant bound to retinal can directly depict the
binding pocket of the protein and therefore verify whether a SB has formed. Also the
crystal structure can help us perform more rational mutations toward designing a mimic
of rhodopsin.

Both RA and retinal are light sensitive molecules (retinal is much tﬁore light

sensitive than RA), therefore all the manipulations and crystallization of RA- and retinal-
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bound CRABPII were performed in the dark and under red light (see Chapter IV for more
details).

Our initial attempts in crystallizing the retinal-bound CRABPII were
unsuccessful. However we successfully crystallized both the apo- and RA-bound
R132K:Y134F mutant to gain an insight into the binding pocket of this mutant and also
to study the effects of these two mutations on the overall structure of the protein. The
apo-structure of this mutant has a very similar overall structure to apo-WT CRABPII
(RMSDs between Mol A’s and Mol B’s are 0.168 and 0.343 A, respectively), which
indicates that these two mutations do not change the overall fold of the structure. More

details about the apo-structures are discussed in Chapter III.

Crystal Structure of R132K:Y134F Bound to RA (PDB ID: 2G78)

The structure of R132K:Y134F bound to RA (R132K:Y134F*RA) was
determined and refined at 1.70 A with good crystallographic R-factors of Ryox = 14.50%
and Rgee = 20.28%. The structure is in the P2,2,2, space group, has one molecule in the
asymmetric unit and has a unit cell almost identical to that of CRABPII*RA. The data
collection and refinement statistics are reported in Tables 4-4 and 4-6 in Chapter IV,
respectively. This structure, superimposed on the structure of WT CRABPIIRA, is
shown in Figure 2-7-A, which shows that the structure of R132K:Y134F<RA is almost
identical to that of CRABPII*RA (RMSD = 0.182 A). This similarity between the mutant
and WT indicates that the mutations do not change the integrity of the structure.

As shown in Figure 2-7-B, interestingly also in this structure, we observed a very

similar water-mediated network that connects Arglll to Ala36, located on the loop
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connecting a2 to BB. This observation suggests the importance of Argl11 and water-
mediated interactions in the structural integrity of CRABPII. The path of the water-
mediated network is as follow: guanidine of Argl11 - water 11> carboxylate group of
RA = amino group of Lys132-> carbonyl of Ala36. Unlike WT CRABPII*RA and apo-
WT structure, Argl11 does not have water-mediated interaction with Val33, on the a2
helix. This suggests that possibly interaction with Ala36 is more determinant for the

structure.
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Figure 2-7 (A) Overlaid structures of R132K:Y134F+<RA (brown) and WT CRABPII‘RA (yellow). (B)
Water-mediated interaction between Arglll and Ala36, located on the loop connecting a2 to BB, in

R132K:Y134F<RA. The distances are in angstroms.
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Figure 2-8 shows an overlay picture of WT CRABPII*RA and R132K:Y134F<RA
in the vicinity of RA. RA occupies a similar position in the two structures. The ionone
ring and most of the backbone occupy very similar positions, however since Tyr134 is
mutated to a hydrophobic residue, Phe, the carboxylate group moves down toward
Argl11 (the carbon of the carboxylate group moves by ~ 0.92 A) and therefore tilts the
backbone by ~ 5.23° (Figure 2-8-B). In both structures, the carboxylate group of RA
interacts with Arglll and Thr54 through a water molecule (water 11 in the double
mutant). This water mediated interaction is very similar to what we observed in the
structure of WT CRABPII*RA, and in fact the two water molecules that mediate the
hydrogen bond interaction between Argl11 and RA occupy identical positions (Figure 2-
8-A). In the double mutant the carboxylate oxygen of RA is further from N° of Lys132
(3.19 A, Figure 2-8-A) than it is to the guanidino group of Argl132 in WT (2.67 A, Figure
2-2-B). Possibly due to the more hydrophobic pocket of the double mutant compared to
WT, the amino group of Lys132 is not protonated in the double mutant and, therefore,
has a weaker interaction. The angle formed between the N°® of Lys132 and the carbonyl
is -52.99° for the carboxylate oxygen pointing towards Lys132 and 162.86° for the
carboxylate oxygen pointing away.

One can expect that since retinal has a carbonyl group instead of a carboxylate it
will only interact with Argl11 and Thr54 through a water molecule and not with Lys132.
This interaction will position the carbonyl group of retinal a large distance away from N°
of Lys132 and also in an unfavorable Biirgi-Dunitz trajectory, which will prevent SB

formation. Also, if retinal is bound to Arglll and Thr54, by forming tight hydrogen
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bonds as RA does, it will not be free to rotate and form a favorable position for the
nucleophilic attack by Lys132.

As further discussed in Chapter IV, we learned that retinal in the protein solution,
not only is light sensitive but also, is temperature sensitive. As a result, we successfully

crystallized R132K:Y 134F+Retinal in the dark (under red light) and at 4 °C.
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Figure 2-8 (A) RA and the neighboring residues in the pocket of R132K:Y134F+<RA overlaid on WT

T54

CRABPII‘RA. The distances are in angstroms. (B) RA in the double mutant tilts by 5.23° and the

carbonyl carbon moves by 0.92 A. Only residues of the double mutant are labeled in each picture.
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Crystal Structure of R132K:Y134F Bound to Retinal (PDB ID: 2G79)

The structure of R132K:Y13F bound to retinal (R132K:Y134F<Retinal) was
determined and refined at 1.69 A with crystallographic R-factors of Ryoi = 15.52% and
Rfree = 21.37%. The unit cell is virtually identical to that of the previously bound
structures. The data collection and refinement statistics are reported in Tables 4-4 and 4-
6 in Chapter IV, respectively. The overall structure is almost identical to the structures of
WT CRABPII'RA (RMSD = 0.449 A) and R132K:Y134F+RA (RMSD = 0.373 A). The
overlaid structures of the R132K:Y134F<Retinal and WT CRABPII‘RA are shown in
Figure 2-9-A.

This structure shed light on whether retinal is bound as a SB or free retinal inside
the pocket. As discussed earlier, reductive amination of the complex followed by
MALDI suggests that when retinal binds inside the pocket, it does not form a SB.
However this was an unexpected result because the mutant has a designed Lys residue
which is expected to form a SB with retinal, as the R132K mutant does. Figure 2-9-B
shows retinal within its unbiased Fo-Fc omit electron density map contoured at 2 6. The
high resolution map clearly shows that retinal does not form a SB, and in fact is in

agreement with the MALDI experiments.
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Figure 2-9 (A) Overlaid structures of R132K:Y134F<Retinal (blue) and WT CRABPII‘RA (yellow);
(B) Retinal inside the pocket of R132K:Y134F¢Retinal within its Fo-Fc omit electron density map

contoured at 2.0 ¢
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Interestingly the Fo-Fc omit map of retinal shows two unevenly occupied
conformations for retinal (Figure 2-9-B). Most of the backbone has one conformation but
the ionone ring and the carbonyl group have two conformations, which are ~ 180° from
each other. The two conformations were built as 70% and 30% occupied, based on the
overall R-factors of the structure and the B-factors of the two conformations (see Chapter
IV for more details). The conformation in which carbonyl points toward Lys132 (30%
occupied) makes a 70° trajectory with N° of Lys132, while the other conformation makes
a 146° angle. Lys132, itself, has two conformations in this structure, which seem to be
evenly occupied (50%).

Figure 2-10 shows the binding pocket of retinal- and RA-bound R132K:Y134F
mutant. As shown, retinal occupies a very similar position as RA in this mutant. This
observation suggests that our assumption that retinal and RA occupy a very similar
position in the same mutant, is a valid one. As we had predicted from the RA-bound
structure of this mutant, the carbonyl group of retinal makes a bond to Argl11 and Thr54
through a water molecule (water 10 in R132K:Y134F<Retinal), as RA does in the pocket
of R132K:Y134F (and WT). The two water molecules that are bound to Arglll and
mediate the interactions between Argl11 and the chromophore occupy identical positions
in the two structures (Figure 2-10).

Note that the double mutant does not form a SB with the Lys residue in this
mutant presumably because the carbonyl cannot adopt a favorable orientation for
nucleophilic attack. The N° of Lys 132 is 3.55 A distant from the oxygen of the carbonyl
group of retinal (and 3.76 A distant from the carbonyl carbon) and therefore can no

longer form a tight hydrogen bond with retinal. As mentioned in the structure of
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R132K:Y134F<RA, since the pocket is more hydrophobic in the double mutant compared
to WT, the amino group of Lys132 is probably not protonated and cannot interact with
the carbonyl group of retinal. Therefore, the majority of the time, the carbonyl of retinal
is pointing towards Arglll and forms a tight hydrogen bond with it through a water
molecule (water 10). Therefore Lys132 cannot perform a nucleophilic attack on the
carbonyl carbon of retinal in this mutant because, for a majority of the time, retinal is

positioned in an unfavorable position for nucleophilic attack.

\ 3.55
-—);‘ Water 10
Retinal Water 12
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§ \281 |
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Figure 2-10 Retinal and neighboring residues to its carbonyl group inside the binding pocket of
R132K:Y134F<Retinal (blue) overlaid on RI132K:Y134F-RA (brown). Only residues of
R132K:Y134<Retinal are labeled. The distances are in angstroms and show the hydrogen bond

distances in R132K:Y 134F<Retinal.
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The overlaid structures of R132K:Y134F<Retinal and R132K:Y134F+RA are
shown in Figure 2-11-A. The a2 helix and the loop connecting this helix to BB have
identical conformation in the two structures, as observed in apo-WT, apo-R132K:Y134F
and WT CRABPII'RA. A similar water-mediated interaction, as observed in the
previous structures, connects Arglll to Ala36 on the loop region. The path of the
network is as follow: Arglll > water 10 - carbonyl of retinal & N° of Lys132 =
carbonyl group of Ala36 (Figure 2-11-B).

It is clear from the latter two crystal structures that the plane of the carbonyl has
to be rotated (~ 45° counterclockwise, considering the chromophore with the carbonyl
oxygen pointing toward Lys132) along the long axis of the chromophore in order to

achieve a favorable trajectory for nucleophilic attack.

2.7 Facilitation of the Nucleophilic Attack and Design of a Counter Anion
for the PSB

The crystal structure of the double mutant bound to retinal indicates that Argl11
hydrogen bonds to retinal and positions it in an unfavorable position for the nucleophilic
attack by Lys132 (the N®of Lys132 is 3.76 A away from the carbonyl carbon of retinal in
the 30% occupied conformation). Therefore we decided to remove the unfavorable
interaction of retinal with Arglll and Thr54 by removing water 10 (in
R132K:Y134F<Retinal structure, Figure 2-10). Water 10 was eliminated by mutating
Arglll to Leu (the R132K:Y134F:R111L mutant) and Thr54 to Val resulting in the tetra

mutant, R132K:Y134F:R111L:T54V.
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Figure 2-11 (A) Overlaid structures of R132K:Y134F¢Retinal (blue) and R132K:Y134F<RA
(brown). (B) Water-mediated interaction between Argl11 and Ala36, on the loop connecting a2

to BB, in R132K:Y134F¢Retinal. The distances are in angstroms.
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The R132K:Y134F:R111L (or triple) and R132K:Y134F:R111L:T54V (or tetra)
mutants were studied using spectroscopic assays. The triple mutant bound to retinal
maximally absorbs at ~ 400 nm. The maximum absorption is very similar to that of the
double mutant. RA binding is down 10 fold (K4 = 1000 + 28 nM) compared to the
double mutant, which is expected because Arglll a key residue in RA binding and is
mutated to a hydrophobic residue. However the retinal binding affinity (K4 = 160 + 6.7
nM) does not change significantly as compared to that of the double mutant. Since the
triple mutant has a very similar A, to the double mutant (R132K:Y134F) we conclude
that it must also be unable to form a PSB. However, both incubation and reductive
amination MALDI experiments verified SB formation in this mutant.

The tetra mutant, R132K:Y134F:R111L:T54V absorbed maximally at ~ 400 nm,
similar to double and triple mutants. The binding of RA did not change considerably
compared to the triple mutant (K4 = 900 + 64 nM), which indicates that Argl11 plays a
more important role in RA binding compared to Thr54. However, retinal is a two fold
better ligand (K4 = 84 + 12 nM) compared to the triple mutant, which must be due to the
more hydrophobic pocket resulting from the T54V mutation. Again a PSB formation was
not indicated by a red shift in the UV-vis data, however both incubation and reductive
amination MALDI experiments verified SB formation in this mutant.

As mentioned above, our goal is to form a stable PSB between retinal and Lys132
to mimic PSB formation in the binding pocket of rhodopsin. As shown in Figure 2-1, the
active site Lys residue in rhodopsin, Lys296, is surrounded by hydrophobic residues and
is not in close contact with any polar residue with the exception of Glul13 and Ser186.

These two residues are 3.22 A and 3.66 A away from the nitrogen of PSB, respectively.
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Glul13 plays the important role of being the counter anion for the PSB, stabilizing its
positive charge. Although the previously discussed mutants verified SB formation, none
of them indicated any PSB formation between retinal and Lys132. Therefore we decided
to introduce a negatively charged residue close to the SB to stabilize a positive charge on
the nitrogen of the SB.

As previously mentioned, in rhodopsin the position of the counter anion can
change the maximum absorption of the chromophore. Several positions were considered
for the placement of the PSB counter anion. Minimized models were studied in which
the counter anion (Glu) was placed in positions 54, 121, and 111, the residues around the
SB. The models suggested that position 121, which is 2.59 A away from the SB nitrogen,
is an ideal position for placing the counter anion. Since we believe retinal will rotate to
assume a favorable Biirgi-Dunitz trajectory with respect to N° of Lys132, positioning of
the counter anions at the other two positions will place them at a far distance from the
PSB (see Dr. Vaileious’s dissertation)?.

Besides being a counter anion, Glul21 may play an important role in positioning
retinal in a favorable orientation for the nucleophilic attack. As shown in the crystal
structure of R132K:Y134F<Retinal in Figure 2-12, Leul21 is positioned midway between
Lys132 and Arglll. Therefore Glul21 interaction with the oxygen of the carbonyl can
position retinal in a closer position to Lys132 and lead to a more favorable Biirgi-Dunitz
trajectory, necessary for nucleophilic attack. In fact the importance of the L121E
mutation in positioning retinal for a favorable nucleophilic attack was confirmed by the
R132K:Y134F:L121E mutant. Although the R132K:Y134F mutant did not form a SB

with retinal, mutation of Leul21 to Glu restored the ability of the protein to form a SB.
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Figure 2-12 Binding pocket of R132K:Y134¢Retinal. Leul21 is located midway between Lys132 and

Argl11, making it a good choice for placing the counter anion.

The resulting penta mutant, R132K:Y134F:R111L:T54V:L121E, when bound to retinal,
maximally absorbs at 382 and 446 nm. The significant amount of red shift is a strong
indication that a PSB has formed between retinal and Lys132. However the mixture of
the two peaks can be attributed to a mixture of protonated and non-protonated SB. This
observation suggests that Glul21 possibly is not a strong counter anion for the PSB.
Both incubation and reductive amination MALDI experiments verified the SB formation,
which is in agreement with what we expected based on UV-vis data that suggest PSB
formation. Retinal binds to this mutant with a very high binding affinity (Kq = 2.7 £ 7
nM), which is almost 30 times better than the tetra mutant (R132K:Y134F:R111L:T54V).
This must be due to facilitation of SB formation by positioning Glu in position 121 and
stabilization of the putative PSB. The penta mutant becomes a slightly better binder

toward RA (K4 = 250 £ 19 nM) upon introduction of the L121E mutation. This
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observation could be explained from the crystal structure of the penta mutant bound to
RA and will be discussed later in this chapter. The summarized spectroscopic and

binding properties of the mutants that we discussed thus far are shown in Table 2-3.

Table 2-3 The spectroscopic and binding properties of CRABPII and its mutants toward engineering the

R132K:Y134F:R111L:T54V:L121E

- Bl
WT 2012 6600+ 360 377 No
R132K 65+ 14 280 £ 17 379 Yes
R132K:Y134 100+ 7.1 120+ 4.9 404 No
R132K:Y134F:R111L 1000 + 28 160+6.7 400 Yes
R132K:Y134F:R111L:T54V 900 £+ 64 84+£12 400 Yes
R132K:Y134F:R111L:T54V:L121E 250 t+ 19 27x7.0 446 Yes

We undertook an effort to crystallize the penta mutant bound to retinal. The
structure could first of all depict the SB formation between retinal and Lys132 and also
give us an insight into the interactions inside the pocket of the mutant. Unfortunately all
attempts in co-crystallizing the penta mutant bound to retinal were unsuccessful. We
performed the crystallization experiments in the dark, both at room temperature and at 4
°C. 1,2, 5 and 10 equivalents of retinal were tried. Both ~ 10 and ~ 20 mg/mL protein
concentrations were tried.

Since co-crystallization experiments did not produce any crystals, we tried

soaking apo crystals of the penta mutant in retinal solutions. We tried different soaking
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times and different equivalents of retinal (as explained in chapter IV). The soaking
experiments were performed in the dark and at 4 °C. Data were collected for the soaked
crystals and structures were determined for numerous crystals with various soaking times.
None of the soaked crystals showed any evidence of retinal inside the pocket. However,
interestingly, soaking significantly improved the resolution of the crystals. Although the
highest resolution crystals of apo-penta mutant diffracted to 1.60 A, soaking improved
the resolution to 1.20 A. Therefore one of the best diffracting soaked crystals was used to
determine the structure of the apo-penta mutant. This structure is discussed in Chapter
III. Since our efforts in crystallizing the penta mutant bound to retinal were unsuccessful,
we decided to crystallize the mutant bound to RA to gain an insight into the designed
binding pocket. We could successfully crystallize and determine the structure of the RA-

bound mutant.

Crystal Structure of R132K:Y134F:R111L:T54V:L121E bound to RA (PDB ID: 2G7A)

The structure of RI132K:Y13F:R111L:T54V:L121E bound to RA
(R132K:Y134F:R111L:T54V:L121E°RA) was determined and refined at 1.57 A and
crystallographic R-factors of Ryok = 12.17% and Rgee = 16.81%. The structure is in the
P2,2,2, space group and has one molecule in the asymmetric unit. The data collection
and refinement statistics are reported in Tables 4-4 and 4-6 in Chapter IV, respectively.
The overall structure is almost identical to that of WT CRABPII*RA (RMSD = 0.492 A)
and R132K:Y134F+<RA (RMSD = 0.318 A). The overlaid structures of the penta mutant

bound to RA and WT CRABPII*RA are shown in Figure 2-13-A.
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As shown in Figure 2-13-B, RA occupies a similar position in the penta mutant as
in the WT protein. The ionone ring and most of the backbone of the chromophore
occupy identical positions, however the carboxylate group moves toward Glul21 tilting
the backbone by 5.90° and moving the carboxylate carbon by 1.27 A (Figure 2-13-B).
This motion is due to different interactions than what was observed in the pocket of WT.
In the latter, RA hydrogen bonds to Argll1, Lys132 and Tyr134. However in the penta

mutant these three residues are mutated to hydrophobic residues.

108



K132

F134 '
%21
' ©
e k!
L111
V54

Figure 2-13 (A) The structure of R132K:Y134F:R111L:T54V:L121E*RA (magenta) superimposed

on the structure of WT CRABPII‘RA (yellow). (B) RA and the neighboring residues to its
carboxylate group in the pocket of the penta mutant (magenta) and WT CRABPII*RA (yellow).

Only the residues of the penta mutant are labeled.
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Interestingly the crystal structure of the RA-bound penta mutant showed that RA
binds to this protein by forming a tight dicarboxylic acid interactions with Glul21
(Figure 2-14). This observation could explain the increased affinity of RA for the penta
mutant (K4 = 250 £ 19) , as compared to the tetra mutant, R132K:Y134:R111L:T54, (K4
= 900 £ 64). As shown in Figure 2-14, the carboxylate group of Glul2l has two
conformations that each are 50% occupied. The oxygens of the two carboxylate groups

are ~ 2.6 A away from each other, at their shortest distances. This tight dicarboxylic

Water 1

yos L111

Figure 2-14 The binding pocket of R132K:Y134F:R111L:T54V:L121E-RA. RA and Glul21 make
tight dicarboxylic acid interactions with each other, indicating that both groups are protonated.

Distances are hydrogen bond distances in angstroms.
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interaction indicates that both RA and Glul21 must be protonated. This is not to our
surprise because the pocket of the penta mutant is highly hydrophobic. Considering the
fact that a hydrophobic environment cannot tolerate charges, it is expected that both
carboxylate groups become protonated in this pocket. Previous reports on similar cases
have shown that within a hydrophobic cavity the pK, of a Glu residue can be increased
by 5 units.*’

As shown in Figures 2-13-B and 2-14, the hydrogen bond interaction observed
between Arglll and RA is broken upon R111L mutation. A 50% occupied water
molecule forms a hydrogen bond with the carboxylate group of RA. Probably the other
half of the time this water molecule is disordered and that is why it cannot be seen in the
crystal structure as a fully occupied water. This water cannot be fully occupied because it
is positioned too close to one of the conformations of the carboxylate group of Glul21
The distance of 2.11 A, shown in red, does not exist and water 1 will be disordered when
the carboxylate moves toward it.

In this structure, unlike other structures, Lys132 has moved toward the RA and
Glul21 and makes direct hydrogen bonds with both of them. Therefore Glul21 seems to
help facilitate the nucleophilic attack by positioning Lys132 in a closer proximity of
retinal and also possibly by protonating the oxygen of the carbonyl group of retinal.
Besides, since Glul21 is positioned midway between Lys132 and Argl11 (Figure 2-12),
its interaction with the oxygen of the carbonyl group of retinal through a hydrogen bond
(as in the RA-bound structure) could rotate the carbonyl plane in a more favorable

arrangement to achieve the necessary Biirgi-Dunitz trajectory.
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As will be discussed in Chapter III, comparing the apo-mutants of CRABPII in
which Argl11 is mutated into a hydrophobic residue shows that this mutation destabilizes
the structure, particularly at the a2 helix and the loop connecting this helix to BB.
However, although Argl11 is mutated to Leu, the structure of the penta mutant bound to
RA shows an almost identical structure to WT bound to RA. Investigating the
interactions inside the pocket shows a water-mediated interaction between the designed
Glul21 and Ala36 (the first residue on the loop connecting a2 to fB), and also Val33 (on
the a2), as observed in other structures between Argl11 and the two latter residues. The
water-mediated interactions are as follow: carboxylate of Glul21 > carboxylate of RA
- N° of Lys132 - water 189 - water 62 > carbonyl of Ala36; and carboxylate of

Glul21 > carboxylate of RA > N° of Lys132 -> water 189 - water 62 - water 65 =

carbonyl of Val33 (Figure 2-15).

K132

a2 helix
E121

Figure 2-15 Binding pocket of the penta mutant bound to RA: A water-mediated interaction connects

Glul21 to the residues on the o2 helix region and stabilizes them. The distances are in angstroms.
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Figure 2-16 shows the superimposed binding pockets of the penta mutant bound
to RA and R132K:Y134F bound to retinal. Interestingly the overlay shows that retinal in
the double mutant occupies almost an identical position as RA in the penta mutant.
Residues of both mutants are labeled. Lys 132 has two conformations in the double
mutant, however in the penta mutant since Leul21 is mutated to a Glu, Lys132 moves
toward Glul2l to form a hydrogen bond with it and therefore assumes only one
conformation (see Figure 2-14 for the hydrogen bond distances). The overlaid structures

show that L121E and R111L mutations do not change the position of the chromphore.
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Figure 2-16 R132K:Y134F:R111L:T54V:L121E-RA (magenta) superimposed on

R132K:Y134F<Retinal (blue). Residues of both structures are labeled.
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2.8 Restoring Tyr134: Enhancing Formation of a Counter Anion,
Orienting Retinal for a Favorable Nucleophilic Attack

Although Glul21 was proven essential for PSB formation, the mixture of the
peaks in the UV-vis absorption of the penta mutant bound to retinal, at 382 and 466 nm,
indicates that Glul21 is not a strong counter anion for the putative PSB. In addition the
crystal structure of the mutant bound to RA suggests that Glul21 is at a protonated state
in this pocket. However, in order to act as a good counter anion Glul21 needs to be
deprotonated. Therefore both the structural and UV-vis data indicate that possibly, in the
penta mutant, the pocket has become “too hydrophobic” in the vicinity of Glul21.

As apparent from the crystal structure of WT CRABPII*RA, Tyr134 is in close
proximity of Leul21 (Figure 2-2-B), and therefore if it is restored in the pocket of the
penta mutant would also be in close proximity to Glul21. Based on this analogy and in
order to increase the hydrophilicity of the pocket to help deprotonation of Glul21, we
decided to restore Tyr at position 134.

The idea of restoring Tyr134 at position 134 was pursued for an additional reason.
As mentioned earlier, although the R132K mutant can form a SB with retinal,
R132K:Y134F does not form a SB because upon Y134F mutation retinal is positioned
from Lys132 and interacts with Arglll (Figure 2-10). As the crystal structure of
R132K:Y134F¢Retinal (Figure 2-10) shows, the motion of retinal toward Argll1l will
position retinal in an unfavorable position for the nucleophilic attack by Lys132. SB
formation was restored through additional mutations resulting in the penta mutant,
capable of forming a PSB. As shown in the superimposed crystal structures of WT and

R132K:Y134F bound to RA (Figure 2-8), Lys132 and Tyr134 are in close proximity of
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each other. Therefore Tyr134 could possibly position retinal in a favorable position for
the nucleophilic attack, by positioning the electrophile and nucleophile next to each other.
In addition, Tyr134 may help protonation of the carbonyl for the nucleophilic attack by
Lys132.

Figure 2-17 shows the overlaid structures of WT CRABPII‘RA,
R132K:Y134F<Retinal and penta mutant bound to RA (from WT CRABPII*‘RA only
Tyr134 and from R132K:Y134F<Retinal only retinal are shown. The rest of the residues

are from the penta mutant bound to RA). As discussed earlier, retinal in the double

F134 in
K132 in
the penta mutant the penta mutant

2.96

- i’, T Yisainwr

E121 in the penta mutant
Two conformations of
retinal in R132K:Y134F

L111 in the penta mutant

Figure 2-17 Superimposed structures of WT CRABPII*RA (yellow), R132K:Y134F¢Retinal (blue and
green) and R132K:Y134F:R111L:T54V:L121E°RA (magenta). The overlaid structures show that if
Tyr134 is restored in the pocket of the penta mutant retinal, it will most probably assume a
conformation similar to the green conformation of retinal in the double mutant and hydrogen binds to

Tyr134 as RA does in WT CRABPIIRA.
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mutant occupies two unevenly occupied conformations. For clarity the conformations
facing toward and away of Lys132 are shown in orange and blue, respectively. As shown
in Figure 2-17, if retinal is positioned in the pocket of the penta mutant while Tyr is
restored at position 134, most probably it assumes a position similar to the orange
conformation and forms a direct and tight hydrogen bond with Tyr134, as RA does in
WT CRABPII (Figure 2-2-B). Based on these superimposed structures, the carbonyl of
retinal will be positioned 2.96 A away from the phenolic group of Tyr134.

Therefore using the knowledge acquired from our previous mutations, a new
series of mutants, that restores Tyr at position 134, was produced. We refer to these
proteins as the “Tyr134 series” to distinguish them from the old series (Y134F series).
Tables 2-2 and 2-3 summarize the spectroscopic and binding properties of Y134F and
Tyr134 series, respectively.

As shown in Table 2-4, the triple (R132K:R111L:L121E) and the tetra
(R132K:R111L:L121E:T54V) mutants are very similar in their binding and spectroscopic
properties. Since the tetra mutant does not show any advantage over the triple mutant it
appears that Thr54 does not play a major role in the binding and absorption properties of

the Tyr134 series.
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Table 2-4 The spectroscopic and binding properties of Y 134F and Tyr134 series. The Y134F series are

shown in black and the Tyr134 series are shown in red.

Tl
WT 20+1.2 6600 + 360 377 No
R132K 651+ 14 280 £ 17 379 Yes
R132K:Y134F 100+ 7.1 120+ 4.9 404 No
R132K:Y134F:R111L 1000 + 28 160 + 6.7 400 Yes
R 736 £ 114 567 + 36 401 Yes
R132K:Y134F:R111L:T54V 900 + 64 84112 400 Yes
R132K:Y134F:R111L:T54V:L121E 250+ 19 27+70 446 Yes
R 111L:L121E:T54V Yes
F {:R111L:L 426 + 47 1.36 +4.9 449 Yes

The Tyr134 series has a significant advantage over the Y134F series. Although

the penta mutant (R132K:Y134F:R111L:T54V:L121E) bound to retinal from the Y134F

series shows a mixture of two peaks in its UV-vis absorption spectrum, which indicates

that the SB is at an equilibrium between protonated and non-protonated states, the

R132K:R111L:L121E and R132K:R111L:L121E:T54V from the new series (Tyrl134

series) show a single red shifted peak. Similarly, R132K:Y134F:R111L:L121E*Retinal

maximally absorbs at 378 and 438 nm (data not shown in the table), while

R132K:R111L:L121E<Retinal shows one red shifted peak at 449 nm (Figure 2-18). This

is a major improvement toward making a PSB. These results indicate that restoring
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Figure 2-18 UV-vis spectra of retinal bound to

0.08
WT CRABPII (blue trace, Amax = 377 nm),
Abs 0-06
0.04 R132K:Y134F:R111L:L121E (magenta trace,
0.02 Amax = 378, 438 nm) and R132K:R111L:L121E
0 1 T T »
250 350 450 550 (red trace, Amax = 449 nm).

nm

Tyr134 is critical in enhancing the polarity of the pocket in the vicinity of the PSB, which
can result in deprotonation of Glul21 and therefore formation of a strong counter anion
for the PSB. See Dr. Vasileious’s dissertation for more details on the spectroscopic
data.?®

Since the PSB in the R132K:R111L:L121E mutant is stable at physiological pH,
the apparent pK, of the PSB was determined using an acid/base pH titration. The pK,
value was determined to be 8.7 which was 2 units higher than that of
R132K:Y134F:R111L:T54V:L121E-Retinal (pK, = 6.5), verifying the positive effect of
Tyr134 on the stabilization of the PSB.

Although the estimated pK, of 8.7 for the PSB in the triple mutant is significantly
lower than that of rhodopsin (pKa ~ 16)'**47, the fact that the PSB formed between
Lys132 and retinal is stable at physiological pH allows us to wuse the
R132K:R111L:L121E as a potential mimic of rhodopsin, in order to test the proposed
hypotheses on the wavelength regulation mechanism.

The pK, of the triple mutant compares better with what is observed for
invertebrate rhodopsins (PSB pK, of octopus rhodopsin = 10.4; PSB pK, of geco cone

opsin = 9.9).**4° It has been reported that this drop in the pK, value is due to the lack of a
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carboxylate counter anion in the vicinity of the SB. A Tyr residue has been located close
to the SB in octopus rhodopsin, with spectroscopic results indicating that the Tyr is not
the anionic form.>

In conclusion, comparison of R132K:Y134F:R111L:T54V:L121E+Retinal (pK, =
6.5) with R132K:R111L:L121E<Retinal (pK, = 8.7), further supports that restoring
Tyr134 helps the deprotonation of Glul21, which therefore becomes a more efficient
counter anion. The pK, was measured using spectroscopic acid/base titration of the
mutant and can only give a rough estimate of the pK,. The ideal method to measure the
pK. of the PSB is by using NMR spectroscopy. However this technique requires the use
of specifically labeled reagents and/or protein.’’ The measured pK, values of Lys
residues buried inside the protein pockets lie within a wide range of 5.5-8.5, depending

on the neighboring residues.*>2>*

The Crystal Structure of R132K:R111L:L121E Bound to Retinal (PDB ID: 2G7B)

We decided to crystallize RI132K:R111L:L121E bound to retinal
(R132K:R111L:L121E-Retinal) to verify the SB formation between retinal and Lys132
and also to depict the interactions of the residues inside the biding pocket. Based on what
we learned from crystallizing R132K:Y134F<Retinal, since retinal is both light and
temperature sensitive all the manipulations and crystallizations of retinal bound to the
protein were performed in the dark and at 4 °C.

The crystals diffracted to extraordinarily high resolution for macromolecular
structures (1.10 A). The structure was determined and refined at 1.18 A and with R-

factors of Ryork = 12.85% and Ryee = 15.54%. The structure is in the P2,2,2; space group
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with one molecule in the asu, similar to other holo-structures that we discussed in this
document. The data collection and refinement statistics are reported in Tables 4-4 and 4-
6 in Chapter IV, respectively. The overall structure is similar to the structures of WT
CRABPII'RA (RMSD = 0.705 A). The superimposed structures of
R132K:R111L:L121E*Retinal and WT CRABPII*RA are shown in Figure 2-19-A.

The two structures are very similar with most of the differences concentrated in
the a2 helix region. The RMSD of residues 26-42 (a2 and the loops connecting this helix
to to al and BB) between the two structures is 0.989 A. Excluding these residues from
the RMSD calculations between the two structures results in an RMSD of 0.472 A. The
helix in the triple mutant is well defined and the secondary structure calculations (using
DSSP program)®® shows that like other holo-structures residues 26-36 comprise the
second helix. However the helix shows some motions compared to that in WT structure.
The maximum xyz deviation between the structures lies at Ala36 (1.764 A). This residue
is the one that has water-mediated interaction with Argl11 (or Glul21) in the previous
structures. In this structure Ala36 is not making any water-mediated interaction with
Glul2l. Possibly this is the reason for the motions observed in the a2 helix in this
structure. None of the residues on the a2 helix region interact with Glul21 or its
neighboring residues.

As further discussed in Chapter III, we have also determined the structure of the
apo-R132K:R111L:L121E. Interestingly similar to R132K:R111L:L121E<Retinal, the
a2 helix has a different conformation from all other structures in which Argll1 is not
mutated and even different from the penta mutant (R132K:Y134F:R111L:T54V:L121E).

Interestingly, in the apo-R132K:R111L:L121E mutant, unlike other apo-structures, and
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similar to R132K:R111L:L121E<Retinal, Ala36 does not have any water-mediated
interaction with Glul2l. The C-terminus of the second helix in this structure is
completely unwound and Ala36 moves significantly compared to that in the WT
structure. The secondary structure calculation using DSSP shows that the helix is shorter
in this structure (residues 26-33) and that the last helical turn is lost. Different
arrangements of water molecules in this pocket should be the reason for the different
interactions. In apo-R132K:R111L:L121E, a different water-mediated interaction
connects Glul21 to Ala32 and Ala34 on the second helical turn of a2, stabilizing the
helix at this new conformation. More details on the apo-structure and the paths of the
water networks are discussed in Chapter III

The unbiased omit Fo-Fc electron density map of retinal contoured at 2.2 ¢ is
shown in Figure 2-19-B. Thanks to the high resolution of the data (1.18 A) we observed
a very well defined omit electron density map, which clearly shows a cis SB (imine) bond
between retinal and Lys132. Although MALDI and UV-vis data had suggested the SB

formation, the crystal structure directly depicted the SB formation.
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Cis SB (imine) bond

Figure 2-19 (A) R132K:R111L:L121E-<Retinal (green) superimposed on WT CRABPII*RA (yellow).

(B) The Fo-Fc omit electron density map of retinal contoured at 2.2 o.
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Figure 2-20 shows the binding pocket of R132K:R111L:L121E<Retinal. Glul21,
is positioned 2.55 A away from the nitrogen of the PSB. This verifies that indeed Glul21
plays the important role of being the counter anion for the PSB. Tyr134 is 2.77 A away
from Glul21 and therefore makes a direct and tight hydrogen bond interaction with it.
Therefore Tyr134 must be protonated in this pocket. Because of the direct interaction of
Tyr134 with Glul21, it can reduce the pK, of Glul21 or, in other words, deprotonate it.
This is consistent with the UV-vis data for the R132K:R111L:L121E<Retinal, which
reveals one single red shifted peak at 449 nm vs. the mixture of the peaks for
R132K:Y134F:R111L:T54V:L121ERetinal, in which Glul21 is probably only partially
protonated. Tyrl34 itself is 3.75 A away from the SB nitrogen and, therefore, does not

make any hydrogen bond interaction with the SB nitrogen.

Cis imine (SB) bond —~

Y134
~ 2.77
~ |
2.55
3.09
Retinal bound as a SB 2.77
F - E121
\m
T54
Water 1
L111

Figure 2-20 Binding pocket of R132K:R111L:L121E+Retinal. The distances are in angstroms.
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In addition the structure shows that the ordered water molecules that mediate the
interaction between RA (Figures 2-2, 2-7) or retinal (Figure 2-10) move upon R111L
mutation. One of the water molecules (water 12 in R132K:Y134F<Retinal) moves 1.79 A
toward Thr54 and is positioned between Thr54 and Glul21 (Figure 2-21) while the other
one (water 10 in R132K:Y134F<Retinal) is not observed. Therefore this structure
suggests that removal of the ordered water molecule between retinal and Argl11, by the
R111L mutation, aids in SB formation. This gives retinal freedom to bind Tyr134, rather
than Argl11, which positions retinal in a more favorable position for the nucleophilic
attack by Lys132 (Figure 2-17).

The SB that forms is a cis imine bond, while that of visual rhodopsin is a trans
imine. Looking at the pocket shows that Met123 is in the vdw distance of the PSB and
has multiple conformations in this structure. The conformations are not well defined,
which suggests that Met123, which is well defined in other structures, has destabilized by
retinal. Possibly mutation of Metl23 to a smaller residue will prevent the steric

hindrance between retinal and Met123.

29 Backbone Rotation: Favoring the Nucleophilic Attack

The overlaid structures of R132K:Y134Retinal and
R132K:R111L:L121ERetinal are shown in Figure 2-21. The two conformations of
retinal in R132K:Y134F<Retinal are shown in two different colors; orange for the
conformation in which the carbonyl oxygen faces toward Lys132 and blue for the
conformation that the carbonyl oxygen faces away. Since in the triple mutant Argll1 is

mutated to a hydrophobic residue while Tyr134 is maintained, most probably when
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retinal enters the pocket it occupies a conformation similar to the orange conformation,
hydrogen binding with Tyr134 (Figure 2-21). The overlaid structures suggest a distance
of 2.90 A for the hydrogen bond that can form between Tyr134 and the carbonyl group of
retinal. This conformation of retinal is also in agreement with our observation for RA in
the pocket of WT CRABPII‘RA (Figure 2-2-B). Lys132 also has two conformations in
R132K:Y134F<Retinal, which are shown in blue and orange. The orange conformer is
the one which has favorable orientation for the nucleophilic attack on the carbonyl carbon

of retinal.

K132

Y134 (F)
Retinal bound to K132 in

R132K:R111L:L121E
E121 (L)
o
o © 10
Two conformations of 1 12
retinal in R132K:Y134F L111(R)

T54 (T)

Figure 2-21 R132K:R111L:L121E<Retinal (green) superimposed on R132K:Y134F<Retinal (blue).
The labels of the double mutant residues, are shown in parentheses. The water molecules are shown in

the same color as each molecule. The distances are in angstroms.

Comparing the position of retinal in the two molecules shows that the ionone ring
occupies a very similar position in the two structures, while the backbone has rotated by

~ 45°, counterclockwise, along its long axis and around the single bond that connects the
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ionone ring to the backbone (Figure 2-22). In fact it is this backbone rotation which
positions retinal in a favorable Biirgi-Dunitz trajectory with respect to Lys132 and makes
the nucleophilic attack possible. The carbonyl carbon is 2.30 A away from the N° of
Lys132 and N° forms a ~ 107° trajectory with the plane of the carbonyl. In fact the 45°
backbone rotation completely superimposes the free retinal in R132K:Y134F¢Retinal on
the bound retinal in the triple mutant (R132K:R111L:L121E*Retinal), as shown in Figure

2-22,

K132 in R132K:Y134F

Retinal bound to K132

[ ' E121

Retinal after rotation by 45 ° ©

Y134

T54 L111

Figure 2-22 Rotation of the free retinal in R132K:Y134F<Retinal (orange) by 45 ° around the single
bond that connects the ionone ring to the backbone and along the long axis of retinal positions retinal in
a favorable Biirgi-Dunitz trajectory with respect to Lys132. This rotation leads to complete

superimposition of free retinal on the bound retinal in the structure of R132K:R111L:L121ERetinal.
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2.10 Proposal of a PSB Formation Mechanism in R132K:R111L:L121E
Bound to Retinal

Based on the previous crystal structures we can propose a mechanism for PSB
formation between retinal and the R132K:R111L:L121E mutant (Figure 2-23). When
retinal enters the pocket, it will hydrogen bond to Tyr134, as RA does in WT
CRABPII'RA. As shown in the overlaid structures of R132K:Y134F+Retinal with
R132K:R111L:L121E<Retinal (Figure 2-21), the carboxylate group of Glul21 is within
hydrogen bond distance of the oxygen of the carbonyl group of retinal. In fact the
overlaid structures of WT CRABPII*RA also shows that the oxygen of the carboxylate of
RA is within hydrogen bond distance of Glul21 (picture not shown). As shown in Figure
2-21 the carbonyl oxygen also hydrogen bonds to Tyr134 (2.90 A). To activate the
carbonyl for a nucleophilic attack either Tyr134 or Glul21 will protonate the carbonyl
oxygen. Since Glul21 has a lower pK, than Tyr134 at the physiological pH (pK, of Glu
= 4.4, pK, of Tyr = 10)*, most probably in the hydrophobic pocket, like that of the
R132K:R111L:L121E<Retinal, Glul21 is still more acidic than Tyr134 and protonates
the carbonyl. Besides based on the crystal structure of the R132K:R111L:L121E*Retinal
we know that Glul21 must be deprotonated, because it is within 2.55 A of the PSB
(Figure 2-20). Either at the same time or subsequent to this protonation, Lys132 would
perform a nucleophilic attack on the carbonyl carbon of retinal. The carbonyl oxygen
would get a hydrogen atom from the amino group of Lys132 and water elimination
occurs and finally a PSB forms. As shown by the crystal structure of
R132K:R111L:L121E*Retinal, Glul21 is 2.55 A away and plays the important role of

being the counter anion for the PSB.
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2.11 The Importance of the PSB Counter Anion

The crystal structure of R132K:R111L:L121E<Retinal clearly shows the
important role of Glul21 in serving as a counter anion for the PSB. To verify that
Glul21 is indeed the counter anion several mutants were designed, in which Leul21 was
mutated to other residues. For example the R132K:R111L:L121Q<Retinal could clearly
form a SB when tested by MALDI, however it only showed a single and non-red shifted
peak at 376 nm. This experiment was also performed for the
R132K:R111L:L121Q:T54Ve+Retinal mutant to make sure Thr54 is not hindering the
PSB formation. The tetra mutant bound to retinal did not show any red shift either, and
maximally absorbed at 375 nm. However it could clearly form a SB with retinal based
on the MALDI experiments. These experiments could pinpoint the importance of Glu21
in stabilizing the positive charge on the PSB.

Similar results were observed in rhodopsin since mutation of Glul13 in the pocket
of bovine rhodopsin, which is the counter anion in this molecule, results in a ~ 110 nm
blue shift (from 490 nm to 380 nm).'” More details on studying the relationship between
the distance and position (angle) of the counter anion, with respect to PSB, and the
spectroscopic behavior of the CRABPII mutants bound to retinal are discussed in the Dr.

Vasileiou’s dissertation.?’

Also more examples of destabilization of the structure upon
mutation of the conserved residues, in order to design a counter anion at positions 134
and 41, are discussed.

In summary, so far Glul21 is the best place to design the counter anion. Other

positions either destabilize the mutant or result in an unstable PSB species.
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2.12 The Importance of the Arg111 Mutation

As we leammed from the crystal structures of R132K:Y134F¢Retinal and
R132K:R111L:L121E<Retinal, removal of Arglll is critical for SB formation. When
Argl11 is mutated a hydrophobic residue the water-mediated interaction between Argl11
and retinal is removed, which gives retinal freedom to assume a favorable conformation
for the nucleophilic attack by Lys132. However in R132K:Y134F mutant, Tyr134 which
hydrogen bonds to the carbonyl group of retinal, is mutated. We believe Tyr134 not only
positions retinal for a favorable nucleophilic attack but also activates the carbonyl carbon
for the attack. Therefore a series of mutants were designed in which Tyr134 was restored
but Argl11 was mutated to various hydrophobic and hydrophilic residues. The results
show that mutation of Arglll into a hydrophobic residue clearly assists the SB
formation. R111V and R111M mutations formed a stable PSB in the presence of
Glul21. However, regardless of the residue at position 111, when Glul21 is absent there

is no indication of PSB formation. For more details see Dr. Vasileious’s dissertation.

Closing Remarks

Overall, using modern techniques of rational protein design and following the
basic principles of organic chemistry we have successfully converted CRABPII, a small
and soluble protein which is easy to manipulate and study, into a retinal binding protein.
The designed binding pocket of CRABPII, in R132K:R111L:L121E*Retinal, has the
characteristics to mimic the binding cavity of visual rhodopsin. Namely, it forms a PSB

with Lys132 and Glul21 stabilizes the positive charge on the PSB as Glul13 does in the
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pocket of rhodopsin. The mimic will be used to test the different hypotheses that are
proposed to be involved in the wavelength regulation mechanism.

The high resolution crystal structures of the intermediate mutants proved to be
invaluable in planning rational mutagenesis studies toward making this mimic. The
picture of the binding pocket provided by crystal structures were critical to the successful
design of the mimic; for example R132K:Y134F<RA or R132K:Y134F¢Retinal suggested
that Argl11 hindered the SB formation.

One important factor that should not be underestimated, while performing the
mutations, is that mutations of the conserve residues might result in destabilizing the
structure. For example the structure of the F1SW mutant proved that mutation of the
Phel5, which is a fully conserved residue in the iLBPs family, disrupted the entire a2
helix. Although the integrity of each mutant was tested by CD experiments, these assays
cannot indicate all the structural changes. For example although CD experiments of
F15W mutant did not indicate the loss of the a2 helix, the crystal structure of this mutant
clearly shows that the F15W mutation destabilizes the structure and entirely disrupts the
second helix. More details on this structure are discussed in Chapter II1.

The crystal structures will be even more important in the studies that we have
underway to test the proposed hypotheses of wavelength regulation. For example the
crystal structures can depict the interactions of the designed charged or bulky residues in
the vicinity of the chromophore and explain the resulting spectroscopic behavior of the

mutants.
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Chapter Il
Structural Studies of Human Apo- and Holo-Cellular Retinoic
Acid Binding Protein Type Il: Opening Doors for New Insights

into its Structure/Function Relationship

The physiological importance and function of CRABPII has been discussed in
Chapter I. In order to get a better understanding of the structure/function relationship of
CRABEPII we crystallized and determined the first crystal structure of apo-WT CRABPII.
In addition we have determined and studied the high resolution crystal structures of
several apo-CRABPII mutants, which led to a better understanding of the importance of
conserved residues on the structural integrity of CRABPII. Our structure of apo WT-
CRABPII shed light on some recently proposed functional properties of this protein,
which were based on a mutant of this protein (R111M)."

The crystallization conditions, data collection and refinement statistics of each
structure is discussed in Chapter IV. Data collection and refinement statistics of all the
apo-structures are reported in Tables 4-3 and 4-5, respectively, in Chapter IV. Analysis

of Ramachandran plots are also shown and discussed in Chapter IV

3.1 Overall Structure of Apo-WT CRABPII

Here we report the first high resolution crystal structure of human apo-WT
CRABPIIL. The structure was determined at 1.35 A with crystallographic R-factors of
Rwork = 14.35% and Rgee = 20.05%. The structure is monomeric and in the P1 space

group with 2 independent molecules in the asymmetric unit, identical to that of the
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R111M structure solved by Chen et al.2 The two molecules are labeled Mol A and Mol B

consistent with Chen et al.” (Figure 3-1).

Figure 3-1 The structure of apo-WT CRABPII. The structure is in the P1 space group with two independent

molecules in the asymmetric unit. Molecule A (Mol A) and molecule B (Mol B) are shown in green and hot

pink, respectively.
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Apo-WT CRABPII, like other iLBPs, has two o helices and a [ barrel that
comprises its binding pocket. The P barrel is formed by two five-stranded P sheets that
are almost orthogonal to each other and form a deep, large and embedded binding pocket.
The a1-loop-02 motif and BC-BD and BE-BF hairpin loops form the portal of the pocket.

RA binds deep inside the pocket, while only its ionone ring is partially solvent exposed at

the portal of the pocket.*

Xtall (PDB ID: 2FS6) vs. Xtal2 (PDB ID: 2FS7)

Complete diffraction data were collected from each of three different crystals of
apo-WT CRABPII, Xtall, Xtal2 and Xtal3. Since the structures resulting from Xtal2 and
Xtal3 were virtually identical, only the higher resolution data set (from Xtal2) was
completely refined.

The secondary structures of Xtall and Xtal2 were determined using the DSSP
program.’ Both structures show a similar secondary structure. To compare the structures
of Xtall and Xtal2, Mol A’s and Mol B’s of each structure were superimposed on each
other (Figure 3-2). Comparing the two structures shows that the Mol A’s are virtually
identical (the overall RMSD between the C* atoms of the Mol A’s is only 0.198 A).
However Mol B’s in Xtall and Xtal2 show distinct differences in the loop region
connecting o2 to BB (residues 36-40), while 02 has an identical conformation in both
molecules (Figures 3-2-A and 3-2-B). The unbiased Fo-Fc electron density maps of the
loop region in Mol B’s of Xtall and Xtal2 are shown in Figures 4-17 and 4-18,
respectively, in Chapter IV. The overall RMSD between the C* atoms of the Mol B’s is

0.689 A. However, most of this difference comes from the loop region (residues 36-40),
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as the RMSD between the C* atoms of these residues is 3.35 A. Excluding these residues
from the RMSD calculation gives an overall RMSD of 0.26 A. Therefore, although these
crystals were grown in an identical condition and have identical unit cells and crystal-
packing, there is a substantial difference in conformation between two

crystallographically identical molecules.
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3.2 Comparison between Mol A and Mol B of Apo-WT CRABPII

We refer to Xtall when comparing the two molecules in the asymmetric unit,
because it has higher resolution and better data statistics. The two molecules have very
similar structures except for major structural changes in 02, the loop connecting a2 to
BB, and the BC-BD hairpin loop. There are also minor differences in the BF-BG and BI-
BJ hairpin loops (Figure 3-3). The overall RMSD between the C* atoms of Mol A and
Mol B is 0.922 A. The differences become noticeable at Lys20, located at the C-terminus
of al (xyz deviation of 0.910 A), and increase moving toward the C-terminus of o2 and
the loop connecting 02 to BB. Ser37, in the middle of the loop, has a maximum xyz
deviation (3.384 A) between equivalent C* positions in Mol A and Mol B. The
differences decrease at the N-terminus of BB. If residues 20 to 40 (the loop-02-loop
region) are excluded from the RMSD calculation between the two molecules, the overall
RMSD falls to 0.73 A. The RMSD for residues 20 to 40 is equal to 1.60 A.

As shown in Figure 3-3, the C-terminus of 02 moves toward the binding site of
RA, and away from ol (maximum xyz deviation between the C* atoms of the o2 in Mol
A and Mol B is equal to 2.953 A at Ala35, the last residue of 02). Since residues on the
BC-BD hairpin loop directly interact with the residues on the third helical turn of o2, the
BC-BD hairpin loop moves concurrently with the movement of the o2 helix and away
from the binding cavity. This movement of the hairpin loop causes the C-terminus of BC
and the N-terminus of BD to move away from the binding cavity as well. The second

helical turn of all shows some minor movement compared to Mol A. The maximum xyz
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deviation between the C* atoms of a1 in Mol A and Mol B is equal to 1.247 A at Leu21,

the last residue of al.

Figure 3-3 Superimposed structures of Mol A (green) and Mol B (hot pink) of Xtall.
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The dissimilarities between the two molecules indicate regions of flexibility and
must be due to different crystal-packing environments for the two molecules. As
assessed by the program CONTACT in the CCP4 suite,® the a2 helix in Mol A is
involved in 3 hydrogen bonds and 16 van der Waals (vdw) contacts with neighboring
molecules, while that of Mol B is involved in 4 hydrogen bonds and 59 vdw contacts. All
three hydrogen bonds of Mol A involve interactions of the guanidino group of Arg29,
located on the second helical turn of o2, with the carbonyl group and side chain of
Glul37 of a symmetry related molecule. In Mol B there are also two hydrogen bonds
between the guanidino group of Arg29 and the carboxylate group of Glul37 of a
symmetry related molecule, however there are two additional hydrogen bonds between
o2 and neighboring molecules. One is between the carbonyl group of Lys30, located on
the second helical turn of o2, with the side chain of Thr131 of a symmetry related
molecule; and the other is between the carbonyl group of Ala34, on the third helical turn
of 02, and the side chain of Asnl4 of a symmetry related molecule. The additional
hydrogen bonds and vdw contacts between the second and third helical turns of o2 in Mol
B with neighboring molecules drag the helix toward the BC-BD hairpin loop. The BC-BD
hairpin loop moves concurrently with the movement of the helix. Therefore direct
crystal-packing interactions can explain differences in the structures of Mol A and Mol B
in the asymmetric unit.

Crystal-packing also has an impact on the interactions of the residues within the
binding pocket of the protein. In Mol A but not in Mol B, the guanidino group of Argl11
interacts with o2 and the loop connecting 02 to BB through two short solvent-mediated

interactions. The paths of these two interactions are shown in Figure 3-4-A and are: (1)
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guanidino group of Argl11-> water 204 - carboxylate of acetate 4 - guanidino group
of Argl32 -> carbonyl of Ala36; and (2) guanidino group of Argl11-> water 204 >
carboxylate of acetate 4 - guanidino group of Argl32 > water 33 > carbonyl of Val33.
Val33 is located on the third helical turn of 02 and Ala36 is on the loop connecting o2 to
BB. Acetate is one of the crystallization reagents and penetrates into the binding cavity
either through the portal of the pocket or the gap between the BD and BE strands. This
gap is due to the lack of hydrogen bonding between these two B strands.

One might think the solvent-mediated interaction depends on the acetate from the
crystallization reagent. However the same solvent-mediated interaction exists in Mol A
of Xtal2, but a chloride ion occupies the position of acetate in Xtall, confirming that the
contact does not rely on acetate (Figure 3-4-B). Xtal3 has an acetate molecule exactly as

observed in Xtall.
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Figure 3-4 (A) Solvent-mediated interaction between Argll1, and Val33 and Ala36, located on a2

and the loop connecting a2 to BB in (A) Xtall and (B) Xtal2. The distances are in angstroms.
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Arglll has exactly the same conformation in Mol A and Mol B. However,
Argl132 has distinct conformations in each molecule. In Mol A it faces toward the o2
helix and hydrogen bonds with Val33 and Ala36, while in Mol B it looks away from the
loop and binds to the carbonyl group of Val76, on the BC-BD hairpin loop, and the

oxygen of Ser12, the last residue of BA through other water networks.

In Mol B of Xtal2 and Xtal3, and not of Xtall, the amino group of Argl32 binds
to the main chain nitrogen of Lys38, located on the loop connecting a2 to BB, through a
solvent molecule (water or chloride). In Xtall the loop connecting a2 to BB has a
different conformation compared to that in Xtal2 and Xtal3 and therefore is positioned
further away from Argl32 (Figure 3-2-B). Thus in Mol B of Xtall there is no interaction
between Argl32 and the loop. This observation indicates that since in Mol A, Argl32
faces the loop and makes a direct and tight hydrogen bond with Ala36, it fixes the
position of the a2 helix and the loop in this molecule. However in Mol B it cannot make
such a tight hydrogen bond with the loop and therefore the loop becomes flexible. It
seems that interaction of Argl1l1l with the carbonyl group of Ala36 plays an important
role in preserving the structural integrity of the protein in Mol A, while in Mol B crystal-
packing interactions between the a2 and loop regions with their neighboring molecules
overcome this interaction, and therefore they assume a different conformation than Mol
A. The conformations of these residues are identical in Xtall, Xtal2 and Xtal3 (data not
shown for Xtal3).

But why does Argl32 have two different conformations in the two molecules?
Different intermolecular interactions of the C-terminus of o2 in Mol B as compared to

that of Mol A eliminate the interactions of Argl32 with Ala33 and Val36 inside the
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pocket and therefore Argl32 assumes a different conformation to hydrogen bond to

Val76 and Ser12 through different water-mediated interactions.

3.3 Changes Induced by the R111M Mutation

Argll11 not only is one of the conserved residues of CRABPII,’ but also one of
the key residues in binding of RA to this protein,? and therefore mutation of this residue
could potentially cause major changes in its structure.

The first crystal structure of an apo-CRABPII has been that of the R111M mutant.
The crystals were grown in a very similar condition to our apo-WT crystals and the unit
cell is virtually identical to that of apo-WT.

Comparing Mol A of apo-WT with that of apo-R111M shows that although the
overall folds of the molecules are very similar, the 02 helix and BC-BD hairpin loop are
strikingly different in R111M (Figure 3-5-A). However, the same comparison for Mol
B’s shows that the 02 helices have identical conformations (Figure 3-5-B). The major
difference between Mol B of apo-WT and R111M lies in the BC-BD, BG-BH, and BI-BJ
hairpin loops. The loop connecting o2 to BB, residues 36 to 39, in R111M has a very
similar conformation to that of Mol B of Xtall (Figure 3-5-B).

It was reported by Chen et al.2 that 02 of Mol A in R111M is involved in no
intermolecular hydrogen bond interactions and only 8 intermolecular vdw contacts, while
that of Mol B is involved in 7 hydrogen bonds and 43 vdw contacts. Therefore it was
suggested that structural differences between Mol A and Mol B of R111M were due to
the fact that the structure of Mol B is an artifact of crystal-packing while that of Mol A is

the actual conformation of apo-CRABPIL. However, contrary to these observations, the
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Figure 3-5 Superimposed structures of (A) Mol A’s of R111M (red) and apo-WT (green); and (B) Mol B’s of R111M (blue) and apo-WT (hot pink).



o2 of Mol A and Mol B of apo-WT CRABPII are both involved in crystal-
packing hydrogen bonds and vdw contacts.

As we discussed here, in Xtall Argll1 interacts with carbonyl groups of Val33
and Ala36 through two short solvent-mediated interactions (Figure 3-4). These residues
are located on the o2 helix and the loop connecting this helix to BB, respectively. The
water network interaction keeps these regions tight at their place. Therefore it is
expected that mutation of Arglll could allow the helix and loop to be mobile, and
therefore cause major structural changes. Investigating the interactions inside the pocket
of the R111M mutant shows that there is no interaction between Met111 and residues on
the helix or the loop, which indicates that movement of the o2 helix of Mol A of R111M
as compared to that of apo-WT must be due to mutation of this key residue. Also Argl32
has a distinct conformation in this structure from that in Mol A of apo-WT, however still

interacts with the carbonyl group of Ala36, but unlike apo-WT, via a water molecule.

3.4 Other Mutants Confirm the Structural Importance of Arg111

As mentioned in Chapter II, several mutants of CRABPII were designed to
optimize the retinal PSB formation in CRABPII. To understand the impact of the
mutations on the structural integrity of apo-CRABPII we determined the crystal
structures of apo-F15W, apo-R132K:Y134F, apo-R132K:Y134F:R111L:T54V:L121E,
and apo-R132K:R111L:L121E mutants of CRABPIL. In fact, these structures further
characterize the importance of Arglll and other conserved residues on the structural
integrity of apo-CRABPII. Crystallization experiments and conditions are discussed in

Chapter IV. Also data collection and refinement statistics of these mutants are reported
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in Tables 4-3 and 4-5, respectively, in Chapter IV. All the apo-structures of CRABPII
that we discuss in the following, are in the same P1 unit cell and have two independent

molecules in the asymmetric unit.

Crystal Structure of Apo-F15W (PDB ID: 2FRS)

To better understand the importance of conserved residues to the structural
integrity of the iLBP fold, we determined the structure of another CRABPII mutant.
Among all 52 members of iLBPs Phel5, the first residue of the al helix, is a fully
conserved residue (100%). Therefore we decided to conservatively mutate this fully
conserved residue to Trp and study the impact of this mutation on the structure. The
F15W mutant was crystallized and the structure was determined at 1.51 A. The structure
was refined at crystallographic R-factors of Ryoi = 17.15% and Ree = 24.25%.

Interestingly we observed that the F15SW mutation completely disrupted the o2
helix in Mol A (Figure 3-6-A). Though o2 in Mol B is well defined, this helix and the
loop connecting o2 to BB have a different conformation from that in Mol B of apo-WT
and R111M (Figure 3-6-B). In fact Mol B of this mutant has a very similar conformation
to that of Mol A of apo-WT. Therefore this structure further confirms the high mobility
of this loop in CRABPII while also providing further evidence that mutations of
conserved residues in the iLBP fold result in significant structural variance. This mutant
is still capable of RA binding, though the affinity is significantly reduced (Kq4 = 40 + 4

nM) compared to WT-CRABPII (K4 = 2.0 £ 1.2 nM).
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Crystal Structure of Apo-R132K:Y134F (PDB ID: 2FRU)

Argl32 is a fully conserved residue in CRABPII, and is strongly conserved as
either an Arg or Asp in the entire iLPB’s family. Tyr134 is also a highly conserved
aromatic residue in this family. Lys and Phe are conserved residues for Arg and Tyr,
respectively. To understand whether these conserved mutations affect the structural
integrity of CRABPII we determined the structure of the apo-R132K:Y134F mutant. The
structure was refined at 1.70 A with R-factors of Ruok = 15.35% and Rgee = 22.18%, in
the same P1 unit cell and identical crystal-packing as apo-WT CRABPII. The result was
a structure that was virtually identical to the WT protein. The RMSDs between Mol A’s
and Mol B’s of the two structures are 0.168 and 0.343 A, respectively, which indicate
that these two mutations do not change the overall folding of the structure. The
superimposed structures of Mol A’s and Mol B’s of apo-R132K:Y134F and apo-WT

CRABPII are shown in Figure 3-7.
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In fact, a very similar solvent-mediated interaction bridged Lys132 with the
carbonyl groups of Val 33 and Ala36 across the binding cavity, as was observed in the
structure of apo-WT. The networks are shown in Figure 3-8 and include: (1) the
guanidino group of Argl11 - water 121 > water 225 <> water 290 < amino group of
Lys132 < water 202 - water 83 > water 44 => carbonyl of Val33; also there is a direct
hydrogen bond between the amino group of Lys132 and water 83 but it is a weak
nteraction (3.40 A); (2) the guanidino group of Argl11l > water 121 = water 225 >
water 290 = amino group of Lys132 > water 202 - carbonyl of Ala36.

This elegant water-mediated interaction was not observed in Mol B of this
mutant, similar to the Mol B of Apo-WT. Lys132 has two evenly occupied
conformations in Mol B. Although one of these two conformers interacts with Argl11
through two water molecules, it does not interact with the loop region. This structure
shows that the crystal-packing interactions in the loop region of Mol B can dictate the

interactions inside the pocket, as in Mol B of apo-WT. Mol B of this mutant is almost

343 261

//207 3.30
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‘

Figure 3-8 The water-mediated interaction between Arglll and Ala36 and Val33 in apo-

R132K:Y134F. The distances are in angstroms.
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identical to Mol B of apo-WT (RMSD = 0.343) and has similar intermolecular
interactions with its neighboring symmetry molecules, at this region (see the discussion
on comparison of Mol A and Mol B of apo-WT).

More importantly, this structure shows that a very similar structure to apo-WT,
with very similar solvent-mediated interactions in the binding cavity, is obtained when

Argl11 is intact, and other residues in the binding cavity are conservatively mutated.

The Crystal Structure of apo-R132K:Y134F:R111L:T54V:L121E (PDB ID: 2FS0)

The structure of the apo-R132K:Y134F:R111L:T54V:L121E (the penta) mutant
was determined at very high resolution of 1.20 A with crystallographic R-factors of Ryork
= 13.80% and Rge. = 17.62%. The superimposed structures of Mol A’s and Mol B’s of
the penta mutant and apo-WT CRABPII are shown in Figure 3-9. The RMSDs between
Mol A’s and Mol B’s of the two structures are 0.256 and 0.530 A, respectively.
Comparing the two structures indicate that these five mutations do not change the overall
fold of the structure. However early on during the refinement we realized that although
the a2 helix has an identical conformation to that in apo-WT, it has an additional
conformation.

To generate an unbiased map of the loop and a2 helix regions, residues 26-40,
which are located on the a2 and the loop connecting this helix to BB, were deleted from
map calculations. The Fo-Fc omit electron density map was calculated for this region,
which clearly showed one conformation for the helix. This conformation was identical to
that in apo-WT. However after the helix and loop were modeled in the omit map, some

extra positive electron density map was generated. The map was not definitive enough to
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build a second conformation. The B-factors of the atoms at this region (residues 26 to
40) were ~ 20 A?, which are close to the average B-factor of this structure (18.13 Ad).
This observation indicates that although Argl11 is mutated to a hydrophobic residue, the
helix and loop are not as severely destabilized as was observed in the R111M structure.
In addition calculation of the secondary structure using DSSP program confirms that as in
apo-WT, residues 26-35 comprise the second helix and it has three full helical turns.’
Leul21 is not a conserved residue in CRABPII and is therefore not expected to be
critical to the structural integrity of the protein. We believe that either R111L or T54V
mutation (or both at the same time) is responsible for partially destabilizing the helix and
the loop regions. Thr54 is a conserved residue (80%), and has a similar solvent-mediated

interaction with the loop region as observed for Argl11.
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To understand why the R111M structure has a destabilized a2 but the penta
mutant has a well-defined a2, we investigated the interaction of the residues inside the
binding pocket of the latter structure. Very interestingly we found that although Argl11
is mutated, the engineered Glu at position 121 mimics the water-mediated interaction that
Argl11 reveals in the previously discussed structures. Similar to these structures, water
mediated interactions are between Glul21 and Val33 and Ala36. The paths of these two
water networks are shown in Figure 3-10 and include: (1) carboxylate of Glul21 > water
393 > water 392 (in two closely located conformations) <> water 391 = amino group of
Lys132 <> water 83 = carbonyl of Ala36; and (2) carboxylate of Glul21 > water 393
-> water 392 - water 391 amino group of Lys132 - water 83 > water 89 -> water 230

-> carbonyl of Val33.

242
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2.69 39%\,’\ 2.47
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7\ 392B
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2.66 1
1
1 gg 277 K132

Figure 3-10 The water-mediated interaction between Glul2l and Val33 and Ala36 in apo-

R132K:Y134F:R111L:T54V:L121E The distances are in angstroms.
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Similar to other structures that we discussed thus far, the water-mediated
interaction was not observed in Mol B of this mutant. Glul21 interacts with Lys132
through a water molecule, however Lys132 does not have any interaction with the second

helix and loop region.

The Crystal Structure of Apo-R132K:R111L:L121E (PDB ID: 2FRR)

The structure of the apo-R132K:R111L:L121E (the triple) mutant was determined
at of 1.50 A and refined with R-factors of Ruork = 18.22% and Rgee = 23.03%. The
superimposed structures of Mol A’s and Mol B’s of this mutant and apo-WT CRABPII
are shown in Figure 3-11. The RMSDs between Mol A’s and Mol B’s of the two
structures are 1.160 and 0.465 A, respectively.

The structure of the apo-R132K:R111L:L121E mutant is consistent with the
hypothesis that mutation of Argl11 leads to a different conformation of the a2 helix. In
this mutant the last helical turn of the a2 helix of Mol A is completely unwound at its C-
terminus, and the BC-BD hairpin loop moves concurrently (Figure 3-11-A). The
differences between the Mol A of this mutant and apo-WT become noticeable at the N-
terminus of al and reach a maximum divergence at Ala36, the first residue on loop
connecting a2 to BB. The secondary structure calculation of this mutant using DSSP
shows that the a2 helix has lost its last helical turn in this structure and unlike apo-WT

that residues 26 to 35 comprise the a2 helix, here only residues 26 to 33 form the helix.
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Investing the interaction between the a2 helix and the loop region with residues at
the deep end of the binding pocket (like Glul21) shows that a water mediated interaction
exists between these regions, however it is different from other structures that we
discussed thus far. A different arrangement of the water molecules inside the pocket of
this mutant can explain different conformations of a2 and the loop region in this
structure. Water-mediated interactions connect Glul21 to Ala32 and Ala34, on the a2
helix, and also to ser37, on the loop connecting a2 to BB. The paths of these water-
mediated interactions are shown in Figure 3-12, and include: (1) carboxylate of Glul21
-> water 101 > amino group of Lys132 - water 13 > water 102 > carbonyl of ser37;
(2) carboxylate of Glul21 - water 101 = amino group of Lys132 > water 13 > water
102 -> carbonyl of Ala32; and (3) carboxylate of Glul21 - water 101 > amino group of

Lys132 = water 13 - water 102 > water 18 > carbonyl of Ala34.

K132
E121
101 _.
- 277
2.95

Figure 3-12 The water-mediated interaction between Glul21 and residues on the a2 helix and the loop

connecting this helix to BB in apo-R132K:R111L:L121E. The distances are in angstroms.
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Since R132K is a conservative mutation and Leul21 is not a conserved residue,
this structure further verifies the importance of Argl11 in defining the structural integrity
of CRABPII, particularly of «a2.  Although a2 and the loop in the apo-
R132K:R111L:L121E mutant have different conformations compared to WT, they are
well defined. The B-factors of the atoms in these regions (residues 26-40) are ~ 22 A2,
which is only slightly higher than the average B-factor of the structure (19.251 A?).

This observation is contrary to what was observed in the structure of R111M
mutant, determined by Chen et al.> In R111M, although Argl32 interacts with Ala36 it
has no interaction with the other residues. The helix in this structure is highly
destabilized and has a very high B-factor of ~ 75 A% As reported by the authors the
electron density map of the helix region in Mol A was not definitive enough to build the
helix. So the residues 24 to 37 of Mol A were deleted from the model and all the rest of
the residues were built to improve the map in this region. At the end of the refinement,
the electron density for these residues was still of insufficient quality to fit the missing
segment. At this stage, the least-squares refinement procedure was employed with the
program GPRLSA.>'® All the reflection data was included and geometry was tightly
restrained. Several rounds of such refinement significantly improved the electron density
of the missing segment of Mol A. Residues 24-32 were unambiguously built however
more rounds of the least-squares refinement had to be run to generate a definitive electron
density map for residues 33-37.

In apo-R132K:R111L:L121E (and our other structures discussed here) the
electron density map of these residues was very well defined from the beginning of the

refinement, which indicates that the region is stable despite the R111L mutation. It
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appears that Glul21 is stabilizing the helix in the triple mutant. Therefore although the
R111L mutation led to a different conformation for the helix and loop, they are not
destabilized. In other words, in this structure Glul21 mimics the role of Argl11 in apo-
WT, however through different water-mediated interaction, which leads to a different

conformation in the loop and helix region.

3.5 Overall Structure of CRABPII‘'RA and Comparison with Apo-WT
CRABPII

As explained in Chapter II, we have redetermined and refined the structure of
CRABPII'RA (PDB ID: 2FR3) to an improved resolution of 1.48 A with very good
crystallographic R-factors of 12.30% and 17.09% for Ruok and Ry, respectively. The
data collection and refinement statistics are reported in Tables 4-4 and 4-6, respectively.

The CRABPII'RA complex was previously crystallized in a different
crystallization condition and the structure was refined at 1.80 A by Kleywegt et al. in
1994 (PDB ID: 1CBS).> Our structure is identical to the previously published structure
of CRABPII‘RA, with the same space group (P2;2,2;) and similar cell constants. RA
binds deep inside the binding pocket and the carboxylic group of RA interacts with
Arglll, Argl32, and Tyr134. Only the P ionone ring is partially solvent exposed at one

of its edges.*
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As mentioned earlier, Chen et al.” believed that Mol A of apo-R111M shows the
actual structure of apo-CRABPII and therefore chose Mol A over Mol B for comparing
apo- and holo-CRABPIIL. Superimposition of Mol A of apo-R111M on CRABPII'RA
showed that there were significant structural differences between the two molecules in
the o2 helix, BC-BD and BE-BF hairpin loops, which were thought to be necessary for
opening the binding pocket and making RA-entry possible (Figure 3-13, also Figure 3 in

Chen et al.%).

Figure 3-13 Superimposed structures of Mol A of apo-R111M (red) and WT CRABPII*RA (yellow).?
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Here having the “real” structure of apo-CRABPII in hand, we compared the
structures of both molecules of apo-CRABPII to that of CRABPII*RA (Figure 3-14).
Comparing Mol A and CRABPII'RA (Figure 3-14-A) shows that in fact these two
structures are almost identical (RMSD = 0.500) except in the BC-BD hairpin loop region.
In the apo structure, Arg59 on this hairpin loop has a water-mediated interaction with the
carbonyl group of Ala32, which keeps Arg59 close to the portal of the pocket and in the
path of RA entry. However, in the holo structure RA pushes the mediating waters away
and Arg59 moves away from the portal to give RA space to enter the pocket (Figure 3-
15). Also Val58 on the BC-BD hairpin loop moves closer to the binding pocket to form
vdw contacts with C19 of RA. It should be mentioned that the same interactions were
observed in the published structu;e of CRABPII*RA (PDB ID: 1CBS).

Although the BC-BD hairpin loop shows some minor differences, they are not as
significant as what had been observed when the structures of apo-R111M and
CRABPII*RA were compared (Figure 3-13). Chen et al.? had suggested that this hairpin
loop opens in apo-CRABPII to allow RA entry and then closes when RA enters the
pocket, while apo-WT-CRABPII does not show such a movement for the hairpin loop
(Figure 3-14-A). The o2 helix has an identical conformation in both structures, which
indicates that this helix does not change its conformation upon ligation, contrary to the
R111M structure. So the major differences observed when comparing the structures of
apo-R111M and CRABPII*RA were actually the result of the R111M mutation, not RA

binding.
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Based on the conformational differences between apo-R111M and CRABPII*RA,
Chen et al.? suggested a three-step mechanism of ligand entry into CRABPII (Figure 3-
13). This mechanism involved first portal opening involving unwinding of the a2 helix
and motion of the BC-BD and BE-BF hairpin loops, where unwinding of the a2 helix was
thought to be essential for RA entry. Three positively charged residues, Arg29, Arg59
and Argl32, were then thought to "direct" the RA carboxylate group into the binding
cavity. These residues would then flip out of the binding cavity in the last binding step.
Our structure of apo-WT CRABPII, however, is not consistent with this hypothesis
because we do not see the same conformational changes between the apo and bound
CRABEPII (Figure 3-14). First, the o2 helix in apo-WT CRABPII and the CRABPII*RA
complex is identical in most of our structures, in contrast to the large conformational
change seen in the R111M structure (compare Figures 3-13 and 3-14-A). Furthermore,
as shown in Figure 3-15, both Arg29 and Argl32 have identical conformations in the
bound and apo forms of the protein, indicating that conformational change of these
residues is not required to direct RA binding. Arg59, the last residue of the BC-BD
hairpin loop (Figure 3-15), located at the portal of the pocket, has the same conformation
in Xtall and Xtal2 but is different from CRABPII°RA and R111M. In both apo-WT and
CRABPII*RA, the side chain of Arg59 is located toward the exterior of the pocket,
however in CRABPII*RA it is forced away from the portal of the pocket to provide
enough space for the gem-dimethyl group of the ionone ring. In contrast, in the R111M
structure, the conformation of Arg59 is strikingly different and unlike other structures it
bends toward the interior of the pocket (Figure 3-15) and has a water network interaction

with Arg132.2 Therefore we believe that the three-step mechanism of RA entry proposed
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by Chen et al.,” based on comparing the structure of apo-R111M and holo-CRABPII is
not consistent with the structures of apo-WT CRABPII we have determined.

We conclude that, in fact, the most significant conformational differences
between the structures of apo-R111M and the WT CRABPII*RA are due to the mutation
of the very conserved Argl11 residue.

Comparing the structure of Mol B and CRABPII*RA, Figure 3-14-B, shows that
the C-terminus of the o2 helix and the loop connecting o2 to BB are significantly
different in the two structures. As we explained above, the crystal-packing environment
of Mol B results in the altered conformation of this region and therefore its altered
conformation is an artifact of crystal-packing. The conformation of the o2 helix in Mol
B does not leave enough space for RA to enter and bind inside the pocket: the second
helical turn of the helix is very close to where RA binds inside the pocket and its residues
would collide with RA. Also Argl32 has a different conformation in Mol B than in Mol
A and is also in the way of RA entry. Therefore we believe that Mol A shows the “real”
conformation of apo-WT CRABPII (or at least the closest that we can get to “real” from a
crystal structure) and is compatible with RA entry.

Here using three independent sets of diffraction data, collected on three different
crystals of apo-WT we demonstrated that apo-WT has an almost identical structure to
CRABPII'RA with only minor differences in the BC-BD hairpin loop. This hairpin loop
is at the portal of the binding cavity and tends to close up the opening of the pocket upon

RA ligation (Figure 3-14-A).
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Figure 3-15 Superimposed structures of Mol A of apo-WT (green), Mol A of R111M (red) and WT
CRABPII*RA (yellow). Residues Arg29, Arg59, and Argl32 of each structure and RA in CRABPII'RA

are shown.

It is interesting to note that very similar structures of these molecules, especially
in the 02 helix and loop region correlate with the very similar solvent-mediated
interactions in the binding cavity of both CRABPII*RA and apo-WT Mol A. This occurs
because an acetate (Xtall) or a chloride (Xtal2) ion replaces the carboxylate group of RA
in Mol A of the apo-WT structure. This carboxylate or chloride serves to bridge Argl11
to the opposite side of the binding cavity, stabilizing this region. Both acetate and RA

bind inside the cavity and form tight hydrogen bonds with Argl32 and Tyr134 (Figures
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3-4 and 3-16). The network starts at Argl11 and ends at Val33 and Ala36, located on the
o2 helix and the loop region (similar to the network in Mol A of apo-WT). The paths of
the networks (Figure 3-16) are: (1) guanidino group of Arglll-> water 134 2>
carboxylate of RA = guanidino group of Argl32 -> carbonyl of Ala36; and (2)
guanidino group of Argl11-> water 134 > carboxylate of RA -» guanidino group of
Argl32 - water 28 > carbonyl of Val33. In contrast, this water-mediated interaction is
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