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Abstract:
Determination of three-dimensional structures of membrane proteins and their different functional
states has been elusive. After years of attempts, a high resolution x-ray structure of dark-adapted
rhodopsin was recently reported (Palczewski, et al., 2000). However, structures of light-activated
rhodopsin states, which trigger the G protein amplification cascade and are homologous to
agonist-stimulated conformations of other GPCRs, remain poorly understood.

"Antibody imprinting" was used to study the structures of the metarhodopsin-I and active
metarhodopsin-II photostates. Peptide consensus sequences for each antibody in a panel of
anti-rhodopsin monoclonal antibodies were found by bio-panning against phage-displayed random
peptide libraries. These consensus peptides mimic structural epitopes on rhodopsin.

To understand the structural information contained in antibody epitopes, consensus sequences were
mapped to the rhodopsin primary sequence manually, or with "Findmap", an algorithm which scores all
possible mappings of peptide sequences to target proteins. Most consensus peptides mimicked
discontinuous epitopes on rhodopsin, implicating sequentially distant residues as proximate in the
structures of different rhodopsin photointermediates. Distinctions were found between the patterns of
proximity constraints from antibodies that prefer metarhodopsin-I or metarhodopsin-II, allowing
construction of networks of distance constraints for metarhodopsin-I and metarhodopsin-II. The
proximity of the central part of the N-terminal tail and the I-3 loop found by Findmap are consistent
with the x-ray structure of the dark-adapted form of the protein An in silico study demonstrated the
feasibility of simultaneously applying multiple structural constraints to a rhodopsin model with explicit
phospholipid bilayer and explicit water.

A detailed structural understanding of metarhodopsin-I and metarhodopsin-II, must await the
availability of significantly larger numbers of antibodies with photostate preference. Many aspects of
this work agree qualitatively with prior studies using a wide range of approaches. The ultimate level of
structural detail that can be obtained from antibody imprinting is by co-crystallizing consensus epitopes
peptides with the selecting Fab to determine the folded peptide structure in the Fab binding site by
x-ray crystallography, and a start was made in this approach. Insights gained into rhodopsin photostate
structures constitute a foundation of methodology which can be built upon by future studies. 
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ABSTRACT

Determination of three-dimensional ,structures of membrane proteins and their 
different functional states has been elusive. After years of attempts, a high resolution x- 
ray structure of dark-adapted rhodopsin was recently reported (Palczewski, et al., 2000). 
However, structures of light-activated rhodopsin states, which trigger the G protein 
amplification cascade and are homologous to agonist-stimulated conformations of other 
GPCRs, remain poorly understood.

"Antibody imprinting" was used to study the Structures of the metarhodopsin-I and 
active metarhodopsin-II photostates. Peptide consensus sequences for each antibody in a 
panel of anti-rhodopsin monoclonal antibodies were found by bio-panning against phage- 
displayed random peptide libraries. These consensus peptides mimic structural epitopes 
on rhodopsin.

To understand the structural information contained in antibody epitopes, consensus 
sequences were mapped to the rhodopsin primary sequence manually, or with "Findmap", 
an algorithm which scores all possible mappings of peptide sequences to target proteins, 
Most consensus peptides mimicked discontinuous epitopes on rhodopsin, implicating 
sequentially distant, residues as proximate in the structures of different rhodopsin 
photointermediates. Distinctions were found between the patterns of proximity 
constraints from antibodies that prefer metarhodopsin-I or metarhodopsin-II, allowing 
construction of networks of distance constraints for metarhodbpsin-I and metarhodopsin- 
II. The proximity of the central part of the N-terminal tail and the 1-3 loop found by 
Findmap are consistent with the x-ray structure of the dark-adapted form of the protein 
An in silico study demonstrated the feasibility of simultaneously applying multiple 
structural Constraints to a rhodopsin model with explicit phospholipid bilayer and explicit 
water. '

A detailed structural understanding of metarhodopsin-I and metarhodopsin-II, must 
await the availability of significantly larger numbers of antibodies with photostate 
preference. Many aspects of this work agree qualitatively with prior studies using a wide 
range of approaches. The ultimate level of structural detail that can be obtained from 
antibody imprinting is by co-crystallizing consensus epitopes peptides with the selecting 
Fab to determine the folded peptide structure in the Fab binding site by x-ray 
crystallography, and a start was made in this approach, Insights gained into rhodopsin 
photostate structures constitute a foundation of methodology which can be built upon by 
future studies.
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CHAPTER I

INTRODUCTION AND REVIEW OF THE STRUCTURE 
AND FUNCTION OF RHODOPSIN

A History of Rhodopsin Structural Elucidation

Rhodopsin was first isolated from the retina in the 1870s by Willy Kiihne and Franz 

Boll and was determined to the bleachable part of visual purple. The understanding of 

rhodopsin progressed slowly in the first half of the twentieth century as the biological and 

biochemical sciences gradually evolved into their modem forms, and the necessary tools 

to study proteins were developed. In the late 1930s, Selig Hecht showed that a single 

photon could excite a rod cell. In 1958, Hecht's student, George Wald showed that 

retinal was comprised of a protein component (opsin) and a vitamin A derivative (vitamin 

A aldehyde, now termed retinal). Wald's laboratory first discovered that the role of light 

in vision was to change l\-cis retinal to all-trans retinal. Later, in the mid-1960s Wald 

suggested that light-excited rhodopsin might trigger a series of amplification steps, 

analogous to the coagulation cascade. For his contributions to understanding the 

molecular details of vision, Wald shared the 1968 Nobel Prize in Physiology or 

Medicine.

Determination of the rhodopsin amino acid sequence was embarked upon in the 

1970s, by fragmenting the rhodopsin molecule into smaller pieces by enzymatic or 

cyanogen bromide digestion which could then be sequenced (Hargrave, Fong, 1977;
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Hargrave et al„ 1982; Hargrave et al., 1983), Around this time, the topology of 

rhodopsin was worked out, using clues from the sequence (Dratz et al., 1979). The 

carboxyl one-third of rhodopsin was found to contain alternating regions of 

hydrOphobicity and hydrophilicity (Hargrave et al., 1982). The length of the hydrophobic 

stretches (about 24-27 amino acids) was determined to be approximately the right length 

to span a lipid bilayer. Once the entire rhodopsin sequence was determined in the early 

1980s (Hargrave et al., 1983), it became possible to propose a rhodopsin topological 

model with seven membrane spanning stretches connected by loops, with an intradiskal 

(extracellular) N-terminus and a cytoplasmic (intracellular) C-terminal (Dratz, Hargrave, 

1983), and this model has held up well to the present time and contains features that later 

proved to be common to all GPCRs. A slightly updated from of the 1983 model is shown 

in Figure I.

Unger and co-workers reported a low resolution 3-D structure of the helices of 

rhodopsin in 1997 (Unger et al., 1997), obtained by electron cry-miCroScopy (cryo-EM) 

on a +60 ° tilt-series Of 2-D crystals of frog rhodopsin, This model enabled a 

determination of the relative orientation of the seven-transmembrane helices of 

rhodopsin, however, the resolution was too low to locate specific residues and left 

considerable uncertainty in the structure. Additionally, the resolution of this EM 

reconstruction structure is greater at the center of the membrane bilayer, falling off to 

such an extent away from the center that essentially no structural information for the 

loops connecting the TM helices or of the N- and C-termini was obtained. This "missing 

cone of information" from the incomplete tilt series results in helices being seen as cigar-

2



3
shaped objects, is a consequence of collecting the data as a series of tilted frames rotated 

around the center of the molecule.

Bilayer
Headgroup
Center-Ceni
Thickness

Hydrocarbon

Cr)'. Vff

Figure I. Flat projection ("Snake diagram") of rhodopsin. Two-dimensional schematic 
of the structure of rhodopsin showing the sequences of the seven transmembrane helices, 
the three cytoplasmic and three extra-cellular loops of rhodopsin, the C-terminal eighth 
helix, and other features of the rhodopsin protein molecule.

Until the x-ray structure of rhodopsin was reported (Palczewski et al., 2000; Teller et 

al., 2001), the best model of rhodopsin that existed was derived from Baldwin (Baldwin, 

1993; Baldwin et al., 1997) by Herzyk and Hubbard (Herzyk, Hubbard, 1998b). 

Baldwin and co-workers incorporated data from most GPCRs with known sequences, 

which was amazingly consistent with the Unger, et al. rhodopsin cryo-EM data (Unger et



al., 1997), to create a GPCR template which assigns lengths to transmembrane helices, 

orients helices relative to one another and relative to the lipid bilayer-water interface. 

This effort was guided by sequence analysis of GPCRs, which identified patterns of 

residues that are conserved between GPCRs: It was assumed in the construction of the 

Baldwin model that residues that point into the centers of helix bundles were more 

conserved than oily residues in contact with the lipid bilayer, which were always oily but 

highly variable in sequence (Baldwin et al., 1997). Herzyk and Hubbard used the 

Baldwin GPCR template and all of the site-specific mutagenesis information on the 

transmembrane region available at that time to create a model of the helices Ofrhodopsin 

. (Herzyk, Hubbard, 1995; Herzyk, Hubbard, 1998b). The Herzyk and Hubbard model of 

rhodopsin helices was used as the starting point for our model of rhodopsin in explicit 

lipid bilayer and water discussed in Chapter 6.

In the 1990S, Yeagle and co-workers employed an NMR approach. to the 

determination of the structure of rhodopsin (see Yeagle, Albert, 1998; Yeagle, 1999; 

Albert, Yeagle, 2000)). By their method, peptides were synthesized with the sequences 

of rhodopsin. They called this method a "domain" approach, as each peptide had the 

sequence of a loop or helix domain. These peptides were subjected to solution NMR to 

obtain structures. Peptides representing different domains had overlaps which were used 

to superimpose two different peptides Structures and thereby build up a complete 

structure of rhodopsin. The resulting rhodopsin structure did not predict helix VIII found 

in the x-ray structure of rhodopsin, and was generally in very poor agreement with the x- 

ray structure. This approach is not widely considered to be a reliable method, though

4



such an approach can perhaps be applied to the study of some proteins with 

independently folding domains.

The recent high-resolution x-ray structure of rhodOpsin (Palczewski et al., 2000; 

Teller; 2001) finally solved many of the questions about the rhodopsin structure. This 

structure (Figures I, 6) was the first reported for a GPCRsi and will serve as a template 

for building models of other GPCRs until such time as other structures are determined. 

The structure reported by Palczewski and colleagues is not, however, the last word on 

rhodopsin structural studies, as it is a structure of only the inactive, dark-adapted form of 

rhodopsin and many of the structural features of the cytoplasmic surface are poorly 

defined. The 3-D structures of the rhodopsin photointermediates, including the active 

metarhodopsin-II form which binds the G protein transducin to initiate the vision 

cascade, remains unsolved, and has been the subject of many lines of research in addition 

to the antibody imprinting method described in this dissertation. Some of these 

approaches are discussed later in this chapter.

5

Location of Rhodopsin and Comparison of Rod and Cone Cells

The retina (Figure 3 A) encompasses most of the dorsal aspect of the vertebrate eye. Each 

retina contains about 100 million rod cones, which are responsible for low-light vision 

(scotopic to mesotopic vision) and three types of cone cells, numbering about 5 million 

per retina, which are responsible for color vision (mesotopic to photopic vision). Rod 

cells are sensitive to a broad range of light, Centered around 498 nm, but do not



distinguish between colors. Cone cells are smaller than rod cells (not indicated in Figure 

3B), contain less visual pigment, and are thus not as sensitive as rod cells. Each of the 

three types of cone cells in primate retinae are maximally sensitive to light of a particular 

wavelength, as shown in Figure 2. Three types of cones are responsible for trichromatic 

vision (Figure 3B). Most non-primate mammals are dichromatic and lack red cones. In 

contrast many birds have color vision
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Figure 2. Absorbance spectra and absorbance maxima for human rods and human red, 
green, and blue cones, (from Backhaus et al. 1998) originally published in Dowling, 
1987).

that extends into the ultraviolet, due to the presence of four or even five different kinds of 

cone cells with visual pigments maximally sensitive to four (tetrachromatic) or five



(pentachromatic) different wavelength regions of light. The differences between the 

various visual pigments in vertebrates and the molecular origins of these differences are 

discussed in a recent review (Yokoyama, 2000).

The determinant for the color of light that is best absorbed by a rod or cone cell is the 

environment around the retinal chromophore that is created by the side-chains that 

surround the chromophore in the protein. For example, iodopsins found in green and red 

cones have wavelengths of maximal absorption that differ by 31 nm, (533 nm and 564 

nm for green arid red respectively) but only 15 of the 364 amino acids comprising the 

linear sequence of the red and green iodopsins are different (Nathans et al., 1986). Of the 

15 different amino acids, only three are primarily responsible for the difference in 

wavelength sensitivity, all of which contribute to the retinal binding pocket (Sakmar, 

1998). It is possible to spectrally tune rhodopsin and iodopsins to specific wavelengths 

by site-directed mutagenesis (reviewed in Litt, Sakmar, 1999).

Vertebrate rod cells (Figure 3Q  are long (~40 jlM), slender (-1-2 fiM) entities 

consisting of two major large-scale anatomical features called the inner and outer 

segments. Rod outer segments (ROS) are highly specialized for the collection of 

photons. The primary feature of ROS is a stack of approximately 1000 membranous 

discs (Figure 3D), each about 160A thick. The interior of each disc is topologically 

outside the cell and is referred to as the intradiskal space. Discs are replaced with a half- 

life of approximately two weeks. Certain conditions, such as retinitis pigmentosa, a 

progressive disease which leads to blindness, usually in middle age, are associated with 

improper reprocessing and recycling of old discs. The primary protein component of 

discs is rhodopsin (Figure 3E). Approximately 3x106 rhodopsin molecules are contained
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Figure 3. Schematic showing the location of rhodopsin and the retinal chromophore 
starting at the level of A., a cross-section of the vertebrate eye with the retina in red. B. 
Diagram of a typical (non-foveal) cross-section of the retina, showing multiple layers of 
cells and the relative location of rod and cone cells. The relative sizes of rod and cone 
cells is not to scale. C. Rod cell showing morphology and location of the outer segment 
containing disk membranes (not to scale). D. Cross-sectional diagram of a rod outer 
segment disk, showing the trans-membrane rhodopsin molecules and the topologically 
extracellular intradiskal space. E. Three-dimensional cartoon diagram of rhodopsin 
emphasizing its seven transmembrane helices connected by loops, C-terminal, and 
glycosylated N-terminal. F. Chemical structure of the I l-cis retinal chromophore of 
rhodopsin. Upon stimulation by a photon, the I l-cis isomerizes to becomes all trans 
retinal.



in each disc, at a concentration of 3 mM in the ROS and comprise over 90% of the total 

integral membrane protein weight of discs membranes in rhodopsin.

9

Relationship of Rhodonsin to Other GPCRs

GPCRs represent a large superfamily of at least 1000 proteins that are responsible for 

the conversion of external (extracellular) signals (e.g. a peptide, protein, ion, small 

organic molecule, or photon) into intracellular physiological responses. This is 

accomplished by GPCRs having an active state that is able to bind heterotrimeric G 

proteins and catalytically exchange GDP for GTP in the alpha subunits of G proteins, 

resulting in a "cascade" of signal amplification, which is discussed in more detail later in 

this chapter. A phylogenic tree showing the relatedness of the different classes of 

GPCRs, their subclasses, and sub-subclasses is shown in Figure 4. Rhodopsin belongs to 

the largest family of GPCRs (Class A rhodopsin-like) which also includes cannabanoid 

receptors, melatonin receptors, peptide receptors, gonadotropin-releasing receptors, and 

olfactory receptors, to give a partial list. Besides the rhodopsin-like Class A proteins, 

GPCRs are fit into at least 5 other classes: Class B secretin-like, Class C metabotropic 

glutamate/pheromone, Class D fungal pheromone, Class E cAMP receptors, and 

Frizzled/Smoothened receptors.

The GPCR superfamily is one of the most important protein families for drug targets. 

More than 20% of the top 200 best selling prescription drugs, with worldwide sales of 

over $20 billion per year, interact with GPCRs (Wilson, Bergsma, 2000). An example of
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some of these drugs and their targets are: Albuterol against the b2 adrenergic receptor 

(asthma), Losartan against angiotensin ATi receptor (hypertension), Buspirone against 

the serotonin 5HTia receptor (anxiety), and Ropinerole against the dopamine receptor 

(Parkinson's disease) (Wilson, Bergsma, 2000). In addition, there is much active 

biomedical research involving the identification of drug targets against known and 

orphan GPCRs (e.g. see Flower, 1999). Like rhodopsin, all other GPCRs are membrane 

proteins and consist of seven transmembrane alpha helices ( called HI to HVII), three 

extra-cellular loops between helices, three cytoplasmic loops between helices, an extra

cellular N-terminal, and a cytoplasmic C-terminal as diagrammed in Figure I. Much of 

the insight into GPCR function and structure has been obtained by studying rhodopsin 

since it is relatively easy to obtain in large quantities. Thus, rhodopsin has been the 

subject of a great deal of intensive study and has become the archetype GPCR. By 

studying the conservation of residues in the sequences of -1000 GPCRs, other insights 

can also be reached; Residues that are widely conserved between GPCRs are likely to 

have important functions. One such sequence is the (EZD)RY sequence located near the 

C-terminal side of HS, which has been implicated as playing a role in G protein coupling 

(e.g. Seibold et al., 1998). A summary of conserved sequences found in GPCRs is shown 

in Figure 5. Note that the orientation of the cytoplasmic side in Figure 5 is down, 

opposite to Figure I where the cytoplasm is at the top.

Site-specific mutational analysis has been used to study GPCR function and to assess 

residues that may be structurally functionally important. By this method, PCR techniques 

(reviewed in Fong, 1999) are used to create point mutations, additions, or deletions in the 

GPCR DNA, resulting in production of aberrant forms of the GPCR. These mutants may



have different biochemical properties, which can help to pin point important amino acid 

residues in the GPCR and to define the contributions (e.g. to G protein binding, to ligand 

binding, to protein scaffold structure, etc.). A review of the vast number of site-specific 

mutants of rhodopsin is largely beyond the scope of this dissertation, but is covered in a 

number of reviews (see Rao, Oprian, 1996; Sakmar, 1998) and has been discussed in a 

number of places in this dissertation where they are of particular interest (e.g. constitutive 

mutants for determining Mil structure).
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Figure 6. Two views of the x-ray structure of dark-adapted rhodopsin (Left) The seven 
helices of the GPCR rhodopsin weave back and forth through the membrane lipid bilayer 
(yellow lines) from extracellular (bottom) to cytoplasm (top). (Right) The chromophore, 
retinal, is nestled among the transmembrane helices (loops not shown; enlargement 
viewed from the cytoplasm). Retinal is shown in its I \-cis dark from (yellow) and its all- 
trans light form (magenta, where the two differ). The white arrow pointing to Ala 169 in 
the right-hand panel shows the site of retinal cross-linking in light exposed rhodopsin. 
Roman numerals indicate numbered helices; the red circle indicates the position about 
which retinal isomerization occurs. (Figure from Bourne, Meng, 2000).

Overview of Rhodopsin

Rhodopsin: An Archetypical GPCR

Rhodopsin (Figure 6, above) is an -39,000 MW, 348 amino acid G-protein coupled 

receptor (GPCR) responsible for catalyzing the first step in low-light (non-color) vision 

in vertebrates, detection of a photon signal. Rhodopsin is quite concentrated in the 

retinae of vertebrate eyes, and is relatively easily purified (Papermaster, 1982). Because



of these favorable aspects, rhodopsin is amenable to study and has become the archetype 

protein for investigation of GPCR structure and function. Bovine (Bos taurus) rhodopsin 

can be obtained in the necessary amounts for experimentation from fresh retinae due to 

the large number of cattle slaughtered in abattoirs, though it has become slightly less 

easily obtainable in recent years, especially in Europe, due to the Mad Cow disease scare.
V-

Rhodopsin can also be made with useful levels of expression as its apoprotein opsin, 

using a synthetic gene expressed in monkey kidney COS-1 cells (Oprian et al, 1987). 

Upon addition of the native 11 -cis retinal chromophore, rhodopsin is produced that is 

fully functional. ■ -

Further aiding rhodopsin's role as the archetype G protein-coupled receptor, 

Palczewski, and coworkers, successfully determined the 3-D crystal structure of dark- 

adapted (inactive) rhodopsin in 2000 after decades of attempts by many laboratories, 

(Palczewski et al,, 2000; Teller et al., 2001). This structure represents a great 

breakthrough in the understanding of rhodopsin, and will aid in the elucidation of 

structure-function relationship across the entire GPCR family.

Rhodopsin Topology and Photointermediates

Rhodopsin is comprised of a 348-amino acid protein component (opsin) which spans 

the disc lipid bilayer seven times with long alpha-helices (Figure I), and a prosthetic 

group (retinal■ chromophore) (Figure 3F). Topologically, opsin is divided into three parts: 

(I) an intradiskal (extracellular) region containing a stack of beta sheets whose primary 

function may be to help retinal binding and keep bulk water away from the Schiff base
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linkage. (Palczewski, et al., 2000), (2) a membrane spanning regime which surrounds the 

agonist binding site and enables members of the GPCR superfamily to couple 

extracellular stimuli with intracellular responses, and (3) a cytoplasmic domain, 

comprised of four loops (C-l to C-4), an amphipathic helix (H-VIII) that lies at the 

interface of the lipid and water, and a C-terminal tail (Palczewski, et al., 2000). The 

cytoplasmic face is less well defined in the dark-adapted x-ray structure. When the 

crystals are exposed to light, the structural changes are large enough that the crystals 

crack (Okada et al., 2001) and thus no x-ray structures exist of the cytoplasmic face after 

exposure to light.

Retinal is an isomer of vitamin A-aldehyde and is the prosthetic unit of rhodopsin 

responsible for absorption of a photon of light at the very beginning of the 

photoreception. Upon absorption of a photon of light with appropriate wavelength (a 

broad band centered around 500 nm, red peak in Figure I), the 11-cis form of retinal is 

isomerized to all-trans (Figure 7, inset). Conversion of 11-cis retinal to the all trans- 

retinal form is accompanied by a series of structural changes in the helices of rhodopsin 

and the loops connecting them. A good review of intermediate species is (Hofmann, 

2000). Many of the intermediates of rhodopsin are identifiable by their spectra, with 

different wavelengths of maximum absorption (Xmax) (Figure 8):

Bathorhodopsin (B): Xmax=SdO nm, forms from dark-adapted rhodopsin in ~ 5 ps 

after flash excitation. In this stage, rhodopsin already contains a strained all-trans retinal 

chromophore, but no major structural changes appear to have yet occurred to the amino 

acid components of the protein. All-trans retinal is less favorable in the rhodopsin retinal

15
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Figure 7. Spectrum of rhodopsin (red) and metarhodopsin II (green) and a diagram of the 
isomerization of retinal from 11-czj to d\\-trans by light. Rhodopsin (red line) has 
absorbencies peaking at 498 nm and 340 nm due to retinal and an absorbance peaking at 
280 nm due to opsin. Upon exposure to light, rhodopsin is converted to metarhodopsin II 
(Xmax-380), driven by the conversion of the protein-bound 11-cis retinal isomerizing to 
all-trans retinal (upper right corner) (with an absorbance due to retinal at 380 nm) is 
formed (green line). The spectrum was taken by Dr J. H. McDowell by dissolving bovine 
rod cell membranes in the detergent dodecylmaltoside. Taken from Hargrave, PA 
Encyclopedia of Life Sciences 1999 A72: http://www.els.net. The detergent favors Mil 
formation and greatly reduces the turbidity of the rod cell membranes.

http://www.els.net
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Figure 8. Photolytic pathway of rhodopsin. Upon activation by a photon of a suitable 
wavelength of light, rhodopsin undergoes progression of photointermediates with varying 
lifetimes. Metarhodopsin II (Mil) appears in the millisecond time range at in vivo 
temperatures (~37°C) and is in equilibrium with MI and Mm. Mil is the active photo
intermediate that binds to and activates the G protein transducin. In the slow step (hours) 
of the photolytic pathway, retinal is cleared from the binding pocket, leaving opsin. 
Rhodopsin is then regenerated over a period of minutes (not shown). The numbers in 
parenthesis are the wavelengths of maximum absorption (Xmax) in nanometers for each 
species.



binding pocket energetically, which drives the conformational changes in rhodopsin 

forward. B can be trapped at temperatures below -140°G., When trapped B is warmed, it 

is clear that the isomerization energy barrier is passed since all-trans retinal eventually 

hydrolyzes from the protein (see below)

Blue shifted intermediate (BSD: Xmdx=All nm, forms in -105 ns from B. The BSI 

form of rhodopsin is in equilibrium with B and is likely due to a relaxation of the 

energetically unfavorable all-trans retinal in the rhodopsin retinal binding. The relaxation 

is maybe the result of changes in the rhodopsin protein conformation. BSI has only been 

detected by flash photolysis measurements at room temperature where full time-resolved 

spectra are obtained (Lewis, Kliger, 1992).

Lumirhodopsin (L): Xmax=497 nm, forms in -200 ns from BSL By the time L is 

formed, most of the energy of the photon has been transferred from the retinal to the 

protein component of rhodopsin (Ujj et al., 1998). Like BSI, L likely is an intermediate 

structure that has a partially rearranged retinal binding pocket to better accommodate all- 

trans retinal. By changing the structure of the retinal binding pocket, larger changes that 

effect distant regions of rhodopsin are wrought, presumably resulting in helix-helix 

reorientations, and changes in the conformations of helix-connecting loops (Hofmann et 

al., 1976). An understanding of these changes is as of yet far from complete. L can be 

trapped between temperatures of approximately -HO0G and -40°C. '

Metarhodopsin I (MI): Xmax=478 nm, forms in -  50 (is from L and is in equilibrium 

with MIL The Schiff base linkage between opsin and retinal is still protonated in MI 

(Doukas et al., 1978).
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Metarhodopsin II (Mil): Xmax=SSO nm, forms in ~ I ms at in vivo temperatures 

(~37°C) and is in equilibrium with MI rhodopsin, The Schiff base linkage between the 

retinal chmmophore and Lys 296 is deprotOnated in MU, and the IihMge becomes 

exposed to an aqueous environment where it is susceptible to hydrolysis (Doukas et a!., 

1978). In the absence of GDP to GTP, M His stabilized by binding to the G protein 

transducin, which alters the MI-MH equilibrium. GDP is released from the complex and 

binding of GTP (or GDP) causes release of the GTP (or GDP)-bound G protein from the 

complex. A comparison of the MH spectrum and the dark-adapted rhodopsin spectrum is 

shown in Figure 7, along with an illustration of the 11-cis^all-trans retinal change. The 

MH state has been further subdivided into two isochromic species, MHa, where the Schiff 

base is deprotonated and the proton is located in another place (probably on El 13 (lager 

et al., 1994)), and MDb, which is formed upon uptake of an additional solute proton by a 

protein site on the cytoplasmic domain. The multiple forms of MH and MI are discussed 

more extensively in Chapter 2.

MetarhodopSin Hl (MDD; Xmax=465 nm, forms in minutes from Mil at in vivo 

temperatures. Decay to all-trans retinal and opsin apoprotein may go through a MTIt 

intermediate or decay directly to ME (Hofmann, 2000).

Opsin + All-trans Retinal: Xmsix=SSl nm, forms in hours from MDI and opsin is 

characterized by its lacks of a retinal chromophore. Opsin can be regenerated in vivo or. 

in vitro to form dark-activated rhodopsin by addition of 11-c/s retinal. If the light

exposure was done in the presence of ATP and an active rhodopsin kinase, as is present
>.

in vivo, then the regeneration of rhodopsin also requires dephosphorylation of Ser and 

Thr residues that were phosphorylated during activation (discussed below).



Rhodopsin Cascade and Regeneration

The. active metarhodopsin II form initiates the rhodopsin signaling pathway by 

binding the G protein transducin, which leads to hyperpolarization of rod cells — resulting 

in an electrical signal that is carried to the brain. The major steps in the visual excitation

process are illustrated in Figure 9, and discussed in the caption to Figure 9. The first step
>

of amplification of the photon signal by rhodopsin is achieved since activated rhodopsin 

molecules catalyze GTP exchange on multiple transducins. Under physiological 

conditions, light activated rhodopsin also interacts with rhodopsin kinase (reviewed in 

Hofmann, 1999; Palczewski, 1997), which functions to deactivate rhodopsin so that 

bleached rhodopsin can be reactivated. Rhodopsin kinase binds and phosphorylates 

certain Ser and Thr residues in multiple regions including the C-terminal tail and C-3 

loop (Palczewski et al., 1991) on the cytoplasmic face of rhodopsin. Phosphorylation of 

Mn allows arrestin (also known as S-antigen (S AG) and "48 kDa protein) (reviewed in 

Hofmann, 1999; Palczewski, 1994) to recognize and bind to MH with a higher affinity, 

leading to quenching of the ability of MH to activate transducin. Regeneration of dark- 

adapted rhodopsin in vivo requires dephosphorylation of Ser and Thr residues by protein 

phosphatase 2A (PP2A) (Palczewski et al., 1989) and resupplying 11-cis retinal to the
I

rhodopsin binding pocket (reviewed in Ostroy; 2001) , by a process that is still under 

investigation.
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Photon

Figure 9. Overview of the rhodopsin signaling pathway. Rhodopsin remains in an inactive, "dark-adapted" state with 
extremely low levels of basal activity until a photon of light of suitable wavelength (a broad range centered around 500 nm) 
activates it. Rhodopsin then rapidly proceeds through a series of intermediates (Figure 8), driven by the isomerization of 
retinal to the all tram state. As a result, the cytoplasmic face of rhodopsin undergoes structural changes, including helix 
movement and deprotonation of the Schiff base linkage between retinal and Lys 297 to form the metarhodopsin II 
intermediate ("photoexcited rhodopsin" or "R*"). Mil then interacts with the G protein transducin ( T oby). Though transducin 
is outnumbered by approximately IO to I by dark-adapted rhodopsin in rod outer segments, there is a net amplification of the

. _______________________________ Aus Ieadls to'<Ussociadon()f dh:
transducin heterodimer, leaving a photoexcited rhodopsin-transducinaiPha-GTP complex (R*-Ta-GTP). Rhodopsin has a 
lower affinity for Ta-GTP relative to Topr GDP and Ttt-GTP dissociates from R*. Ttt-GTP interacts with the 
phosphodiesterase (PDF) enzyme, forming an active PDE-Ttt-GTP complex (PDF*), which rapidly hydrolyzes cGMP to 
Gm P. The turnover number of the active complex is ~ 1300/sec at 34 degrees C (Heck, Hofmann, 2001), and thus this is a 
second large amplification of the photon signal at this step. The loss of cGMP results in the closure of cation channels in the 
plasma membrane. The result is a lowering of the influx of Na into the outer segment which provides further amplification 
signal and hyperpolarization of the plasma membrane. This signal is then transmitted to the synaptic region and eventually to 
the brain for processing. (Figure from Pugh, et al., 1999).
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Methods Used to Obtain the Current Understanding of the 
Structure of Rhddopsin and Its Light-Induced Confonnational Changes

Constitutivelv Active Mutants

Insights into which residues play key roles in rhodopsin structure and activity have 

been made through studying constitutively active mutant opsin species (Rao, Oprian, 

1996; Sakmar, 1998). By expressing rhodopsin in COS-1 cell lines (Oprian et al., 1987; 

Han et al, 1996), production of useable quantities of rhodopsin with mutated residues has 

become feasible. Residues that are highly conserved amongst rhodopsin across species, 

or in a larger sense conserved between different G protein -coupled receptors, have been 

prime targets for mutagenesis studies. Rhodopsin has been shown to have increased 

constitutive transducin binding ability after a variety of mutations, including:

1) Lys 296 / Glul 13. Lys 296 forms a protonated Schiff base linkage with 

rhodopsin, and Glu 113 is the counter ion to the Schiff base. Mutations of Lys (K296E, 

K296G) or Glu (El 13Q) disrupt a salt bridge between them leading to constitutively 

active rhodopsin (Robinson et al., 1992). Thus, this constraint may act to prevent 

rhodopsin from activating in the absence of light (Robinson et al., 1992), and in its 

absence opsin has increased constitutive binding activity for transducin.

2) Met 257. This residue is located on helix 6 of rhodopsin and is believed to 

interact with the highly conserved NPXXY motif on helix 7 (Han et al., 1998). The 

M257Y and M257N mutations both showed high levels of constitutive activity (Han et



al., 1998) and it has been hypothesized. that interactions between M257 and helix 7 

prevent helix 6 movement in the dark-adapted state of rhodopsin (Han et al., 1998).

3) Gly 121. This residues is a highly conserved residue near the center of helix IH of 

rhodopsin. Mutation of Gly 121 to residues with increasingly more bulky side chains 

causing increasingly greater dark activity and a blue shift in the Xmax, indicating that this 

residue plays a role in the chromophore binding pocket (Han et al., 1996) Double 

mutations involving G121L and mutations to Met 257, Val 258, Phe 261, and Trp 265 on 

helix VI can sometimes result in partial reversion to the wild type rhpdopsin phenotype, 

indicating that there is an interplay between these residues.

4) Glu 134. This residue is located near the cytoplasmic end of helix IH of 

rhodopsin, and with Arg 135 Tyr 136, forms par of the (DZE)RY motif, which is a highly 

conserved feature in GPCRs. Mutations of Glu 134 to Gln results In a rhodopsin species 

with dark activity,

5) Gly 90. This residue is found in helix H of rhodopsin. Mutation to Asp results in 

constitutive opsin activity, possibly by disrupting the salt bridge between Lys 296 and 

Glu 113 (Rao et al., 1994).

6) Hyperconstitutive Double Mutants. Simultaneous mutations of M257: and El 13, 

both on helixes HI and VI, result in constitutively .active mutants with more constitutive 

activity than the sum of constitutive activities in single-site mutants, indicating a 

synergistic effect(Han et al., 1998).
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Spin-Labeling

Electron paramagnetic labeling (EPR) methods coupled with site-directed spin 

labeling can be used to assess the (I) mobility of labeled amino acid residues in 

rhodopsin, (2) solvent exposure of residues (reviewed in Hubbell et al., 1996, Barrens, 

1999, and Hubbell et al., 2000), and (3) to some extent the relative distances between 

pairs of amino acid residues. Residues in the rhodopsin sequence have been mutated to 

cysteine, either individually or in pairs. These cysteine residues are then chemically 

reacted with spin labels containing methanethiosulfonate to add a nitroxide side chain on 

the cysteine which acts as an EPR spectroscopic reporter group (Hubbell et al., 1996). 

One way that spin labeling is used is to do a nitroxide scan, where a series of residues in. 

sequence are mutated to cysteine and then spin labeled. By studying the EPR spectra of 

each, the mobility and solvent accessibility of each labeled residue can be assessed 

(Barrens, 1999). Another approach is to mutate a particular residue to cysteine and spin 

label and then simultaneously nitroxide scan residues that are sequentially distant but 

may be close to the first residue in certain photostates of rhodopsin (Barrens, 1999). 

Proximity of the spin labels can be assessed by broadening of the spin label signals. 

Summaries of the structural details of rhodopsin learned by spin-labeling are succinctly 

summarized in (Barrens, 1999).
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Optical Spectroscopic Techniques

Because the important rhodopsin photointermediates are distinguishable by their 

optical spectra, rhodopsin is suited to study by spectroscopic techniques. Extra-meta II

assays, whereby the MfctMII equilibrium is perturbed by transducin, transducin peptides,

or by antibodies that push the equilibrium towards or away from MD, or membrane 

suspension light scattering assays that are discussed in Chapter 2. What follows here is a 

very brief survey of a few of the other spectroscopic approaches that have been applied to 

rhodopsin, and the major finding associated with each: Many different approaches to 

rhodopsin structure study make use of UV-Visible spectroscopy. FTlR difference spectra 

(see, e.g. (Gerwert, 1999; Rothschild, 1992) between FTIR spectra of normal versus 

mutant forms of rhodopsin can reveal structural changes between the two forms of 

rhodopsin. The structural changes detected can often be assigned to 

protein/deprotonation reactions and can then be used to develop models explaining 

molecular mechanisms involved in protein function. Raman spectroscopy can provide 

information regarding the retinal chromophore and its environment in both normal and 

mutant rhodopsin species (see (Mathies, 1999).

Antibody Imprinting: A Praxis

The antibody imprinting process is a relatively new method developed by Burritt, 

Jesaitis, Dratz and co-workers. It utilizes well-established phage-display (Scott, Smith,



1990) and hybridoma technologies (Kohler, Milstein, 1975) to provide structural 

information or proteins that are difficult or impossible to study by conventional methods 

of structural elucidation, such as x-ray crystallography or nuclear magnetic resonance 

(NMR), due to inability to produce and/or purify the protein in sufficient quantities,

difficulty in crystallization, or too low a solubility for NMR. In the antibody imprint
.! '

method, specific antibodies are epitope mapped using a random peptide library displayed 

on phage. The general procedure for antibody imprinting, as it relates to the work 

described for rhodopsin in this dissertation is:

I) A library of monoclonal antibodies (mAbs) against a protein target (herein 

rhodopsin) are produced and characterized. This process is described in chapters 2 

(characterization) and 3 (production).

.2) MAbs are subjected either individually (or collectively) to selection with a random 

peptide library displayed on phage. In the studies reported here, M13 bacteriophage was 

used, and the random peptide library was engineered into the minor coat pin "tail" 

protein (Burritt, et al,, 1996). Phage carrying peptides with the highest affinity for the 

mAb are found by three rounds of selection. The peptide inserts oh these selected phage 

are sequenced, and collectively describe a consensus sequence or sequences of the 

antibody epitope. This process is detailed in chapters 3 (phage-selection) and 4 

(characterizing, selected phage).

3) Consensus sequences obtained by phage display are mapped to epitopes on the 

target protein. Most of the epitopes are found to be of the coiuplex, discontinuous variety, 

(also called structural epitopes) in which the epitope is defined by the native folded 

structure of the protein. Figure 10 illustrates the difference between discontinuous and



linear epitopes. In discontinuous epitopes, residues that are sequentially distant in the 

protein's linear sequence are folded into close proximity in the epitope. In this work, 

consensus sequences were mapped either manually as done by others, or by the use of a 

mapping algorithm developed as part of this research. The mapping process is described 

in Chapter 5.

4) Consensus peptides that are correctly mapped to the protein epitope they mimic 

are able to describe distance constraints on the structure of the protein in cases where the 

consensus sequence maps to two or more regions of the target protein that are 

sequentially separated as shown in Figure 10. This point is expounded upon in chapter 5
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C ontinuous D iscontinuous

Figure 10. Discontinuous and continuous epitopes. Continuous epitopes are derived from 
a single linear sequence exposed on a protein surface. Discontinuous epitopes (structural 
epitopes) are comprised of two or more regions of a protein that are sequentially 
separated but in proximity in the folded protein. (Figure from Pepscan Systems, 
http://www.pepscan.nl/).

http://www.pepscan.nl/


5) By mapping, many mAbs, an interleaving network of structural constraints 

describing a protein surface can be built up. Each constraint reduces the number of 

degrees of freedom in the protein structure, and relatively few long distance, constraints 

are required to define the general topology of the protein surface of interest. Details of 

constraint networks for dark-adapted and light-exposed rhodopsin are described in 

Chapter 5.

6) Distance constraints can be constrain the protein structure by beginning with the 

best available approximation of the protein model, and consecutively adding in more and 

more constraints, while keeping the prior constraints.. This process is demonstrated in 

chapter 6 of this dissertation.

7) The most detailed imprint of the protein surface can be obtained by determining 

the shape of the consensus epitope peptide when it is bound to its mAh by x-ray 

crystallography (using Fab or Fv) or NMR (using mAh). The conformation of the

antibody-bound peptide is thought to mimic the 3-D conformation of a patch of the
. . . .  ' ■ ■ ■■ ,

protein surface. This method is detailed in chapter 7.

, . ' 1
r"'

Research Goals

The primary objective of the research communicated in this dissertation was to apply 

the antibody imprinting method (Burritt et al„ 1998; Jesaitis et al., 1999) to structural 

studies of rhodopsin. A panel of anti-rhodopsin monoclonal antibodies (mAbs) against 

the cytoplasmic face of rhodopsin and one against the intradiskal surface was utilized to
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generate a network of constraint data that provides data on the possible conformations of 

the principle rhodopsin photointermediates (MI and ME) and their structural differences 

from the dark-adapted state. A secondary goal was to develop an automated algorithm 

capable of reliably mapping phage display-derived consensus peptides to the epitopes on 

protein targets that they mimic. Initial studies of the x-ray structure of epitope peptides 

bound to one of the FAbS studied were carried out.
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CHAPTER 2 ;
*

CHARACTERIZATION OF A PANEL OF ANTI-RHODOPSIN MONOCLONAL 

ANTIBODIES UNDER DARK AND LIGHT CONDITIONS

Introduction

Light-excited rhodopsin rapidly forms an equilibrium mixture of meta-I and meta-II 

conformations, which evolve more slowly into meta-IH and the retinal-free opsin 

apoprotein (Wald, 1968). Antibodies in the panel investigated were made by injecting 

mice with light-bleached rhodopsin. The conformations of rhodopsin recognized by the 

antigen-specific receptor on B cells, when they reacted with the antigen are unknown, but 

presumably can vary over a range of conformations. The retinal chromophore hydrolyzes 

from bleached rhodopsin in an hour or two, forming the retinal-free opsin protein (Wald, 

1968). Vogel and Seibert recently showed, using FTIR spectroscopy, that the retinal-free 

opsin protein exists in an equilibrium mixture of conformations that resemble MI and MH 

quite closely (Vogel, Siebert, 2001). Most of the anti-rhodopsin mAbs directed against 

the cytoplasmic face of rhodopsin available for this study appear to have some preference 

for binding MI or MH. In order to determine the MI or MH preferences for anti- 

rhodopsin mAbs, a number of approaches were investigated and are discussed in this 

chapter.
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Spectroscopic Assays

Rhodopsin has been the protein of choice for studying GPCRs. Each of rhodopsin’s 

primary photointermediates (which are thought to correspond to intermediate functional 

states in other agonist-stimulated or constitutively active GPCRs) have distinct spectral 

properties from the inactive dark structure (Figure 11). Thus, the kinetic mechanism 

involved in light stimulated rhodopsin activation and the .spectra of the transient species 

can be analyzed in detail under varied conditions (reviewed in (Sakmar, 1998). Variables 

that have been investigated include: the presence or absence of binding proteins or 

peptides (transducin, protein kinase, arrestin, mimetic peptides, mAbs, etc.), and effects 

of a variety of rhodopsin mutants; under different membrane, lipid compositions (Litman 

et ah, 2001; Isele et al., 2000; Mitchell, Litman, 1998a; Mitchell, Litman, 1998b; Brown, 

1994). Two optical techniques, flash photolysis (extra Mil assays) and light scattering 

have been particularly useful for characterizing the preferences of anti-rhodopsin 

monoclonal antibodies for MI or MIT.

Extra-Mil Assays

To assess preferences of the mAbs for the MI or MH conformations, flash photolysis 

experiments (Pulvermuller et al., 1997) were conducted in the presence or absence of 

several of the antibodies in the panel. In order to minimize precipitation of rhodopsin- 

mAb-ROS membranes, the mAbs were enzymatically digested to yield FAbs that bind
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Figure 11. Absorption spectra of rhodopsin (Xmax=498 nm), metarhodopsin I (MI) 
(^max=478 nm), metarhodopsin II (Mil) (Xmax=380), and metarhodopsin III (MITT) 
(A.max=465). Taken from (Parkes et ah, 1999).

rhodopsin with a 1:1 stoichiometry. Papain (Milenic et ah, 1989) is most commonly used 

for digestion of IgG antibodies. However, low yields of Fab from papain digests were 

obtained in the initial work, probably because papain is not very active on murine IgG 

antibodies (Pierce technical support, personal communication). Thus, we used 

immobilized ficin (ImmunoPure IgGl Fab and F(ab')2 Preparation Kit, Pierce) to 

produce Fabs. Typical results of ficin digestion of anti-rhodopsin mAbs are shown by 

SDS-PAGE in Figure 12. Ficin digestion yielded almost 100% digestion of mAb with 

very little non-specific cleavage, as evidenced by the sharp bands for Fab and Fe



fragments when samples were run under non-reducing conditions, and cleaved heavy 

chain and light chains from Fab samples run under reducing conditions.
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Figure 12. SDS-PAGE pattern of Fab K42-41L production by ficin cleavage and 
subsequent purification on protein A. All samples were run on the gel under reducing 
conditions. Lane Lmolecular weight markers, Lane 2concentrated mAb pre-ficin digest, 
Lane 3: empty. Lane 4:crude sample containing both Fab and Fe eluted from ficin 
column after digestion. Lane 5: empty, Lanes 6-8: protein A column flow through 
fractions containing Fab ready for FPLC purification, Lanes 9-10: low pH elution of 
protein A binding species containing Fe. The faint bands in most lanes around 
MW=66,000 are also in the empty lanes where no proteins were applied and thus do not 
appear to be in the Fab preparation and are likely due to keratin contamination from skin 
during the gel setup process.

Enhancement or suppression of Mil formation after flash excitation of rhodopsin 

samples was measured in the presence and absence of FAbs using a dual-wavelength 

spectrophotometer to monitor differences in absorbance between 380 nm and 417 nm, 

A(A3SO-A417) (Emeis, Hofmann, 1981). Meta-II has a maximum absorbance at 380 nm 

and the isobestic point between MI and Mil is at 417 nm. Transducin and certain



synthetic peptides, which mimic linear regions of transducin, have previously been 

shown to shift the MI <-4 Mn equilibrium towards the active Mil conformation of 

rhodopsin (Hamm et al., 1988; Dratz et al., 1993; Kisselev et al„ 1994; Martin et al., 

1996). Thus, effects of mAbs on the MD enhancement are expected to correlate with the 

degree of preference of the antibodies for stabilizing MI or MIL The extra-MH assays 

are typically done under temperature and pH conditions that substantially favor MI over 

MH (e.g. a ratio of 10:1),' in the absence of transducin or transducin-peptides (Emeis & 

Hofmann, 1981; (Parkes et al., 1999) so that the production of extra Mn can be detected 

by a shift in the MI <-> MH equilibrium towards Mn. Under these typical conditions the 

MU formation signal can have 10 times the maximum amplitude (shifting of the 

MI M n equilibrium towards Mn.) than the maximum possible signal for the 

depression of M n formation (shifting of MI <-> M n equilibrium towards MI).

To determine whether mAbs had a preference for MI, we shifted the MI <->MII 

equilibrium towards Mil with the addition of appropriate transducin peptides of intact 

transducin. We then tested each mAh's ability to effect the elevated extra-MH signal 

after flash excitation, as shown in Figure 13. In the presence of the transducin alpha 

subunit C-terminal 340-350 wild typie sequence peptide (Gta(340-350)), 

IKENLKDCGLF (Hamm et al., 1988), the K42-41L and K60-46L mAbs reduced the 

extra-MH signal, the K16-107C, K16-111C, and K16-155C mAbs enhanced the extra- 

MH signal, and 4B4 had little effect (Figure 13A). MI or MH preferences Were not 

determined for TM7C, BlgN, or K16-50C in the present work, due to limited amounts of
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Figure 13. Extra-meta II assays of flash-excited rhodopsin with anti-rhodopsin Fab 
antibodies ± transducin-mimetic peptides. The difference in optical absorbance 
between the Mil maximum at 380 nm and at an isobestic point between MI and Mil at 
417 nm, A(A^n-Aggo), was measured versus time in sonicated retinal rod membranes after 
a 3% bleach of rhodopsin by 500 ± 20 nM light. All samples contained 10 pM rhodopsin 
A: I mM Gta(340-350) wild type peptide (IKENLKDCGLF), 10 pM Fab (if present). 
Black: rhodopsin baseline, Red: rhodopsin + peptide, Green: rhodopsin + K42-41L + 
peptide, Dark Blue: rhodopsin + K60-46L + peptide. Magenta: rhodopsin + K16-107C 
+ peptide, Light Blue: rhodopsin + K16-111C + peptide Orange: rhodopsin + K16- 
155C + peptide, Grey: rhodopsin + 4B4 + peptide. B: I mM Gty(50-71) famesyl peptide 
(EDPLVKGIPEDKNPFKELKGGC-famesyl), 10 pM Fabs. The color key is the same as 
in panel A. C: Fab antibodies (concentrations vary from 2.9-4.3 pM) + rhodopsin in the 
absence of a transducin-mimetic peptide. The color key is the same as in panels A and B. 
D: Effect of K42-41L Fab on extra-MII enhancement by three different transducin- 
mimetic peptides. Black: rhodopsin only (baseline), Dark Blue: I mM 0^(340-350) 
high rhodopsin affinity peptide (VLEDLKSCGLF), Light Blue: Dark Blue + 10 pM 
K42-41L, Dark Red: I mM Gta(340-350) wild type peptide. Light Red: Dark Red + 10 
pM K42-41L, Dark Green: I mM Gty(50-71) famesyl peptide, Light Green: Dark 
Green + 10 pM K42-41L.



antibody available. However, Abdulaev and Ridge have previously reported that TM7C 

very strongly prefers MH (Abdulaev, Ridge, 1998), and BlgN was previously determined 

to have no effect on the MI/MH equilibrium (Konig, Hofmann, and Hargrave, 

unpublished - results). Based upon the extra-MII assays and previous studies, we have 

sorted the anti-rhodopsin antibodies into four groups: those with preferences for MI 

(K60-46L and K42-41L), MH (K16-107C, K16-111C, K16-155C, and TM7C), little or 

no preference (BlgN and 4B4), and undetermined (K16-50C). in  the presence of a 

different transducin peptide added to stabilize Mil, the C-terminal famesylated' transducin 

gamma subunit peptide (Gty(50-71)), EDPLVKGIPEDKNPFKELKGGC-famesyl 

(Kisselev et al., 1994), the same results were found: K42-41L and the K60-46L mAbs 

depressed the peptide extra-MH A(A38t) - A4I7) signal (Figure 13B), and the K16-107C, 

K16-155C, and Klb-iI l lC  mAbs enhanced the extra-MH signal in essentially the same 

order as in Figure 13 A. Similar results were obtained in the presence of intact transducin, 

but the mAbs were less effective in competing with intact transducin than with the

transducin peptide fragments, as evidenced by a smaller net change induced by the mAbs
.

in the extra-MH signal (results not shown).

In the absence of transducin or a transducin-mimetie peptide, enhancement Of extra- 

MH was not observed. Instead, there was a reduction of A(A38t) - A4I7) relative to the 

rhodopsin-only baseline, as shown in Figure 13(3. The effects in Figure 13C are much 

smaller than those seen in Figures 13A and 13B, which is consistent with the 10:1 

balance between MI and MH in the absence of transducin or competent transducin 

peptides, but some of the mAbs were able to completely suppress Mil formation. The 

kinetics of the effects in Figure 13C are essentially instantaneous and thus reflect a quite
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different process than the much slower process monitored in Figures 13A and 13B' In 

Figure 13C, the mAbs appear to "trap" the photostates in a MI-Iike spectral state to 

different degrees. In the absence of transducin-mimetic peptides, the reduction of AfAggp 

- A417) was most pronounced for K16-107C followed by K60-46, K16-111, &42-41L, 

and K16-155. The differences in behavior observed in Figure 13C compared to Figures 

13 A and 13B are not understood, but recent detailed studies have revealed additional 

kinetic steps in the rhodOpsin photolysis process that might offer an explanation. A 

"square" kinetic scheme with additional intermediates was found to be required to fit the 

bleaching kinetics of rhodopsin in membranes (lager et al., 1998) as well as for rhodopsin 

in detergent (Szundi et al„ 1998), but some of the intermediates were given different 

names in the two studies.

rhodopsin —> Iumi MI38O .

4- 4- (square kinetic scheme);

MI48O <-> M If <_> M IIIf

The square kinetic scheme includes kinetic species that were called Mn* or M TTa1

and M m f  or MHb in the analysis of membrane or detergent data, respectively. The

additional MH intermediates appear to be similar to the MHa and MHb proposed earlier 
- ■ . ■ , - 

(Amis, Hofmann, 1993). If the transducin peptides were to stabilize the MHa = Mil*

state, then the data shown in Figures 13A and 13B could be explained by some mAbs

favoring MI480, and other mAbs favoring MHb = MIHf. The square kinetic schemes

include a pathway containing MI380, which has very rapid kinetics ,and may have a

conformation that shares features of both Ml and a MH state with a protonated retinal

Schiff base.. The rapid kinetics observed in Fig. JC might possibly be explained by the
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mAbs trapping MIggo to different degrees. The conformations which are likely to 

stimulate the G proteins are MHb = MHH+ and in terms of the above explanation, the 

mAbs that favor MH in Figures' 13A, 13B, and 13D (MHb = MHH+) are likely to be 

carrying information on the desired active conformation of light-excited rhodopsin. 

Vogel and Seibert found that a conformation of opsin was favored at low pH that had a 

very similar FTIR spectrum to MH and which might also be similar to MTTH+ (Vogel & 

Seibert, 2001).
■ ' ' ■

To further explore an antibody's preference for MI or MH, extra-MH assays of 

samples containing K42-41L were compared in the presence of different transducin 

mimetic peptides in parallel experiments. Figure 13D shows the relative effect of K42- 

41L against equal concentrations of three different transducin-mimetic peptides: a high- 

affinity Gta(340-350) analogue (VLEDLKSCGLF) (Martin et al., 1996) (no K42-41L: 

dark blue, with K42-41L: light blue), the Gta(340-350) wild type peptide (no K42-41L: 

dark red, with K42-41L: light red), and the Gty(SO-Vl) famesyl peptide (no K42-41L: 

dark green, with K42-41L: light green). K42-41L had the greatest effect on reducing the 

Gta(340-350) wild type peptide extra-MH enhancement, reducing it to nearly the 

rhodopsin-only baseline. The high affinity Gta(340-350) transducin peptide analogue and 

Gty(SO-Vl) famesyl peptide extra-MH signals were reduced by similar amounts, but K42- 

41L caused a larger percent decrease Of extra-MH enhancement in the presence of the 

Gty(SO-Vl) famesyl peptide. The larger percent decrease correlates with a lower affinity 

for MH by the farnesylated Gty peptide (Ernst et al., 2000b). K42-41L also changed the 

kinetics of the extfa-MH signal to some extent, which can be seen most clearly by



comparing the dark blue (no mAb) and light blue (with mAh) traces in Figure 13D. 

Presumably, by binding MI, the K42-41L mAb was able to slow the appearance of Mil. 

The extra-MII assays are carried out with a 3% bleach of rhodopsin and therefore were 

carried out in the presence of a large, 97% excess of unbleached rhodopsin. Thus, the 

assays presented do not show the preferences of the mAbs for rhodopsin relative to the 

photo-intermediates, but do indicate relative preferences for MI and Mil, in the presence 

of the transducin peptides that stabilize MU
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Extra-MII Assay Methods

Rod outer segments were prepared from bovine retinae under dim red light using 

a sucrose gradient procedure (Papermaster, 1982), Hypotonicaly stripped disk 

membranes were prepared by two consecutive extractions with low salt buffer (Bauer, 

1988) or by Ficoll floating (Smith, Jr. et al, 1975) modified to 2% w/vol Ficoll (Heck, 

Hofmann, 2001a). Vesicle aggregates were removed by a 2 pM filter and rhodopsin 

concentration was determined based on its absorption spectrum using ggoo = 40,000

M4Cm"1. Rod outer segments were lightly sonicated in the. dark just prior to use.
0

Fabs were made from intact IgG mAbs via enzymatic digestion with ficin, using 

the ImmunoPure® IgGl Fab and F(ab')2 Preparation Kit (Pierce) to prevent aggregation 

of mAbs and membranes during assays as discussed earlier. Fab yields were quantified 

based on A2So, using a value of 1.50 equal to I mg/mL. Transducin (Gt) was purified from 

bovine retinae as described (Heck, Hofmann, 1993) and stored in 20 mM BTP (bis tris



propane) pH=7.1 130 mM NaCl, I mM MgCl2, I mM DTT. Samples in buffer (100 mM’ 

HEPES pH=8.0, 50 niM NaCl, I mM MgCl2, I mM EDTA, I mM DTT) contained 10 

fiM dark rhodopsin, Fab (varying concentrations) +/- either '2 gM transducin or a 

transducin mimetic peptide (varying concentrations). Control samples in buffer 

contained 10 JiM dark-adapted rhodopsin and either 2 jiM transducin or a transducin 

mimetic peptide (varying concentrations). Baseline control samples in buffer contained 

10 JLiM dark rhodopsin.

Accumulation of extra Mn was monitored by time-resolved UV/Vis spectroscopy 

using a dual wavelength spectrophotometer (Shimadzu UV300). Recorded traces 

represent readings of a 380 nm - 417 nm absorbance difference (Pulyermiiller et al.,
v :

. 1 !- i -
1997)' Most measurements were performed at 4°C, pH=8.0 where [Mil] / ([MlMMIl]) 

= 0.1 (Parkes et al., 1999). Cuvette path length was 2 mm and ~3% of rhodopsin was 

flash-activated by 500 ± 20 nm light in each assay. The same batch of rhodopsin was 

used for all experiments shown in each panel of Figure 1,3.

Transducin-mimetic peptides were synthesized using standard FMOC procedures, 

characterized by HPLC and MALDI mass spectrometry* and were lyophilized and stored 

dry until used. Amino acid sequences of transducin-mimetic peptides are as follows: 

Gta(340-350) IKENLKDCGLF (Hamm et al., 1988), high-affinity analog of Gta(340- 

350), VLEDLKSCGLF (Martin et al., 1996), and Gty(50-71)famesyl 

EDPLVKGlPEDKNPFKELKGGC-famesyl (Kisseley et al., 1994).
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Light Scattering Assays'

Light scattering assays are useful to measure the amount of light from a beam that is 

deflected by samples in solution. A certain portion of light from a near-IR laser beam is, 

reflected by particles in the sample solution. Scattered photons are collected by a ring- 

shaped collection panel that catches photons with deflection angles that fall within an 

adjustable window of angular degrees of deflection (typically 6 = 16°+ 2°). For 

rhodopsin, these assays can determine the change in ROS disk vesicle mass due to 

transducin or another protein binding to the ROS membrane fragments (Heck et al., 

2000) and thereby increasing the particle mass following a partial bleaching of rhodopsin 

by flash photolysis. Within a couple of seconds after a flash, a fast negative change in 

the light scattering (LS) signal is observed, called the N-signal. This signal relates to 

conformational changes occurring in just-activated rhodopsin molecules (Hofmann et al., 

1976). Because the N-signal is present in both control samples (nothing added to the 

sample which binds rhodopsin) and experimental samples, it is subtracted from the LS 

signal (Heck et al., 2000),

The purposes of the assays conducted with mAbs was to.determine the difference in 

light-scattering of ROS disk vesicles before and after flash-photolysis in the presence or 

absence of mAb. Anti-rhodopsin mAbs in the panel had previously been shown to bind 

both dark-adapted (R) and light-activated rhodopsin (R*) by ELISA assays (discussed in 

Chapter 4), but to different degrees. The light scattering process is complex but can 

probably be interpreted as indicating protein (transducin or FAb) binding to the



membrane. Based on the degree of difference in the LS signal, called the difference 

scattering curve (AM) (Hofmann et al., 1981), the relative binding affinities of a mAb for 

R versus R* can be studied.

GTP is added to samples containing Gtapy, Gta-GTP dissociates from R* and Gtpy 

allowing R* to catalyze activation of other Gtapy molecules,, resulting in a slow (e.g. 100 

second) amplification of the light signal called the dissociation signal (Heck et al., 2000). 

In typical ROS preparations, ~50% of the total Gtapy in the sample is membrane 

associated (Heck et al., 2000). (the exact percentage ,varies between ROS preparations 

and is dependent upon pH, ionic strength, and concentration of divalent cations in the 

sample solution (Heck et al., 2000). Catalytic dissociation assays can be done in the 

presence or absence of mAb, and differences between AM can reveal details of the 

preference of the mAbs for MI or MIL

The procedure used in light scattering assays with rhodopsin is:

1) Sonicated ROS disk vesicles, prepared as‘ described earlier (Heck et al., 2000; 

Papermaster, 1982) containing 3 |iM dark-adapted rhodopsin are placed in a buffer 

containing, 20 mM BTP, 130 mM NaCl, I mM MgCl2, pH=7.5 in 300 jlL in a 10-mM 

path cuvette.

2) 0.6 pM transducin, prepared as described previously (Heck, Hofmann, 1993), 

and/or antibody (as mAb or FAb, different concentrations used in different assays) is also 

added to the sample, unless the sample is a control. Aggregation is a common problem 

with the sample preparation, leading to elevated baseline signals (more scattering) that
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can overwhelm the LS signal. Samples should be inspected to make sure aggregation- 

induced precipitation of visible particles has not occurred.

3) Assays are conducted in the dark, with, the help of IR goggles. A flash of light 

(500 ± 20 nM) calibrated to bleach approximately 30% of the sample (thus R* = IjuM) is 

applied to trigger the reaction. The scattering of a beam of light with wavelength = 800 

nm is monitored for -100 sec. Alternately, for catalytic GTP assays, a smaller

percentage of rhodopsin is bleached (e.g. ~2.5-5.0%) and the 800 nm LS signal is
■ '  ' ■ ' ' "  ' '

monitored for -10-100 sec.

In the absence of Gtapy, LS assays were done ± I JxM K42-41L Fab. This Fab 

concentration was chosen so as to give a .1:1 ratio between Fab and R* after flash 

photolysis. Under identical experimental conditions ± K4241L FAb, the intensity of 

change in the LS signal immediately after a 30% bleach is quite different. In the absence 

of K42-42L FAb, the signal drops approximately 3 times as far as in the presence of K42-

41L Fab as shown in Figure 14. Additionally, in the absence of K42-41L Fab (Figure 14,
. '  '

,  I  '

blue trace), there is a slow, modest rise in the LS signal (rising -25% of the initial drop 

between 20 sec-100 sec post flash). This rise is not seen in the sample containing K4-2- 

42L (Figure 14,. green trace). The sample containing mAh shows a two-part drop in 

signal, a fast steep component similar to the sample without K42-42L, and a slower, 

shallower component that last until -20 sec after the flash. Additionally, in the presence 

of K42-41L, there appears to be a 40 ms delay after a bleaching flash before signal drop 

(not discemable at the time scale used to display Figure 14) that is not present in assays

43



44

31 

21

<5 n
.2>
OD<g i

-9 

-19

Figure 14. Light scattering assay of rhodopsin ± transducin or Fab K42-41L. Details are 
described in the text.

lacking the K42-41L FAb. The origin of this delay has not been determined; It may be an 

artifact of the experimental process or may be hinting at some change in kinetics 

associated with K42-41L binding to R versus R*. In the presence of Gtap7 and absence of 

K42-42L (Figure 14, pink trace), the N-signal fast component of the LS signal in the 

rhodopsin only sample (Figure 14, green trace). However, as Gtgp7 binds to rhodopsin, 

the scattering properties of ROS disk vesicles changes and the LS signal rises over the 

next 100 seconds. In the presence of both K42-41L and Gtgp7 (Figure 14, red trace), the 

N-signal is very small, and the rise in the LS signal is initially much less step than in the

Light Scattering ls s a y

Rho + K42-41L + Gta

0 20 40 60 60 100
Time (sec)
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Gtotpy sample (Figure 14, pink trace) and reaches a greater height. The cause for the 

differences between the K42-41L + Gtapy sample and the Gtotpy only sample is not 

understood. However, if the N-signal component of each trace is subtracted from each 

(e.g. red trace = Figure 14 red trace -green trace for K42-41L + GUpy and Figure 15 blue 

trace = Figure 46 pink trace - blue trace for GUpy). the resulting traces (M/I traces) are 

almost identical, with the M/I trace in the presence of mAb rising very slightly higher 

after 60 sec, (Figure 15) indicating that similar kinetic phenomena probably contribute to 

the LS signal in the presence and absence of K42-41L. Similar results Were obtained for, 

other assays, where different anti-rhodopsin mAb FAbs were substituted for K42-4TL.

The results shown in Figures 14 and 15 taken together suggest that R* binds K42- 

41L more strongly than R (increased light scattering), but when transducin binds, it 

displaces the FAb. Figure 15 can be interpreted to mean that binding of Fab and 

transducin leads to approximately the same light scattering signal.

Catalytic dissociation assays were also carried out with rhodopsin in ROS disk 

vesicles + Fab and/or Gtapy. 2.5-5.0 ihM Hydroxylamine (HA) and I mM GTP nucleotide 

were added to samples used in catalytic dissociation assays. In these assays, 5% of the 

rhodopsin in the sample was bleached and the LS dissociation signal was monitored. 

Results from these assays were inconclusive, however, in experiments with K42-41L at a 

very low concentration (0.1 (iM) relative to the rhodopsin and Gtapy, the kinetics seemed 

only slightly altered (data not shown).

Because of the difficulty in interpreting LS data with FAbs, and limited time (these



46

2 8

5*'Ks
2

.Sd
%
2

18

8

-2

O 20 40 60
Time (sec)

Figure 15. Subtraction spectra from light scattering assays in the presence of transducin ± 
K42-41L FAb. The red trace is the difference scattering curve (A///) of a sample in the 
presence of Fab containing rhodopsin + transducin + K42-41L Fab minus a sample 
containing rhodopsin + K42-41L FAb. The blue trace is the difference scattering curve 
(A///) in the absence of Fab of a sample containing rhodopsin + transducin minus a 
sample containing rhodopsin only. The AA/// curve (not shown) is the difference 
between the red and blue traces.

assays were all done while visiting Dr. Peter Hofmann's laboratories in Berlin), it was 

decided to not pursue LS assays further at that time. Instead, more time was devoted to 

extra-MII assays, which appeared to yield more easily analyzed results.
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Centrifugation Assays

The binding of anti-rhodopsin monoclonal antibodies to ROS membranes was also 

analyzed by centrifugation assays (Kuhn, 1980; Heck et al„ 2000; Pulvefmuller et al., 

1993) to characterize the preferences for dark versus MI or Mil versus MID. By this 

method, a mAh plus aliquots of rhodopsin in ROS were either (I) bleached (2) bleached 

and left to sit for 70 minutes to allow transition to Mm, or (3) kept dark. Different 

aliquots of rhodopsin from each condition also contained either (a) transducin, (b) wild 

type transducin-mimetic peptide (seq), (c) highest affinity transducin-mimetic peptide 

(seq), or (d) assayed in absence of transducin or a transducin-mimetic peptide. Thus, for 

each mAb a total of up to3x4=12 conditions were examined.

After preparation and wait (if any), each rhodopsin sample was centrifuged, yielding 

pellet fractions and supernatant fractions. The pellet fraction was washed with buffer to 

remove any residual supernatant. In the absence of mAb, transducin, or transducin- 

mimetic peptide, rhodopsin is found in the pellet fraction after centrifugation and 

examination on an SDS-PAGE gel. After centrifugation in the absence of rhodopsin, 

mAbs and transducin or transducin-mimetic peptides are found in the supernatant 

fraction. When transducin is added to samples containing rhodopsin in the absence of 

mAb, it is found in the pellet fraction with bleached rhodopsin in the absence of GTP. 

The hypothesis was that in the presence of mAb, the transducin-rhodopsin complex in the 

pellet fraction would be disrupted in a manner dependent upon mAb concentration as the 

divalent mAb competed with transducin for rhodopsin binding sites. The expected result 

would be a displacement of transducin into the supernatant fraction and of mAb into the



pellet fraction as evidenced by the location of the appropriate sized band on an SDS- 

PAGE gel. The extent of dislocation of transducin into the supernatant fraction was 

expected to be relative to the affinity of mAh for MH As such, it was hoped to obtain 

abilities of each mAh in the panel to out-compete transducin for rhodopsin. Mimetic- 

transducin peptides were examined in the same manner, except they are too low in 

molecular weight to be seen by SDS-PAGE.

In the absence of transducin-or transducin mimetic peptides, essentially all K42-41L 

mAb was located in the pellet fraction with rhodopsin. We could not detect a difference 

in the amount of K42-41L found in the pellet fraction between dark-adapted rhodopsin, 

light-bleached rhodopsin (mix of MI+MII mix), or light-bleached + wait rhodopsin (mix 

of MUI+opsin). This suggests that K42-41L can bind all states of rhodopsin (or at least 

under conditions 1-3 above) and the relative affinity differences were not large enough to 

be quantitated by these experiments. Other mAbs gave similar results, except often, the 

fraction of mAb in the supernatant fraction was much greater than in the pellet fraction. 

In the presence of transducin or transducin-mimetic peptides, the results for mAbs was 

qualitatively identical by best estimation for all mAbs under different rhodopsin 

conditions+/-transducin or transducin-mimetic peptides.

At the concentrations used, the mAbs analyzed are not particularly effective at 

blocking transducin from binding to rhodopsin, as found from extra-MII assays, 

presumably because the transducin-rhodopsin complex has a much higher affinity. The 

results of these assays are not clear. It seems clear that the mAbs bind to both dark- 

adapted and light-activated rhodopsin and that the resolution obtained by the centrifugal 

method is not very high. Effects of mAb competing with transducin or transducin-
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mimetic peptides were possibly not seen because the relative concentrations Of the 

components may not have been in an appropriate range. Because of the inconclusive 

nature of the results obtained in competitive centrifugation assays, this method was not 

pursued. It would be valuable to have binding constants Of each Fab to rhodopsin in the 

different light-activated forms. From our preliminary experiments discussed above, the
i.1

centrifugation assays are difficult to use for obtaining such information. Isothermal 

titration calorimetry is likely to be a better route to obtain this information.
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CHAPTER 3

PHAGE DISPLAY ON A PANEL OF MONOCLONAL ANTES ODBES: 

SIGNIFICANCE, METHODS, AND APPLICATION TO RHODOPSIN

This chapter is divided into two sections. In the first section, the significance and 

background of the antibody imprinting technique, along with its associations with phage 

display and epitope mapping are discussed, to put the larger project into perspective. In 

the second part of the chapter, many of the methods and protocols associated with the 

phage display aspect of this project are explained.

Introduction and Background: Phase Display for Antibody Imprinting

Knowledge of the three-dimensional structures of proteins has enabled tremendous 

progress in understanding biological mechanisms. The determination of 3-D structures of 

biological macromolecules has depended primarily on x-ray crystallography and nuclear 

magnetic resonance (NMR). Many proteins cannot be studied by these methods for a 

number of reasons, such as limitations in the amounts of protein obtainable, difficulty 

with crystallization, or too high a molecular Weight and/or insufficient solubility for 

NMR. Determination of the three-dimensional structure of intact membrane proteins and 

their different functional states has been especially elusive. The "antibody imprint"



approach (Burritt et al., 1998) can provide structural insights in difficult cases where 

traditional structure determination methods cannot be applied, by revealing the folding of 

discontinuous epitopes on protein surfaces. Components of discontinuous epitopes may 

be far apart in the primary sequence, but folded close together in the native 3-D structure 

of proteins, thereby assembling the antibody binding sites. Where the discontinuous 

epitopes can be determined, they can provide information on the structure of the target 

protein that are somewhat analogous to NMR NOESY distance constraints, except that 

the distance between constrained residues depends on the size of the side-chain. In the 

present work, antibody epitopes were deduced by affinity-selection of peptides from 

random peptide libraries displayed on bacteriophage (Scott & Smith, 1990; Cwirla et al., 

1990).

A library of random peptide sequences, usually from 6-10 residues in length, is 

expressed as fusions with integral proteins of bacteriophage with one unique peptide 

sequence per phage, using phage display technology (Barbas, et al. 2001). A number of 

recent reviews give overviews of phage display methodology and applications: (Burritt et 

al., 1996; Koscielska et al., 1998; Cabilly, 1999). Phage-displayed libraries contain a 

large amount of sequence diversity In a small volume, up to IO14 clones/mL (Smith, 

Scott, 1993), with a diversity up to IO9 unique clones per library (Yip, Ward, 1999). This 

diversity is sufficient for up to all possible combinations of 7 amino acid sequences to be 

represented (Yip, Ward, 1999). Recent developments have increased possible diversity 

to as high as IO12 unique sequence (Sidhu, 2000) but we have not used that technology in 

this work. When a phage-displayed peptide library is exposed to a protein target, phage 

sequences that have the highest affinity for the protein are bound and thereby selected..
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Selected phage are eluted and grown to amplify members of the library that have the

highest affinities for the target of interest. The selection/amplification process is i r

repeated, typically three times, to select the highest ,affinity peptide sequences. Selected

phage are diluted to plate out clones as individual plaques on agar and the phage DNA

coding for the peptide inserts are sequenced for many clones using PCR. The sequences , . 'vij

from many clones are compared and aligned to obtain consensus epitope sequencers) for 'f' 1

the mAh. ■

All of the monoclonal antibodies used in these studies are immunoglobulin G 

proteins (IgG). The Y-shaped IgG protein molecule consists of two -50,000 D heavy 

chain and two -25,000 D light chain polypeptides (Figure 16) for a total mass of 150,000 

D. The light chains (red in Figure 16) are attached to heavy chains (blue and yellow in 

Figure 16). by disulfide bonds, and the heavy chains are bound to one another in the same 

manner. Each IgG molecule consists of a constant region called Fe (fragment constant) 

which are homologous in all IgG mAbs and two identical Fab fragments (fragment 

antibody binding) sections. The FAbs consist of a scaffold region (CH1, CL1 in Figure 

16) and variable regions (V l and V h in Figure 16). The variable regions contain three

hypervariable complementary determining regions (CDR1-3) which together form the
■ . ■ '■ . '' ■ ■

antigen binding pocket (circled in Figure 16) and give the IgG molecule its binding 

specificity.
S-

Because the antibody binding pockets of monoclonal antibodies are complementary 

to the epitopes on the target protein surface, peptides that bind to antibody binding 

pockets provide an imprint of the original protein, similar to the imprint made by anti-

V .'i ;  . ' ' v . j

' V !

S
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Figure 16. X-ray structure of an immunoglobulin (IgG) monoclonal antibody. Heavy 
chains (blue/yellow) and light chains (red) are shown. The Fe (Fragment Constant) 
region, which binds protein A and protein G is at the bottom, and is connected by a hinge 
region to each of two identical Fab (Fragment Antibody Binding). High affinity peptides 
are selected from a random peptide library by binding to the variable pocket of each Fab 
(circled). Fabs and Fe are held together with several sulfide bonds (not shown). Variable 
and constant domains of the molecule are marked. Ficin separates Fabs from the Fe by 
cleaving the immunoglobulin molecule at a site in the hinge region, (modified from 
(Harris et al., 1992).

idiotypic antibodies. There are many reports where monoclonal antibodies have been 

subjected to phage display and have been used to find linear peptide epitopes on target 

protein surfaces (reviewed in Yip & Ward, 1999). However, an x-ray diffraction 

structural analysis of 9 Fabs complexed with their complimentary proteins shows that all



the monoclonal antibodies investigated form complexes with discontinuous epitopes 

(Padlan, 1996), implying that monoclonal antibodies may typically recognize complex, 

discontinuous epitopes on the surfaces of proteins. Antibodies that recognize 

discontinuous epitopes provide a potentially vast reservoir of structural information that 

has so far not been widely utilized.

Relatively few reports have appeared of successful mapping of discontinuous 

epitopes to the surface of a protein target, presumably because it is often difficult to 

interpret the specific protein amino acid residues that comprise the discontinuous 

epitopes (Burritt et al., 1998). In some cases, where phage display has been used to find 

and map a discontinuous epitope to a protein surface, the procedure has relied upon 

preexisting knowledge of the three-dimensional structure of the protein surface, for 

example: ferritin (Luzzago et al., 1993), transcription factor p53 (Ravera et al., 1998), 

and actin (Jesaitis et al., 1999). There are some reports of discontinuous epitopes that 

were found by protein phage display and then successfully mapped to a protein with 

unknown structure, including studies of an MDRl class-I P-glycoprotein (Poloni et al., 

1995), a2-macroglobin (Birkenmeier et al., 1997), pl85HER2 oncoprotein (Orlandi et al., 

1997), envelope glycoproteins Gl and G2 of puumala Hantavirus (Heiskanen et al., 

1999), crotoxin (Demangel et al., 2000), and prior work from our laboratories where 

peptides have been identified which mimic discontinuous epitopes on the surface of the 

flavocytochrome bggg protein, (Burritt et al., 1998, Burritt, et al., 2001). One 

discontinuous epitope identified on flavocytochrome bssg consists of two regions 

separated by 150 residues in the protein sequence and two putative trans-membrane spans 

(Burritt et al., 1998). NMR measurements on the folded conformation of this peptide
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epitope, when it was bound to its anti-flavocytochrome B558 monoclonal antibody, 

support the conclusion that the discontinuous epitope is folded into a spatially compact 

form (Burritt, et ah, 1998). Antibody imprinting can provide the most detailed picture of 

the target protein conformation using NMR or x-ray diffraction analyses of the 

conformation of peptide epitopes when they are bound to their mAh (Burritt, et ah, 1998).

Relatively few long-distance constraints may be necessary to define the general 

topology of a protein surface (Clore et ah, 1993; Dandekar, Argos, 1997). However, a 

single monoclonal antibody against a discontinuous epitope can be expected to provide 

constraints on only a portion of the full three-dimensional surface structure of an 

unknown protein. Thus, we expect that it will usually be necessary to utilize a panel of 

monoclonal antibodies whose members collectively imprint several discontinuous 

epitopes on the protein, in order to create a picture of the protein surface. By integrating 

constraint data from multiple monoclonal antibodies, an increasing fraction of the entire 

surface of a protein of interest is imprinted, approaching a theoretical continuum of every 

solvent-exposed protein surface if the monoclonal antibody panel is sufficiently large. X- 

ray or NMR analysis of the conformation of the peptide epitopes, when they are bound to 

the mAb, can provide a more detailed picture of the target protein surface.

Epitope mapping, using phage display with a polyclonal antibody, has been reported, 

including the recent mapping of a polyclonal antibody against a peptide from fibroblast 

growth factor receptor I (FGFR I) (Moshitch-Moshkovitz et ah, 2000), bovine beta 

lactoglobulin (Williams et ah, 1998), and actin (Jesaitis et ah, 1999). The use of 

polyclonal antibodies, for this purpose has the disadvantage that they tend to be biased 

towards immunodominant regions of the protein surface. Thus, they may provide only a
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few structural constraints that can be discerned by phage display mapping. In contrast, 

the use of a panel o f monoclonal antibodies for phage display mapping, with each 

member recognizing different epitopes on a target protein, is uncommon in the literature 

and includes studies of the small hepatitis B virus surface antigen (HBsAg) (Chen et al., 

1996), dystrophin and utrophin (Morris et al., 1998), and a panel of 23 IgG mAbs (11 

linear, 11 discontinuous, I uncertain) against human neutrophil flavocytochrome bsss that 

has been reported in a series of papers from one of our laboratories (Burritt et al., 1995; 

Burritt et al., 1998; Burritt et al., 2000; Burritt et al., 2001; Burritt, et al., manuscript in 

progress).

Here we report the application of the antibody imprinting method to studies of the 

cytoplasmic face of light-activated rhodopsin, utilizing a panel of nine anti-rhodopsin 

monoclonal antibodies (Adamus, et al., 1991; Abdulaev & Ridge, 1998; MacKenzie & 

Molday, 1982). Most of these antibodies were previously epitope mapped by competitive 

inhibition ELISA assays against rhodopsin-mimetic peptides that were patterned after the 

linear cytoplasmic surface loops of rhodopsin (Adamus et al., 1991; Abdulaev & Ridge, 

1998), but by antibody imprinting, we have found that the epitopes are much more 

complex.

Rhodopsin is an integral membrane protein that is responsible for low-light vision 

and is the most highly studied member of the large G protein-coupled receptor (GPCR) 

superfamily (Sibley, Strader 1999; Horn et al., 1998). After many years and numerous 

attempts, a 2.8A x-ray structure of dark-adapted rhodopsin was finally achieved in 2000 

(Palczewski et al., 2000) and in a refined form in 2001 (Teller et al., 2001), providing a 

structural template for other members of the GPCR (Okada, Palczewski, 2001; Isele et
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al., 2000) superfamily. The cytoplasmic face of rhodopsin is of particular interest 

because light-induced conformational changes on this face elicit coupling to the G protein 

transducin, which promulgates the amplification cascade of visual excitation. After 

photon stimulation, rhodopsin undergoes a series of conformational changes, leading to a 

relatively stable equilibrium between metarhodopsin-I (MI) and metarhodopsin-II (Mil) 

(reviewed in Hofmann, 2000). Mil is the active photo-intermediate and the MII-G 

protein complex catalyzes the release of GDP and the exchange of GTP on the G protein. 

A single Mil promotes GTP exchange on a large number of transducin molecules 

sequentially, amplifying the photon signal. X-ray structures of rhodopsin photo

intermediate species are not available, although some inferences about structural changes 

associated with light activation have been made from diverse experiments including site- 

directed mutagenesis (Sakmar, 1998), site-specific spin-labeling (reviewed in (Hubbell et 

al., 2000), FTIR spectroscopy (Vogel, Siebert, 2001) and cross-linking analysis (Itoh et 

al., 2001; Cai et al., 2001). The conformations of the light-triggered states of rhodopsin 

are thought to be similar to agonist-stimulated GPCRs (reviewed in (Okada et al., 2001; 

Gether, Kobilka, 1998) and thus the structures of rhodopsin photo-intermediates would 

presumably be of great help in understanding the structure-function relationships of other 

GPCRs.

Different members of the anti-rhodopsin monoclonal antibody panel were found to 

have varying degrees of preference for either the MI or the Mil conformation of light- 

excited rhodopsin. We found that most of the consensus peptides that bound to members 

of the mAb panel could not be mapped as continuous determinants on the rhodopsin 

sequence and instead appear to mimic discontinuous epitopes on the protein surface. We
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have developed a C++ program called Findmap (Mumey B., Bailey B.W., Kirkpatrick B., 

and Dratz E.A., manuscript in preparation, and discussed in Chapter 5), to systematically 

examine and score the large number of possible ways to map antibody epitope sequences 

to the target protein sequence in the optimum pattern. The discontinuous epitope 

mappings generated a network of distance constraints for the folding of the cytoplasmic 

face of rhodopsin. Based upon each monoclonal antibody’s preference for stabilizing 

different of rhodopsin photostates, we have grouped the distance constraints into four sets 

which are associated with dark-adapted rhodopsin, metarhodopsin I, metarhodopsin II, or 

undetermined. Conclusions were drawn about conformational changes in MI and Mil 

and these are discussed in Chapter 5. While the current number of antibodies in the panel 

is not sufficient to model the surface structures of the metarhodopsin photo-intermediates, 

we explore the feasibility of the antibody imprinting approach for probing protein 

structure of transient species and have developed the tools necessary to provide 

increasingly detailed constraints on the structure of the rhodopsin photo-intermediates, as 

more anti-rhodopsin monoclonal antibodies become available.

Methodology of Phage Display Applied to Anti-rhodopsin Monoclonal Antibodies 

Hybridoma Scale Up and Activity Verification

Georges Kohler and Cesar Milstein developed hybridoma cell line technology in the 

1970s (Kohler, Milstein, 1975), and were awarded the 1984 Nobel Prize in Physiology or 

Medicine for this accomplishment. Many of the rapid advances of recent years in the
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biomedical sciences are at least in part due to this procedure, which allows the production 

of homogeneous, high-yield sources of antibodies against a single epitope on a protein 

(called monoclonal antibodies or mAbs). Applications for monoclonal antibodies are 

diverse (reviewed in Nelson et al„ 2000) and include the use of mAbs as therapeutic 

agents to treat diseases (a recent review is Breedveld, 2000), in serological assays as 

diagnostic probes, as agents for purification of antigens (e.g. most proteins), and in 

structural studies of antibodies or antibody-ligand complexes to increase understanding of 

the immune system. Monoclonal antibodies, used in concert with phage display 

technology can also be used to develop novel pharmacologically active peptides that 

mimic epitopes on protein surfaces and block protein-protein or protein-ligand 

interactions. Monoclonal antibodies can also reveal epitopes to complex 3-D surface 

determinates on protein (e.g. Burritt et al„ 1998; Burritt et al„ 2001). This latter ability 

provides much of underlying impetus for the studies present in this dissertation.

The steps of hybridoma production are summarized is Figure 17. Spleen cells (B 

lymphocytes) from a previously immunized and sacrificed mouse are fused with 

immortal mouse myeloma cells . The resulting hybridoma cells continuously produce 

and secrete the different antibodies made by each spleen cell. Unfused myeloma cells are 

selectively killed with drugs. Unfused spleen cells are not immortal and die on there 

own. The hybridoma cells producing mAbs with the desired specificity are cloned by 

limiting dilution and selected from the pool of hybridoma cells. The cells in each culture 

are thus derived from a single original B cell and at this point are called monoclonal 

antibodies. Recent advances whereby immunoglobulin variable fragment libraries (called
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Figure 17. Diagram of the steps of hybridoma production of monoclonal antibodies.



scFv libraries) are expressed on phage in a manner akin to random peptide display, are 

becoming increasingly prevalent and may eventually supplant traditional hybridoma 

production methods. (See (Walter et ah, 2001a; Adams, Sehier, 1999) for recent reviews 

on this subject). ScFv library selection of anti-rhodopsin antibodies is being investigated 

in the Dratz laboratory (Angel and Dratz, unpublished), and is briefly discussed in the 

"Future Studies" Section of Chapter 8. Hybridoma lines expressing murine anti- 

rhodopsin mAbs were not made as part of this research, but rather were obtained from 

lines previously made in the Hargrave laboratory at the University of Florida (Adamus, et 

al., 1991), or obtained from, Dr. Robert Molday, University of British Columbia 

(MacKenzie, Molday, 1982). Hybridoma cells were cultured in Dulbecco’s Modified 

Eagle Media (Sigma) supplemented With 10% (v/v) defined fetal bovine serum 

(HyClone), 1:100 dilution of MEM Non-Essential amino acid solution (Sigma), 10 mM 

HEPES buffer, I mM sodium pyruvate, 2 mM L-glutamine, 0.1 mg/mL streptomycin, 

and 100 U/mL penicillin. Standard hybridoma growth methodologies in 10% fetal 

bovine serum were used and cells were incubated at 37°C. , Antibodies were purified 

from the cell supernatant with GammaBind® Plus Sepharose® (Pharmacia Biotech), 

eluted with 100 mM glycine, 0.15 M NaCh pH= 2.5, and neutralized with I M Tris. 

Purified mAb were quantified by their A2So, where I mg/mL -  an absorbance of 1.42 in a 

cuvette with a I cm pathlettgh. Purity of mAbs was assessed by SDS-PAGE, and a 

typical result is shown in Figure 18. Yields varied from 5 to 15 mg/L. It is possible that 

there are some impurities in the final mAb mixture, particularly bovine Igs, because 

hybridoma cells were grown in 10% fetal bovine sertim. However, this has not impacted 

the phage display selection process. Anti-rhodopsin activity was confirmed by ELISA
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Figure 18. SDS-PAGE gel of purified monoclonal antibodies produced by hybridoma cell 
cultures under reducing and non-reducing conditions. 10-20% Tris-HCL SDS-PAGE. 
Lane I: molecular weight markers. Lanes 2-6: mAbs eluted from gamma-bind Sepharose 
beads and then run under reducing conditions, in order: K16-107, K16-111, K16-155, 
K60-46, and 4B4. The bands just below 31,000 are IgG light chains, the bands below 
66,200 are IgG heavy chains, and the high bands may be non-reduced mAb, or impurities 
from the fetal bovine serum used to supplement hybridoma growth media. Lane 7: 
NCCC supplied K42-41L (grown in serum-free media) under reducing conditions. Lanes 
8-12: mAbs as 2-6 but under non-reducing conditions. Much of the mAb in these lanes 
runs at 150,000 D (very top of the gel).

assays against rhodopsin (in ROS) coated to polystyrene titer plate wells. Lyophilized 

TM7C mAb (Abdulaev, Ridge, 1998) was obtained from Dr. Kevin Ridge, CARB and 

the University of Maryland Biotechnology Institute. The J404 random phage-display 

nonamer peptide library, expressed on the pill tail protein of M13 bacteriophage is 

described elsewhere (Burritt et al., 1996). A schematic of the M13 bacteriophage used in 

all phage-display experiments done in this work is shown in Figure 19. Multiple copies 

(typically 5-8) of the peptide are expressed per phage. The CLIO circular 10-mer peptide
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Figure 19.M l3 Bacteriophage
Ml 3 phage schematic. Peptide inserts are

„ single-stranded not a part of the native phage
DNA genome structure, but rather have been 

inserted via genetic
engineering.

2,700 copies 
- of gene Vm 
protein

5-8 copies 
of gene m  
protein

• peptide inserts

library was also expressed on the pill protein of M13 bacteriophage as previously 

described (Mazzucchelli et al., 1999).

Phage Display Protocols

CNBr-activated Sepharose 4B beads (Pharmacia Biotech) (150 mg/experiment) were 

suspended in 10 mL of ice cold I mM HCl for 10 minutes and then poured into a 5" 

disposable chromatography column (Evergreen Scientific), draining, and resuspension in 

0.1 M NaHCOs, 0.5 M NaCl. Anti-rhodopsin mAh (1.3 mg) was added and the mixture 

tumbled overnight at 4°C to bind antibody to the beads. Beads were then drained using



another 5" column, rinsed with 25 mL of 0.1 M NaHCO3, 0.5 M NaCl, and then washed

with 5 mL of I M glycine, pH=8.0 and resuspended in 2 mL more of the same. Beads %

were tumbled overnight at 4°C to block non-specific binding. Beads were transferred to 1 • ' “
• ’ ■■■ ■ ■ ■ ■ '  ■ ' ' ' , ' Oanother column and drained, followed by three cycles of washing with 5 mL low pH 

buffer (0.1 M NaOAc, 0.5 M N ad, pH=4.0) followed by 5 mL high of pH buffer (0.1 M 

Trisp 0.5 M NaCl, pH=8.0). Beads were then washed with I mg/mL BSA, 0.5% w/v
■ ‘ I

Tween-20 and suspended in 500 fiL of the same. Batches of beads prepared in this 1 ,
■ ■ . '■ . '

manner were split into three tubes for use in three successive rounds of phage selection. , ' ■

0.02% w/v NaN3 was added to the second and third tubes contianing beads to prevent 

contamination during storage before use. Seventy-five pL (~1012 pfu, sufficient to /

include all possible 7-mer sequences) of naive phage library was added to one-third of I

mAb-Sepharose beads. Low affinity phage were removed by washing with 100 mL of I
, I

mg/mL BSA, 0.5% w/v Tween-20. Higher affinity phage were then eluted with 0.1 M

glycine, pH=2.2, followed by immediate neutralization with 2 M Tris. First round phage

eluates were amplified by mixing with 5 mL of late or end-log K91 E. coli (Smith, Scott, V1 , /  ;

1993), allowed 15 minutes to infect the bacteria, and then mixed with 45 mL of soft LB

agar. This mixture was poured onto a sheet of hard LB agar in a 9"x 13"glass pan, and 'I

incubated overnight at 37°C. Tris-buffered saline (50 mM Tris HCl pH=7.5, 150 mm . ,

NaCl) was added to completely cover the surface of the agar. Plates were rocked at room

temperature for 3 hours. The supernatant containing the phage was centrifugation at

10,000 rpm for 20 minutes to remove bacteria and agar debris. To the supernatant, 0.15

equivalents (v/v) of 16.7% PEG-8000, 3.3 M NaCl were added and the solution was put ;

on ice, yielding a phage precipitate after 3-4 hours. The precipitate was pelleted by -
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centrifugation at 10,000 rpm for 20 minutes and the phage pellet was resuspended in I 

mL Tris-buffered saline. This solution was transferred to a microfuge tube and 150 JiL of 

16.7% PEG-8000, 3.3 M NaCl was added, to precipitate phage. The precipitate was 

pelleted and resuspended in 300 jiL of tris-buffered saline, to obtain the first round

amplified phage. One hundred pL of amplified first round phage was added to I mL of I
-

mg/mL BSA, 0.5% w/v Tween-20. This mixture was then added to a second one-third 

aliquot of mAbs n beads to begin the second round of selection. Two further rounds of ■ 

phage selection, interspersed by one further amplification, were carried out.

Phage from the third round of phage selection were titrated via log serial dilutions in 

LB media, from IO-1 to 10-11. Each phage dilution (0.1 mL) was added to 0.3 mL of 

fresh K91 cells to infect the bacteria and were incubated for 15 minutes before addition, 

of 3 mL of melted soft agar, after which the entire mixture was poured onto an LB agar 

plate and allowed to harden before being incubated overnight at 37°C. Phage plaques 

were counted on each plate, and plates with phage dilutions resulting in roughly 300- 

1000 isolated plaques per plate were used for picking individual phage clones, Phage 

clones for some mAbs were subjected to plaque lift assays (Burritt, et al., 1998) or 

ELISA to correlate phage clone affinity to the amino acid sequence of their random 

peptide insert.

Plaque lift assays similar to those previously described (Burritt, et al., 1998) were

carried out using bacterial lawns on LB agar plates containing 300-1000 plaques (each an
' . Z-' .’■■■ '

independent phage clone). A nitrocellulose disc (Schleicher and Schuell) was placed 

directly on top of the bacteria lawn for 4 hours, and after removal, incubated in blocking 

buffer (5% w/v nonfat dry milk, 0.2% Tween 20 in Dulbecco's phosphate buffered saline)



for I hour at 4°C to block non-specific binding. Dulbecco's phosphate buffered saline 

consists of 2.7 mM KC1, 137 mM NaCl, 1.5 mM KH2PO4, 8 mM NaHPO4, 0.9 mM 

CaCl2, 0.5 mM MgCl2, pH=7.4. Discs were then soaked in 4 |xg/mL primary antibody 

(the antibody to which the phage was selected) diluted in antibody diluting buffer (3%

6 6

TGALQEREQ

TGWLQERRP
t /.* *

VGFLQEPFDR

TGALQEREQ

Figure 20. Colony plaque lift assay of phage peptide library members that bound to K42- 
4 IL monoclonal antibody. Each spot was lifted from a single phage colony (plaque) on a 
bacterial lawn. All phage within a single plaque have the same random peptide sequence 
(as shown for the indicated plaques). Darkest staining plaques tend to contain phage with 
sequences more similar to the overall phage consensus sequence than do light staining 
phage. Plaque staining darkness roughly correlates to the affinity of the peptide sequence 
for the mAb of interest.

goat serum, 1% BSA, 0.2% Tween 20 in Dulbecco's phosphate buffered saline) overnight 

at 4°C. Discs were washed 5 times with blot wash buffer (250 mM NaCl, 10 mM 

HEPES, 0.2% (w/v) Tween-20, pH=7.4) to remove unbound antibody. Discs were then



soaked in 1:1,000 goat anti-mouse alkaline phosphatase antibody (Bio-Rad) diluted in 

antibody diluting buffer for I hour at room temperature. After four 5-minute washes with 

blot wash buffer and two 5-minute washes with final blot wash buffer (30 mM Tris Base, 

250 mM NaCl,. pH=8.Q). The alkaline phosphate present on each disc was visualized, 

using the NBT/BCIP chromagen kit and reagents (Kirkegaard & Perry Laboratories). 

Discs were rinsed twice with water to stop the color reaction. The results of a typical 

colony plaque lift assay are shown in Figure 20. The darkest-stained spots, 

corresponding to highest affinity phage clones, were matched to their source plaques on 

the original LB plate. Some of these phage clones were used in sequencing to identify 

highest affinity peptide insert sequences.

Some phage clones were subjected to ELISA to quantify the correlation between 

staining intensity and random peptide sequence homology, compared to the consensus 

sequence. This procedure is described in Burritt, et al., 1998. Microtiter plate wells were 

coated with antibody by adding 100 (iL of I pg/mL mAb diluted in PBS, pH=7.4 

followed by overnight incubation at 4°C followed by blocking with Blotto (5% (w/v) 

nonfat dry milk, 0.2% (w/v) Tween-20) for 2 hours at room temperature. To each well, 

75 JiL of 1:10 phage supernatant diluted in Blotto Buffer for ELISA (BBFE) (50 mg/mL 

nonfat dry milk I mg/mL BSA, 150 mM NaCl, 0.5% (w/v) Tween-20, 50 mM Tris 

pH=7.5) was added and the plate was incubated for 4°C. overnight. Phage concentrations 

were judged to be equivalent between different phage clone cultures in E. coli based upon 

similar end-log ODeoo values. Wells were washed, three times with PBS, followed.by 

addition of 75 |iL of a rabbit anti-phage polyclonal antibody diluted 1:20,000 in BBFE. 

Plates were incubated overnight at 4°C and then washed three times with PBS. To each



well, 75 JiiL of 1:3,000 goat anti-rabbit horseradish peroxidase antibody (GAR- HRP) 

(Bio-Rad) diluted in BBFE was added. Plates were incubated for I hour at room 

temperature and then wells were washed three times with PBS. Freshly prepared ABTS 

color reagent (5.5 mg 2,2'-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid) (Sigma), 68 

gL 30% hydrogen peroxide into 20 mL of 50 mM Citrate Buffer pH=4.2) was added to 

each well (75 jiL/well). Color was determined at OD40S with a SpectraMax 250 plate 

reader and SOFTmax® Pro v.3.1.1 software (Molecular Devices) after either 15 or 30 

minutes. Quadruplicate wells were assayed for each phage clone and OD40S values were 

averaged.

Preparation of Phase Single-Stranded DNA 
for Sequencing

Individual phage clones from an appropriately titered LB plate (300-1000 phage 

plaques/ plate) were picked from isolated plaques and material from each plaque was. 

added to individual 2 mL aliquots of 2XYT media supplemented with 75 |lg/mL 

kanamycin and grown for sequencing as previously described (Burritt, et al., 1998). 

Clones were incubated overnight at 37°C in glass test tubes (or -24-48 hours in deep well 

plates) with vigorous shaking until an OD600 above -1.0 was reached. Bacteria were 

removed by centrifuging at 12,000 rpm for 5 minutes and the phage-containing 

supernatants were transferred to new tubes. . A QIAPrep® 96 M13 kit (QIAGEN) 

including QIAvac® 96 vacuum manifold (QlAGEN) and vacuum pump (Gast) were used 

to isolate single-stranded DNA for each clone as described in the QIAprep® M l3



Handbook, February 1999, pages 22-24. Standard DNA agarose gels were used to verify 

the presence of sufficient quantities of single-stranded DNA in 5-10 samples randomly 

selected from the batch Before committing a batch of phage clones to sequencing. PCR 

using the ABI BigDye Terminator kit v. 2.0 (PE Applied Biosystems) was used to label 

the single-stranded DNA of selected peptide inserts in phage for automated capillary 

sequencing. .

Sequencing of Phase Single-Stranded DNA

1 . .

To PCR tubes, the following was added; 4.0 jil Terminator Ready Reaction Mix (PE 

Applied Biosystems), 3.5 pi single-stranded DNA (50-100 ng), 2.0 pi 5x reaction buffer 

(400 mM Tris-HCl pH=9.0, 10 mM MgCl2), 3.2 pH (3.2 pMol) J534.4 Primer, and 7.3 

pL ddH20. PCR was accomplished by twenty-five cycles of 10 seconds 96°C, 5 seconds 

50°C, 4 minutes 60°C on a Perkin-Elmer 2400 or 2600 thermocycler. To each PCR tube, 

80 pL of 75% isopropanol was added and allowed to incubate 15-30 minutes. Tubes 

were then centrifuged at 3,000 rpm for 30 minutes and then opened, tipped, and allowed 

to drain. To each tube 80 pL of 70% isopropanol was added, and the tubes were again 

tipped and drained. The rack containing the tubes was then placed upside down on paper 

towels, tapped gently, and then centrifuged at 700 rpm for I minute to remove residual 

isopropanol. Sequencing was done on a capillary sequencer ABl Prism 310 Genetic 

Analyzer (PE Applied Biosystems). Peptide insert sequences were read 3' to 5' using 

Sequencher v. 3.1.1 software (Gene Codes Corp.) and converted to the appropriate amino
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acid sequences. Some early sequencing was done using a 35S-dATP technique and run on 

large-format acrylamide gels as previously described (Burritt et al., 1995), but this 

method was later abandoned in favor of the capillary method described, due to the 

relatively large number of phage clones that needed to be sequenced in this study. 

Results of sequencing of 90 clones from the first mAh analyzed, K42-41L, are shown in 

Table I and are discussed in greater detail in Chapter 4.

70

Table I. Phage peptide sequences selected by the K42-41L mAh from the J404 library. 
#" indicates the number of phage clones independently isolated with the same sequence. 
Peptide sequences were ranked for antibody affinity by ELISA, which was done in

quadruplicate for each phage clone. STD indicates the standard deviation of the ELISA 
data. Plaque lifts were done for some clones as described in the materials and methods, 
and the intensity of the resulting spot for a phage clone is indicated, if available. 
Positions in the aligned phage clone sequences were assigned a color group (greens, reds, 
blue, and pinks) such that different colors corresponds to different linear portions of the 
discontinuous epitope mimicked by the K42-41 L-discovered consensus sequence, 
TGALQERSK, that are separated by gaps in the rhodopsin sequence. The four linear 
regions chosen (GAL, QE, R, and T/SK where the position 9 Lys is close to the position 
one Thr) were common to many mappings of this sequence to rhodopsin.



CHAPTER 4

CHARACTERIZATION OF ANTI-RHODOPSIN ANTIBODY PHAGE CLONE 

CONSENSUS SEQUENCES: IN SEARCH OF RHODOPSIN-MIMETIC PEPTIDES

71 ' -

ELIS A Affinity Assays of Phage Consensus Epitope Peptides to Monoclonal Antibodies

Based on the sequence alignment of mAh K42-41L peptides in Table I, chapter 3, 

two related consensus sequences . were obtained: TGALQERSK and TGPLQEREQ. 

These two K42-41L peptides were synthesized and the affinity of each peptide for K42-

41L was determined by isothermal titration calorimetry (ITC). This method measures the
■ '

heat evolved or absorbed when peptides bind to the mAh free in solution and yields a 

binding constant as well as thermodynamic parameters pertinent to the binding reaction. 

!TC has the advantage over competing techniques such as surface plasmon resonance in 

that surface effects cannot distort the results and has the advantage over fluorescence 

measurements of binding constants in that fluorescent probes, which "see" different 

environments between bound and unbound states do not need to be added to the peptide. 

In the ITC method described later in this Chapter, small aliquots of concentrated peptides 

are titrated into a mAh solution.

A dilution series of both K42-41L consensus peptides were competed against light- 

bleached rhodopsin for binding K42-41L in ELISA assays. Rhodopsin concentrations ‘ 

bound to the plate were constant in all four panels of Figure 21 and rhodopsin was



prepared by adding I mL of 10 mM phosphate buffer, 100 mM NaCl pH=7.4 to a 200 JiL 

aliquot of 300 |iM rhodopsin in dark or light-exposed ROS, followed by brief (20 

seconds) sonication. ,

The TGPLQEREQ peptide was more effective at competing against rhodopsin for 

antibody than a linear peptide, EAAAQQQESATTQ, which mimics residues 232-244 in 

the C-3 loop of rhodopsin (Figure 21 A), suggesting that TGPLQEREQ is a better mimic 

of the entire mAh CDR. Results by TTC confirm the ELISA results, the ITC-determined 

TC42-41L-TGPLQEREQ binding affinity is five times higher than the K42-4IL- 

TGALQERSK (IQ=O.25 mM and 1.25 mM respectively). TGALQERSK, was slightly 

less capable of competing with light-exposed rhodopsin for K42-41L than either 

TGPLQEREQ or EAAAQQQESATTQ (Figure 21 A), but was much more effective than 

a scrambled version of the TGPLQEREQ sequence, RESTLGQKA (~1,000-fold lower 

apparent affinity by ELISA, Figure 21 A), indicating that the amino acid sequence order is 

critical for antibody binding by consensus peptides.

The ability of K42-41L mimetic peptides to compete with dark-adapted versus light 

activated rhodopsin was also tested. It was found that approximately half as much 

peptide was required to reach half-maximal absorption when competing against dark 

rhodopsin than light-activated rhodopsin (Table 2). In competition with the rhodopsin- 

mimetic peptides used in this experiment, the light-bleached rhodopsin-mAb affinity was 

approximately twice that of dark-adapted rhodopsin. In other words, the rhodopsin- 

mimicking peptides are better able to compete against dark rhodopsin than against light- 

exposed rhodopsin and the mAh more strongly than light-activated rhodopsin. This is

72



1 200

TOPLOEREQ
TOALOERSK

EAAAOOOESATTO

RESTLOQKA
I 000

0 400

' * * f  /  /  /  /  y  y y
[peptide] (nM)

TGPLQEREO - Ught 
-TGPLQEREQ -Dark 
EAAAQQQESATTQ-Ught 

• EAAAQQQESATTQ- Dark

0 200

0 000 ^

(peptide] (nM)

I 200

-TGALQERSK 
TGALQEREQ 
EAAAQQQESATTQ

# TGALQERSK-Ught

1400 4000 12000 37000 111000 333000 1000000
(peptide] (nM)

ALQERSK - Ught2

467 1400 4000 12000 37000 111000 333000 1000000
(peptide] (nM)



Figure 21 (on previous page). Peptide competition ELISA with mAh K42-41L binding to 
rhodopsin in ROS membranes bound to the ELISA plate under light and dark conditions. 
TGPLQEREQ and TGALQERSK are consensus peptides that mimic a complex 
rhodopsin surface epitope, and EAAKQQQESATTQ is a linear sequence mimic of 
residues 232-243 in the C3 loop of rhodopsin. RESTLGQKA is a jumbled version of the 
TGALQERS sequence that was used to determine whether the epitope sequence or 
merely the residue content is sufficient for competition against rhodopsin. The plate was 
incubated, washed, and blocked as discussed in the text A. Relative ability of different 
mimetic peptides to compete against light bleached rhodopsin for K42-41L antibody. B 
As per panel A., except, with dark-adapted rhodopsin. Competition of TGALQERSK 
with dark-adapted rhodopsin is also compared to light bleached rhodopsin against is also 
indicated C. Comparison of the relative abilities of TGPLQEREQ and 
EAAKQQQESATTQ peptides to compete against light bleached and dark-adapted 
rhodopsin. D. As per panel C., except TGALQERSK. Results from two experiments 
with light bleached rhodopsin indicate experimental reproducibility.
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consistent with the method by which K42-41L mAh was made, where bleached 

rhodopsin was used to induce the antigenic response in mice (Adamus et al., 1991), 

Figure 21B shows the relative ability of peptides TGALQRSK, TGPLQEREQ, and the 

C-3 loop peptide EAAAQQQESATTQ to compete against dark-adapted rhodopsin for 

mAb R42-41L. This strongly suggests that mAb K42-41L was made against a 

conformation of rhodopsin more resembling a light-activated species than dark-adapted 

rhodopsin. An important point, however, is that regardless of whether these assays were 

done in the dark or under light conditions, the mAb and rhodopsin were still able to form 

a complex. This suggests that the epitope on rhodopsin recognized by K42-42L under 

light conditions is not completely missing in the dark-adapted rhodopsin structure, 

perhaps putting an upper limit to the amount of surface rearrangement that can occur in 

the region of the cytoplasmic surface of rhodopsin recognized by K42-41L. A 

comparison of the relative ability of peptide TGALQERSK to compete against light- 

activated and dark-activated rhodopsin is also shown in Figure 2IB. In Figure 21C, the



relative abilities of peptides TGPLQEREQ and EAAAQQQESATTQ to compete against 

light-activated and dark-adapted rhodopsin are shown. Figure 2ID shows the 

reproducibility of this assay for TGALQERSK
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Peptide concentration QrM) @ 1/2 max abs. Table 2. Half maximal concentra-

Peptide
Light Bleached 

Rhodopsin
Dark Adapted 

Rhodospin
tion values (Kjapp) for competition 
of indicated peptide against light

TGALQERSK 10.0 4.0 and dark-adapted rhodopsin for
TGPLQEREQ 1.0 0.5 K42-41L. Values are from Figure
EAAAQQQ ESATTQ 2.0 1.0 . 21. The actual peptide-mAb affinity
RESTLGQKA 333.0 ND is higher than indicated by these

competition concentrations.

Isothermal Titration Calorimetry

Isothermal titration calorimetry (TFC) assays were performed with a YP-TTC 

instrument (MicroCal, Inc.) at 30°C in 120 mM 'NaCl, 2.7 mM KCl 10 mM phosphate, 

pH=7.4 buffer. 7 |iM K42-42L was loaded into a cell with a volume of 1.44 mL and 

titrated with either 1000 JlM TGALQERSK or 500 JiM TGPLQEREQ, using 5 

jiL/injections, 3.5 min/injection, 310 rpm stirring, a 10 second injection duration, and 2 

sec noise filter. The raw TTC (Figure 22 top panels) plots the evolved heat after each 

injection of aliquots of peptide TGALQERSK (Figure 22, left panels) or TGPLQEREQ 

(Figure 22, right panels). The evolved heat data for both peptides added to K42-41L 

samples were integrated (Figure 22, bottom panels) using the Origin software package 

(Microcal Software, Inc). The data was fit with the assumption of a ~2:1 stoichiometry
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Figure 22. Isothermal titration calorimetry (ITC) raw data and integrated titration curves 
for K42-41L monoclonal antibody binding consensus peptides TGALQERSK (left) and 
TGPLQEREQ (right). The upper panels for each show the raw data of heat evolved after 
each injection of an aliquot of peptide into K42-41L sample. The lower panels for each 
peptide depict the integrated binding curves (kcal/mole versus molar ration of peptide to 
mAb) using the raw ITC data. Left Panels: 7 pM mAh titrated by 500 |iM of peptide 
TGPLQERSK in PBS buffer at 30°C. 5 |J,L/injection, 3.5 min/injection, 10 sec injection 
duration, 2 second data filter, 1.44 mL cell volume, kinetic constants calculated based on 
an assumed peptide ligand concentration of 1.0 mM. Right panels: 7 gM mAb titrated 
by 250 gM of peptide TGPLQEREQ in PBS buffer at 30°C. 5 gL/injection, 3.5
min/injection, 10 sec injection duration, 2 second data filter, 1.44 mL cell volume, , 
kinetic constants calculated based on an assumed peptide ligand concentration of 140 
gM. N = stoichiometry (calculated ratio of peptide to mAb), K = binding constant, Kd = 
affinity constant, AH = enthalpy of binding (AHb), AS = entropy of binding.

between peptide and mAb. Values were also calculated for binding enthalpy (AHb) 

(TGALQERSK = -8.6 kcal/mole, TGPLQEREQ = -4.3 kcal/mole), entropy of binding 

(AS) (TGALQERSK = -1.030 kcal/mole, TGPLQEREQ = -5.2 kcal/mole), and binding



constant (Ka) (TGALQERSK = 8.8xl05 M"1, TGPLQEREQ = 4.IxIO6 M"1) using the 

Origin software. By comparison, FSHPQNT, a consensus peptide found by phage- 

display that binds to streptavidin and partially mimics biotin, has almost three orders of 

magnitude higher affinity: Kd Value of 800 JiM Ka = 7.944x103 M"1, AH = -19.34 

kcal/mole , n = 1.06 (stoichiometry), AS,= -14.0 kcal/mole at pH=7.62 (Weber et al„ 

1992). FSHPQNT binding to streptavidin has a very unfavorable entropy of binding and 

a very favorable enthalpy of binding. Whereas, the TGPLQEREQ has a favorable 

entropy of binding and TGALQERSK has a Small entropy of binding. Thus, both of the 

peptides studied in the present work may have some conformational preferences free in 

solution. The anti-rhodopsin mAb K42-41L consensus peptides, TGALQERSK and 

TGPLQEREQ, were determined to have KdS for binding K42-41L that differ by a factor 

of five (1.25 pM vs. 0.25 JaM respectively).
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Discussion of Phase Clone Sequence Data.
Including Obtainment and Consensus Sequences

We carried out antibody imprinting on a panel of 8 murine anti-rhodopsin 

monoclonal IgG antibodies (mAbs) against the cytoplasmic surface of rhodopsin, K16- 

107C, K16-111C, K16-155C, K16-50C, K42-41L, K60-46L (Adamus, et al„ 1991), 4B4 

(McKenzie & Molday, 1982), and TM7C (Abdulaev & Ridge, 1998), and one "control" 

mAb against the intradiskal surface, BlgN (Adamus, et al,, 1991). The mAbs were 

expressed in hybridoma cell lines and were affinity purified on immobilized protein G as 

previously described. Purified mAbs were immobilized on CNBr-activated Sepharose



4B beads (Pharmacia Biotech). Peptides that bound to the mAbs were selected by phage 

display from the J404 random 9-mer peptide library (Burritt et ah, 1996) or the CLIO 

disulfide-constrained random 10-mer peptide library (Mazzucchelli et ah, 1999). Low- 

binding phage washed through the columns containing immobilized antibody. Adherent 

phage were eluted with low pH and were amplified by growth in E. coli. Three rounds of 

selection, interspersed with two rounds of amplification of adherent phage, were 

Conducted separately for each mAh to isolate the strongest binding peptide sequences. 

Phage retained by antibody were titered after each round of selection. Titers per mL of 

phage solution eluted from mAb rose 2-3 orders of magnitude after each round (data not 

shown), as adherent phage become more abundant, in agreement with an earlier report 

(Jesaitis et ah, 1999). After the third round of selection, phage were diluted and grown as 

isolated plaques on lawns of E. coli. Twenty-five to one hundred individual phage clones 

were picked for each antibody. In some cases, phage clones were assayed by ELISA or 

by a plaque lift technique (Jesaitis, et ah, 1999)(also see Chapter 3, under "Phage Display 

Protocols") similar to Western blotting, to determine the relative peptide-mAb affinities 

of individual clones.

A total of 473 phage clones against the 9 anti-rhodopsin monoclonal antibodies in 

the panel were Sequenced by PCR, using a primer upstream from the random peptide 

insert (Burritt et ah, 1998), followed by BigDye labeling (PE Applied Biosystems), and 

capillary DNA sequencing as described in Chapter 3 under " Preparation of Phage Single- 

Stranded DNA for Sequencing". Sequenced phage clone peptides selected by each mAh
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Table H. Phage peptide sequences selected by 
the K42-41L mAbfrom the J404 random 
peptide library*

Averages 
Consensus 
Idenbby Score %

K A C I E A K A A
Residue | S  N E V K D H T R
Subsbtubons A | P K M D Q C Q
(after Bordo C S Pl N N | T
& Argos, 1991) T S H

Mappmg Score % |67|86|22|65|1D0|P7|60|21|19| 90 clones

Table 3. Phage peptide sequences selected by 
the mAb K42-41L from the J404 random 
peptide library. "#" indicates the number of 
phage clones independently isolated with the 
same sequence. Peptide sequences were ranked 
for antibody affinity by ELISA A40S, which was 
measured in quadruplicate for each phage clone. 
STD indicates the standard deviation of the 
ELISA absorbance. Positions in the aligned 
phage clone sequences were assigned a color 
group (greens, reds, blues, and pinks) such that 
different colors corresponds to different 
approximate "motifs" of the TGALQERSK 
consensus sequence, when mapped to the 
rhodopsin sequence. The four motifs, GAL, 
QE, R, and T/KS (consisting of residues I and 
8-9 in the consensus sequence) were common to 
many mappings of this sequence to rhodopsin. 
"Identity scores" for each position in the 
consensus were calculated relative to the 
consensus sequence TGALQERSK and the 
scores are shown under the consensus in dark- 
colored boxes near the bottom of the table. 
Exact amino acid matches scored " 1.00" and the 
sum total score for all phage clones at each 
position was divided by the total number of 
clones with a residue aligned to that position. 
"Mapping scores" for each position in the 
consensus were calculated in a similar manner 
to identity scores, except that chemically similar 
residues scored as "0.50" per occurrence for 
closely related residues (letters in medium 
colored boxes under the identity scores), or 
"0.25" for other similar residues (letters in light 
colored boxes under identity scores). The 
definitions for chemically similar residues are in 
Table 5.



found at each position that were identical to the consensus sequence. The "mapping 

score" at the bottom of the table shows the percent of the residues that were chemically 

Similar, as explained in the caption to Table 3. ’ '

Ninety-seven percent of phage clones selected against K42-41L contain the dipeptide 

Gln-Glu, usually in positions 5 and 6 of the peptide, as shown in table I. thus, QE was 

used as the nexus of alignment of the K42-41L phage clones. The dipeptide QE appears 

only once in the rhodopsin sequence, on the surface of the C-3 loop, and appears to be a 

major determinant of this antibody epitope. The peptide sequences are ranked in Table I 

according to their ability to compete with rhodopsin for mAb, as measured in ELISA 

competition assays. Thr is found in 62% of the peptides in position one of the consensus 

sequence and is more common in the higher affinity phage clones. On the N-terminal 

side of the QE sequence, many peptides contain the a G(AZP)(LZI) sequence in positions 

2-4. In the second position of the Consensus, glycine is found in 78% of all phage, 

including most of the highest affinity phage. In phage with lower affinities, Ala or Pro is 

sometimes found in place of Gly. It is apparent that as affinity decreases, the middle 

residue (position 3 in the consensus) of the G(AZP)(LZI) sequence becomes less 

conserved. Proceeding down towards phage with lower affinity, clones with (LZI) in the 

fourth position of the consensus sequence become scarcer, giving way to the chemically

related Met or Val residues, or to even less closely related amino acids. On the C-
. , . ' . A

terminal side of QE, in position seven of the aligned consensus sequence, Arg is found in

54% of clones and is more abundant in higher affinity clones. Positions eight and nine in 

the consensus sequence are not as strongly conserved as positions 1-7. Position eight has 

a higher than random occurrence of substitutionally acceptable SZAZTZG residues (Bordo
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& Argos, 1991), especially at higher clone affinities. Position nine is less strongly 

conserved than position eight, but often contains Lys, or other residues that are frequently 

substituted for Lys on protein surfaces: AZR/Q/T/H (Bordo & Argos, 1991). A closely 

related consensus, TGPLQEREO was also found for mAb K42-41L (not shown in Table 

I) where identities with the most frequently observed consensuses are underlined. Both 

sequences are likely to fit the antibody binding pocket in slightly different ways. 

Complementary determining regions ofmAbs, which are responsible for a majority of the 

high affinity contacts between antibody and antigen (Conte et al., 1999), appear to have a 

core of residues that comprise about 30% of the total contact surface with protein 

antigens,. Positions eight arid nine may be weakly conserved because they mimic regions 

outside the core of the antibody binding pocket, and thus may contribute much less to the • 

total affinity between the antibody CDR-peptide binding interface. The K42-41L 

antibody was originally characterized as being directed against the C-3 loop of rhodopsin, 

by competition ELISA against peptides patterned after each of the different linear surface 

loops of rhodopsin (Adamus et al., 1991). The phage display mapping shown in Table 3 

indicates, however, that antibody K42-41L has a discontinuous epitope on the 

cytoplasmic face of rhodopsin, composed only in part by the Gln-Glu sequence on the C- 

3 loop.

One or two related consensus sequences for each of the other mAbs in the panel were 

obtained as summarized in Table 4, using the linear J404 phage-displayed random 

peptide library. K42-41L Was also screened with the CLIO cyclic disulfide-constrained 

random peptide library, yielding two similar consensus sequences,
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A ntibody
C onsensus P ep tide  

S eq u en ces/  
M app ing  Score

O rig inal
E pitope

R eference Ig
Class

P h o to 
in te rm ed ia te
P refe rence

M A b-Peptide 
A ffinity 

(Kd in  jliM )

B lgN S F V D F S N K G  
2 3 5 1 4  2 2 8 6 
A T  I N Y Q N K G  
2 3 3 3 4 2 2  8 6

N-Terminal
(7-18)

Adamus, 
et. al 1991

G l No preference0

4B4 E Q Q V S A T A Q  
3 8  9. 3 7 6 3 4  4

C-3 Loop M acKenzie & 
M olday 1982

G3 +A preference

K42-41L T G A L Q E R S K  
6 8. 2 6 9 9 6 2 1 
T G P L Q E R E Q  
6 8 2 6 9 9 6  0 0 

C T A A E L Q E G E G C  
4 7 6 3 4 6 9 4 3 5  

C S A G E R Q E S R E C  
5 7 7 3 2  8 9 3 2  3

C-3 Loop Adamus, 
et. al 1991

G l M I 1,25

0.25

K60-46L E K P W W R V K Q  
5 6 5 5 5 7 5  6 6  
G R L P P R Q Q D  
2 4 1 2 3 7 2 2 2

C-3 Loop Adamus, 
et. al 1991

G l ■ M I

K16-107C G K A  L V N D  
0 0 2 2 1 1 0 (weak)

C-Terminal
(340-348)

Adamus, 
et. al 1991

G l M il

K16-111C G W A P N G K N G  
7 7 9 9 8 6 3 1 3 
W A P E V M P G L  
7 9 9 4  1 1 3 2 8

C-Terminal
(340-348)

Adamus, 
et. al.1991

G l M n

K16-155C R S E A E M V A P  
5 8 4  7 7 7 6 7 9 
V S W G D M V P  A 
2 8 2 5 5 4 4  5 5

C-Terminal 
(340-348) .

Adamus, 
et. al 1991

G l MH

TM7C Y Q (A /  T) P I G G W Y  
2 2  2 4 2 4 5 4 4

W I M P T G G W Y  
2 2 2 4 2 4  5 4 4

C -4L oop
(304-311)

Abdulaev & 
Ridge, 1998

MH6

K16-50C T T V S K T E A P  
4 2  5 8 8 7 5 2 2

C-Terminal
(335-342)

Adamus, 
et. al 1991

G3 Not determined

Table 4. Consensus sequences of epitopes for a panel of anti-rhodopsin monoclonal 
antibodies determined by phage-display. "Mapping score" numbers are shown under the 
letters in the "consensus peptide sequences" and indicate the frequency that each residue 
appears in all phage clone peptide sequences, using the partial weights for related amino 
acid residues shown In Table 5. For compactness, the mapping score percent number has 
been changed to an integer, e.g. 1=10%-19.9% up to 9=90-100.0%. "Original epitope" is 
the linear stretch of rhodopsin attributed as the mAh epitope by the original authors, 
based on synthetic peptide screening or other non-antibody imprinting methods and is 
described in the references indicated. bAbdulaev & Ridge, 1998, cKonig, Hargrave, and 
Hofmann (unpublished results).



(C)TAAELQEGEG(C) and (C)SAGERQESRE(C), as shown in Table 3. Both CLIO 

consensus sequences share a conserved Gln-Glu (bold) and an N-terminal stretch of 

small, substitutidnally allowed residues (underlined) with the K42-41L J404 linear 

peptide library consensus sequences. The sequence TAALQEGEG also contains a Leu 

next to the Gln-Glu sequence, homologous to the J404 linear library consensus 

sequences. The CLIO library was not used with mAbs other than K42-41L in this study 

because of concern that the sterically constrained CLIO cyclic peptide library cannot 

conform as well to the antibody binding pockets as the linear peptides.

K16-50C and K16-107C each yielded a single consensus sequence: TTVSKTEAP, 

for K16-50C and GKALVND for K16-107C, as shown in Table 4. In cases where a mAh 

selected two consensus sequences, the sequences share a common motif (underlined), but 

are otherwise distinct: MAbs BlgN and TM7C each yielded two closely related

consensus sequences: SFVDFSNKG and AYINYQNKG (BlgN) and YQ(AZT)PIGGWY 

and WIMPTGGWY (TM7C) (Table 4). The K16-155C consensus peptides 

RSEAEMVAP and VSWGDMVPA share a Ser-Xi -X2-(GluZAsp)-Met-Val-Ala-Pro 

motif, though they are in slightly'different sequential order. MAbs K16-1T1C and K60- 

46L also each gave two consensus sequences. The two K lb -IliC  consensus peptides, 

GWAPNGKNG and WAPEVMGPL. share a Trp-Ala-Pro motif. K60-46L had 

consensus peptide sequences of GRLPPRQOD and EKPWWRVKQ. Like K42-41L, 

K60-46L was originally classified as being against the C-3 loop of rhodopsin by 

competition against linear peptides that mimic stretches of the rhodopsin sequence. 

However, the K60-46L mAh also appears to recognize a complex, discontinuous epitope. 

The common Gln-(GluZAsp) sequence found in the four consensus peptides of both K42-
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41L and K60-46L most likely mimics the Gln-Glu of loop CS. The locations of Gln in 

position 9 and Glu in position I of the consensus sequence EKPWWRVKQ suggests that 

this peptide may assume a circular structure, with its N- and C-termini folded together, 

when bound to the K60-46L binding pocket.

A possible reason for the selection of more than one consensus epitope by a single 

mAb may be that the antibody binding pocket is too large to entirely be filled by one 

nonamer phage-displayed peptide (Dall'Acqua et al„ 1998; Conte et al., 1999; Sundberg 

et al., 2000). Related consensus sequences, selected by a single mAb, may represent 

different ways to partially fill the antibody binding pocket which have similar affinities. 

This may explain why the two K42-41L consensus sequences, TGALQERSK and 

TGPLQEREQ, have affinities for K42-41L within a 5-fold difference of each other, 

based on the ITC assays discussed earlier in this chapter. Also, the higher affinity 

peptides have a much more favorable entropy of binding than the other peptides and may 

tend to have a conformation in' solution that is more favorable for binding. Further 

rounds of phage display selection beyond three might lead to a preponderance of a single 

consensus sequence, but might be disadvantageous because the variability among the 

selected peptides provides useful information on the relative conservation of each 

position in the consensus sequence. A contributing factor for the appearance of more 

than one consensus sequence observed for some antibodies in this study may be the lack 

of complete diversity in the phage library to represent all possible 9-mers: 209 (-IO11), 

which is outside the range of present day phage display technology (Yip & Ward, 1999). 

The diversity of the J404 phage library is sufficient for the library to contain 

approximately all possible 5-mers sequences, but only about 0.01% of all possible 9-mer
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sequences. In our phage clone consensus sequences, some positions were more highly 

conserved than others. Presumably, the most highly conserved residues in each 

consensus sequence are contributing the most to mAh CDR affinity (Conte, et al., 1999) 

and residues in positions that contribute less to affinity can be more variable. Another 

possible explanation is that the residue on rhodopsin "seen" by the antibody and
_ i

subsequently mimicked by phage clones is partially buried or otherwise obscured, such 

that it presents a particularly "eclipsed" surface topology more resembling another amino 

acid than itself.

Two antibodies, TM7C and K16-107C, did not give tight consensus sequences and 

selected a high percentage of seemingly random sequence phage clones after three rounds 

of phage display. These two antibodies were the only mAbs used in these experiments 

that were obtained as Iyophilizates, rather than being freshly prepared from hybridoma 

cultures. It is possible that the lack of tight consensus exhibited by these two mAbs is 

due to denaturation of some of the antibody protein molecules in these samples, which 

could expose a variety of binding sites to phage-displayed peptides. ELISA assays of 

TM7C binding to rhodopsin indicated low amounts of mAh binding, even at high 

antibody levels, which is consistent with a substantial fraction of antibody being unfolded 

(data not shown). The TM7C cell line has been lost and additional mAh is no longer 

available (Abdulaev and Ridge, personal communication). However, after sequencing a 

relatively large number (72) of TM7C-selected peptide sequences, consensus sequences 

of YQ(AZT)PIGGWY and WIMPTGGWY emerged from the "background noise". These 

sequences may be derived from the anti-rhodOpsin ELlSA-active fraction of the.mAb.
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4B4, K16-107C, and TM7C, the three mAbs with the least tight consensus sequence 

from phage display, selected a minority of phage clones which contained all or part of the 

sequence (SZY)QSYP and did not match the consensus sequences in Table 4. Antibody 

4B4 was the most extreme example, and 28% of its selected phage contained all or part 

of the (SZY)QSYP sequence. This sequence has previously been selected by unrelated 

mAbs including F105 (Posner et al., 1991), a human IgGl mAh against gpl20, which is 

expressed on cells infected with HIV-1, and mAb 449 against the p22phox subunit of 

flavocytochrome bssg (Burritt et al., 2000). Peptides containing this (SZY)QSYP sequence 

have been found to bind indiscriminately to most IgGs against which they have been 

tested (Jon Jacobs and Martin Teintze, personal communication), and it likely represents 

a common binding site on the surface of IgG class antibodies found in multiple species.

«

Scoring Consensus Sequences

In order to evaluate the validity of each consensus sequence selected by a mAb by 

phage display against a random peptide library, "mapping scores" were calculated for 

preference as discussed in this section. We do not expect to find exact matches of 

peptide epitopes to the target protein sequences because amino acids with similar 

chemical properties are frequently able to substitute for one another in protein structures 

or in protein-protein interactions. Since the seminal work of Dayhoff, et al. in 1978 

(Dayhoff et al., 1978), several different amino acid substitution probability matrices have
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Figure 23.The Bordo and Argos exposed residues matrix (Figure la  from Bordo and 
Argos, 1991). The lower half of the matrix gives substitution counts for central residues 
with 90% or greater similar environments and the upper half is for 70% or greater 
similarity. Counts that deviate from expected in a statistically meaningful manner (above 
95% confidence) for at least 2 similarity levels ranging from 100% to 70 in steps of 5% 
With the trend being consistent are marked with a + or - sign to indicate preferred or 
avoided substitutions.

been developed (reviewed in Henikoff, Henikoff, 2000). These matrices are based on 

different approaches to elucidation of amino acid substitution patterns, such as amino 

acid hydropathy profiling (e.g. Kyte, Doolittle, 1982), analysis of codon relationships 

between different amino acids (e.g. Harris et.aL, 1992), and assessment of evolutionary 

conservation and Substitution patterns of amino acids between related proteins (for 

example, the Bordo and Argos, 1991 matrix shown in Figure 23 above), have been 

developed. The general format of an amino acid substitution matrix is shown in Figure
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InteriorSurface
from Bordo and Argos, 1991 JMB

Figure 24. Favorable amino acid substitutions for solvent exposed and buried residues. 
Residues connected by lines may be substituted for each other based on analysis of 
families of related proteins with known x-ray structures in multiple species. The x-ray 
structures were used to determine the solvent exposure of residues and separate amino 
acid substitution matrices were built for surface exposed and interior (buried) amino 
acids. Residues within circled groups are chemically similar. In general, residues closer 
to one another tend to be more similar to each other than distantly separated residues, 
(after Bordo and Argos, 1991).

23, by the classic Dayhoff mutation odds matrix. An analysis by Bordo and Argos 

(1991) showed that amino acid substitution probabilities are different for solvent-exposed 

residues in proteins compared to inaccessible, buried residues (Figure 24). Peptides 

selected through phage display mimic surface-exposed loops on the target protein 

(imprinted by mAbs), and thus presumably must be solvent exposed. An amino acid 

substitution matrix based on mAb epitope mapping of peptide sequences expressed on 

phage has not yet been developed, and we have based our considerations of allowable 

substitutions on the Bordo and Argos solvent-exposed substitutional probability matrix,
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Table 5, Amino acid substitution scoring matrix used in the Findmap analyses presented, 
based on (Bordo and Argos, 1991, Figure 2). The substitution score is 1.00 if identical 
amino acids are aligned in the peptide and in the target protein. If the peptide and target 
protein amino acids are very similar (highly probable substitutions connected by black 
lines in Bordo and Argos), the substitution score is 0.5. If peptide amino acid and target 
protein amino acid are within the same chemical group circles in Bordo and Argos, 1991, 
Figure 2, the substitution score is 0.25. The Bordo and Argos substitution matrix was 
modified so that Gly/Pro substitutions score 0.50, Arg/His, Lys/His, and Gly/Ser 
substitutions score 0.25. Gaps (represented as where a residue in the peptide 
sequence is not mapped to any target protein amino acid in the peptide sequence are 
subjected to a gap penalty, as described in the text except that Trp residues in the target 
peptide that are not mapped to the target protein score 0.50. All other substitutions are 
considered "forbidden" and score 0B0.

as discussed below. Our initial efforts towards development of a phage-display specific 

amino acid substitution matrix are discussed in Chapter 5, under the subheading "Hen 

Egg Lysozyme Model System for Substitution Matrix Generation".

The substitution probability matrix in Table 5 for Solvent-exposed residues on 

proteins is modified from Bordo and Argos, 1991 (see Figure 24). A score of 1.00 was 

assigned for each exact amino acid match, a score of 0.50 was assigned for substitutions



between the highly substitutable residues on the. surfaces of proteins found by BordO and
'

Argos, and a score of 0.25 was assigned for non-exact substitutions between other 

chemically similar residues, as classified by Bordo and Argos. Modifications were made 

to the Bordo and Argos classification as follows: We observed that Gly and Pro were 

frequently substituted for each other in aligned phage clone peptide sequence groupings, 

and a Score of 0.50 was assigned to Gly/Pro substitutions, Additionally, Lys/His, 

Arg/His, and Gly/Ser substitutions are scored as 0.25, due to chemically similarity. Trp 

residues were allowed to map to a gap in the protein with -a score of 0.5 since Trp 

residues occurred in epitopes where no Tips were available for mapping. We assumed 

that the Tips functioned by restricting the conformational flexibility of phage-displayed 

peptides and improving the entropy of binding. All other amino acid mismatches were 

scored as 0.00.

For K42-42L, there was a weak, positive correlation (r=0.32) between each selected 

phage clone's sequence homology to the consensus peptide TGALQERS K as judged by 

the average mapping score and the phage clone's affinity for K42-41L affinity, based on 

ELISA assays as shown in Figure 25. Most phage-displayed peptide clones that were 

selected against a particular mAh had sequences that bore similarity to the overall 

consensus sequences (shown in Table 4 for K42-41L and Appendix A for all other 

mAbs). Thus, it can be surmised that the antibodies in the panel selected primarily for 

phage clone sequences that were against the variable binding pockets of each antibody 

and not against constant regions of the antibody molecule, which are homologous across 

the antibody panel. We also investigated phage from first round library selection that

90



91

Correlation Between K42-41L Phage Clone Mapping Score and ELISA Score

Figure 25. Scatter plot showing the correlation between the K42-41L phage clone 
mapping score and the A405 from ELISA assays, where individual phage clones were 
bound to K42-41L. In cases where multiple clones were obtained with identical 
sequences, ELISA data is averaged to give a single data point in this figure. The Pearson 
product-moment correlation coefficient (r) for this data is 0.32, and r  = 0.10. Slope = 
0.084, and Y-intercept=1.51. t=3.08, indicating a weak correlation.

bound, but did not elute from the immobilized antibody matrix, hypothesizing that they 

may represent the highest affinity species for mAh binding. However, these phage did 

not yield a consensus sequence, and thus they may be phage clones that irreversibly 

bound to the mAb or the affinity matrix in a non-specific manner.

Based upon mapping scores, it is apparent that most consensus epitope sequences 

have a highly conserved "core" region, which was found in most or all phage clones 

sequenced for a particular antibody. This core region was 2-5 amino acids in length 

(underlined): K4241 L-TGALQER(SKZEQ), K16-11IC-WAPEVMGPL and



GWAPNGKNG, Kl 6-155C-RSEAEMVAP. K16-50C-TTVSKTEAP. and K16-107C 

GKALVND. Some of the antibodies yielded a consensus sequence or possibly two 

sequences that did not contain a single strongly conserved ,core region but rather two or 

more discontinuous, usually less highly conserved sequences of 1-2 amino acids each, 

with conserved spacing "motifs" (underlined): K16-155C-VSWGDMVPA, K60-46L- 

EKPWWRVKQ and GRLPPRQQD, BI gN-SFVDFSNKG, K42-41L-(C)-
; r ■

TAAELQEGEG-(C) and (C)-SAGERQESRE-(C), 4B4 EQQVSATAQ, and BlgN 

SFVDFSNKG and AYlNYQNKGi Those residues of the antigen that contribute most 

significantly to antibody binding affinity would be expected to be most highly conserved 

in peptides mimicking the epitopes of the antigens involved in antibody binding. In 

mAb-peptide complexes with known x-ray structures, where alanine scanning 

mutagenesis and double mutant cycles have been done to determine key residues 

involved in interactions, approximately one-third of the contact residues were found to 

contribute most substantially to the energetics of the antigen-antibody interactions 

(Dali'Acqua et al., 1998; Conte et al., 1999).
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Phage Display Using Multiple Monoclonal Antibodies in a Single Tube

Though the techniques described in this chapter work well; it is nonetheless time 

consuming and labor-intensive to individually subject each mAh in a panel of antibodies 

to the phage display and sequencing aspects of the antibody imprinting process. In an

attempt to reduce the per mAh workload and thereby increase the throughput of phage
. ' -
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display, a multiplex approach to phage display was attempted. By this method, multiple 

mAbs were simultaneously (in the same tube) subjected to phage display again a phage- 

displayed peptide library. In a sense, this method is homologous to the integration of all 

possible antigenic epitopes on a protein target that are when a polyclonal antibody is 

subjected to phage display. However, by this method, there is an advantage in having 

only a relatively small number of unique mAbs per tube, because it is more likely that 

multiple phage sequences Will be selected against each and every mAb in the mix and 

that a correlation can be made between selected phage sequences and the mAb that 

selected them, as long as the mAbs do not compete for very similar epitopes. Though in 

theory with polyclonal antibodies there are components against all overlapping epitopes 

that define the target protein surface, in practice, only those few subcomponent antibodies 

against immunodominant epitopes are substantially represented in the selected phage 

sequences (e.g. Jesaitis, et al., 1999), As such, polyclonal antibodies typically only yield 

a small number of consensus epitope sequences. The actin polyclonal discussed in 

chapter I yielded only 2 consensus sequences (Jesaitis, 1999), which is no more diverse 

than many monoclonals. This may be because individual antibodies in the polyclonal 

against immunodominant epitopes have a higher affinity for peptides mimicking the 

epitopes they saw, and Over three rounds of bio-panning, are able to numerically 

. outcompete antibodies against all other

In this experiment, phage display and sequencing methods are identical to those 

described in chapter 3, except 4 different anti-rhodopsin mAbs (K42-41L, K60-46L, 

K l6-1 IlC  and K16-1555C) were simultaneously immobilized onto gamma-bind
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Table 6. Multiple selection of epitopes by four mAbs simultaneously. Equal amounts of 
four different anti-rhodopsin monoclonal antibodies were mixed together and bound to 
beads for phage display. The quantity of each antibody used were scaled down, so that 
the total antibody added to the beads was the same as in the single antibody epitope 
selection processes. Phage clone sequences were assigned to a parent antibody and 
aligned based upon consensus sequences (in black boxes) obtained from separate 
experiments where each antibody was separately subjected to phage display. If the mAbs 
had not been previously mapped they would have had to be screened against consensus 
peptide sequences carried on phage to associate particular mAbs with a given epitope 
sequence. Colors are arbitrary in the table, except that darkest colors correspond to exact 
identity matches between an amino acid and the consensus sequence, medium colors 
correspond to partial matches, between chemically similar residues (equals 0.50 score in 
Table 5), and light colors correspond to weak partial matches (equals 0.25 score in Table 
5).



Sepharose beads (Pierce). In these experiments, one-quarter the normal amount of each 

antibody was used, such that no more total mAb than normal was used in phage display 

bio-panning. Seventy-four phage clones were randomly chosen and sequenced from the 

phage clones retained after the third round of biopanning, yielding 55 unique nonamer 

peptide sequences. Fifty-four of these sequences were attributable to the selecting mAb, 

as shown in Table 6. Because each mAbs in the mixture had already been subjected to 

phage display separately and these same consensus sequences were described by different 

groups of phage clone peptide sequences in this experiment, it was easy to match the 

phage clone sequence to the correct mAb. Even if prior experimentation had not been 

done, it is not difficult to match phage clones that describe different Consensus sequences 

to their selecting mAb, using the method described further below, As can be seen in 

Table 6, mAbs in the mixture were unequally represented amongst sequenced phage 

clones. MAb K60-46L was best represented, with 37 clones (47% of total) of sequenced 

phage describing attributed to this mAb. These 37 clones are split roughly 2:1 between 

clones with a consensus sequence EKPWWRVKQ and GRLPPRQQD Both of these 

consensus sequences also were found for phage clones selected by mAb K60-46L when it 

was individually bio-panned, and the consensus sequences were found in roughly the 

same 2:1 ratio between EKPWWRVKQ and GRLPPRQQD.

K16-111C was represented by 21 of the sequenced clones, or 28%, All of these ,, 

phage clones describe the consensus sequence, GWAPNGKNG, which was also found 

when K16-111C was bio-panned independently. A few phage all or part of a WAPEV 

motif, which is found in WAPEVMGPL. a second, weaker consensus sequence obtained 

for K16-111C when it was subjected to phage display individually. None of the phage
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.
selected by the multiplex method contain the MGPL aspect of the WAPEVMGPL 

sequence. It is likely that the core of residues selected by K16-155C is WAP(NZE). If so, 

selection of the MGPL may not have occurred, suggesting that it has a lower affinity for 

K16-111C mAb than does the GKNG motif. Thus, in the presence ,of other mAbs 

selecting phage clones to which they had highest affinity, phage with the MGPL motif 

were more quickly outcompeted after three round of bio-panning.

Eleven of the phage clones (14%) can be attributed to K42-41L and describe the 

consensus sequence TGXQE(RZP)XX. All of them retain the highly conserved Gln-Glu

sequence found in TGALQER(SZE)(KZQ) the two consensus sequence found for K42-
, ,1 .

41L when it was subjected to bio-panning by itself. Gln-Glu is found in most phage 

selected by both methods in the fifth and sixth positions of phage clones. Interestingly, 

however, phage clones selected by the multiplex method do not retain an Arg residue in 

position seven to the extent that phage selected by the non-multiplex method do, Instead, 

Arg and Pro are almost equally represent in position seven of the 11 selected phage 

clones against mAb K42-42L. Proline was sometimes found in position seven by the 

non-multiplex method, but not nearly to this extent. Additionally, position three of the 

consensus sequence in the non-multiplex consensus sequence (TGALQER(SZE)(KZQ)), is 

only hinted at by the 11 multiplex-selectecK42-41L clones, though this Ala position was 

the weakest of a three residue Gly-Hydrophobic-rLeu motif in the TGALQER(SZE)(KZQ) 

consensus sequence.

Four phage clone sequences (5%) were tentatively attributable to mAb K16-155, 

based on sequence, though the correlation is not strong. It is likely that the antibody

binding pocket of this mAb has a three-dimensional topology that is difficul for linear



peptide on a phage to bind to with high affinity, or at least with an affinity in the range of 

phage-displayed peptides against the other three mAbs in the mixture. Another 

possibility 's  that the epitope peptides do not fold easily into the most favorable binding 

conformation and so the entropy of binding is unfavorable. By inspection, there appears 

to be no difference in the degree of scatter of phage clone sequences around each 

common consensus sequence by the multiplex method, as compared to the method with a 

single mAb per tube.

The utility of the multiplex system for phage display bio-panning depends on the 

ability to match individual phage clones with their selecting mAb from the mAb mixture. 

For example, the peptide could be co-crystallized with the matching mAb to provide the 

most structural information. To test whether this identification was feasible, a sandwich 

ELISA assay was carried out. Twenty-four plaques containing a single phage clone were 

picked from an E. coli lawns grown on an agar plate. Phage in these plaques are 

amplified overnight in small scale (mL) liquid cultures, in a manner analogous to the 

amplification of phage for sequencing described previously. The Sandwich assay was set 

up such that each of 4 different mAbs (K42-41L, K16-107C, K16-111C, and K16-155C) 

were bound to microtiter plate wells. MAb K60-46L was not used in the ELISA assays, 

however, a negative control anti-rhodopsin mAb, K16-107C was used. After blocking, 

phage clone supernatant was added to four wells, one each containing mAb K42-41L, 

K16-107C, K16-111C, or K16-155C. Wells were washed three times with PBS, 

followed by addition of a rabbit anti-phage polyclonal antibody diluted 1:20,000 in BBFE 

(Burritt, et al., 1998). A secondary GAR-HRP antibody was next added and incubated,
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Phage Clone Sequence 
1 2 3 4 5 6 7 8 9

Best Match for Phage Clone Based on its Sequence 
Similarity to Each Consenus Sequence 

K42-41L K16-107Cb K16-111C K16-155C K6046L

Matchby
HighestELISA

O.D.c
Sequence Matches 

ELISA?
D T A A G L L Q E X 4241 Yes
T G M E Q E R S L X 4241 Yes
V G F L Q E P D R X 4241 Yes
V P A E L Y Q L S . X '4241 Nod
T G I M Q E I R S X 4241 Yes
G W P  P E L R N H X 4241 No"
E K P W W R V K Q X 16107 (C )
K F K P P M Q Q L X 16107 (c)
S K P  WWK I P Q X 16107 (C )

V K P W W  R V H Q X 16107 (C )
E K P WW R V K Q ■ ' X . 16107 (c)
V A E L Q E R T T X 16107 No
S K P W W R  I P Q X 16107 (C )
G R L P P R Q Q D X 16107 (C )

S W A P N G R K A X 16111 Yes
G W A P E V K A P -X 16111 Yes
G S P P E L R N P X 16111 (c),
G W P P E V R E G X 16111 Yes
Q N WW R  L K Q D X 16111 (C )

S W A P N E R Q A X 16111 Yes
G W A P N G L A G X 16111 Yes
Y C S T P P Q C K X 16111 (c)
A W A P N G V S A X 16111 Yes
C L T P R M C T A X 16111 No'

Table K. Consensus sequences and ELISA-based assignments of phage clones obtained 
by simultaneous selection against a mix of four ahti-rhodopsin monoclonal antibodies 
(K16-111C, K16-155C, K42-41L, and K60-46L). Phage, clones were assigned to a parent 
antibody based upon sequence homology to known consensus sequences selected by each 
antibody. Phage clones were then assayed individually to determine binding ability to 
each monoclonal antibodies (one per well) in a sandwich ELISA assay (different mAbs 
bound to wells of a titer plate followed by, phage, rabbit anti-phage pAb, GAR-HRP, and 
finally color reagent) and matched to the antibody which yielded the highest horseradish 
peroxidase (OD4 0 5 )' signal. aELISA was weak for this clone for all antibodies so results 
are inconclusive. bAntibody K16-107C Was used in the ELISA experiment, but was not 
used in phage display, thus any ELISA hits are false. cAntibody K60-46L was NOT used 
in ELISA but was used in phage display. Antibodies K42-41L, K16-111C, and K16- 
155C were present in both phage display and ELISA. dSequence homology of this clone 
to K16-155C is weak, and thus inconclusive.



and color was visualized with ABTS, analogous to the ELISA methods, described 

previously. Each peptide was assumed to be selected during phage display by the mAh 

that yielded the highest ELISA signal. Selected peptides were sequenced, so that the 

reliability of the ELISA assay to match the peptide to the correct mAh could be 

determined. Reliability was based on how well the ELISA results matched with the mAh 

assignment for each peptide using the consensus sequences from the non-multiplexed 

phage bio-panning assays, discussed earlier.

The results of the mAb/peptide matching assay are shown in Table K. Based on 

sequence, 5 peptides were pre-determined to be selected by mAh K42-41L. Of these, 

four were correctly identified by ELISA. Seven clones were assigned as against K l6- 

I l lC  based on sequence identity to the K16-1T1C consensus sequence GWAPNKNG. 

Of these, 6 were properly matched by ELISA. Two peptides were tentatively assigned as 

against K16-155C. Neither of these agreed with the ELISA assay, however. This is 

probably due to the weak relationship between the phage clones to the K16-1555C 

consensus sequence, and in fact these two clones might better be assigned as 

"undeterminable". Ten phage clones were determined to be against K60-46L by 

sequence. K60-46L was not used in this assay due to insufficient quantities of this 

antibody available at the time of this assay. However, seven of ten mAbs had highest 

signals for wells containing K16-107 mAh, a control mAh that was not used in the 

original selection. Based on the success rate for matching K42-41L and K16-111L- 

selected peptides to the proper antibody, it is likely that similar results would have been 

achieved for K60-46L, if it had been included in this assay. Though ELISA assays did 

not always correctly match peptides to the selecting antibody, they did so with sufficient
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frequency (see Table K) to make this approach practical. If a peptide is not matched by 

ELISA to the correct selecting mAh it is not necessarily a problem, because all peptides 

with similar sequences are selected by the same mAh during phage display. Thus, by 

comparing an the amino acid sequence of an ELISA-unmatched peptide with peptides 

that were able to be ELISA-matched, the unmatched peptide can be matched to the 

correct selecting mAh.

Though a consensus sequence could not be assigned to phage selected by mAb Kl 6- 

155C based only on the multiplex method, this experiment is still a success in that three 

of four mAbs definitively selected the same consensus sequence or sequences by
j ' '

multiplexing as they did when individually subjected to phage display bio-panning. As 

such, the throughput gain of the multiplex method is 300% compared to bio-panning each 

mAb separately. This gain translates into three times as many mAbs against protein 

targets that can be screened per unit time, with little or no incremental labor cost. It may 

be possible to simultaneously bio-pan an even greater number of mAbs against a protein 

target or alternatively to gain a 2x Or 3x throughput advantage by panning 2 or 3 mAbs 

simultaneously. If, by multiplexing, some mAbs do not select peptides, they can be

subjected again to phage display, either individually, or collectively with other non-
' '

selecting mAbs, and the overall process is still more efficient than initially bio-panning 

every mAb.
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CHAPTER 5

MAPPING OF PHAGE DISPLAY CONSENSUS SEQUENCES TO THE RHODOPSIN

SURFACE

Introduction

Besides the phage display methodology'utilized in this work, other methods have 

been used to determine the residues of a target protein that form the epitope recognized 

by a mAh complementary determining region (CDR). One method, developed by 

Geysen and colleagues, is called PEPSCAN (Geysen et al., 1984), reviewed in (Carter, 

1994). This method is typical of a number of similar epitope mapping approaches that 

are based on parallel chemical synthesis of hundreds of peptides (Reviewed in (Pinilla et 

al., 1:999)). In this approach, hundreds of peptides with overlapping sequences, are 

concurrently synthesized on solid supports, each typically 5-20 residues in length and 

representing a scanning window along the entire target protein linear sequence; Peptides 

are subjected to ELISA to test their ability to bind another protein (often a mAh). This 

method is somewhat common in the literature, but is not applicable for antibody 

imprinting structural studies of proteins because the active epitopes on proteins that are 

recognized by PEPSCAN are almost always linear. Thus, in its present form, PEPSCAN 

cannot map complex, discontinuous epitopes to provide distance constraints for residues 

far apart in the primary sequence that are brought close together in the folded protein.



Alanine scanning mutagenesis (Cunningham, Wells, 1989) is the best known and most 

successful method of epitope mapping using mutagenesis techniques. By this approach, 

each residue in a target protein, in the region of a putative binding surface of the protein, 

or putative key residues of a protein, are sequentially mutated to alanine. By measuring 

the relative affinities of complexes of ligand (which may be another protein) with the 

mutant protein, those residues which are most important for binding the ligand can be 

determined. A major disadvantage to alanine scanning mutagenesis (ASM) is that it is 

very time and labor intensive, though a new hybrid "shotgun approach" may make this 

approach more feasible for high throughput research (Weiss et al„ 2000). Another 

disadvantage of ASM is that it is typically impossible to determine if inactivating 

mutations are located at active sites or if the mutations are distinct from the active site 

and are altering the folding of the protein under study.

In order to extract conformational information from the antibody imprinting that we 

carried out, the different possible ways of mapping the antibody epitope sequences to the 

rhodopsin sequence must be considered. Epitope mapping of phage-display derived 

consensus sequences onto a target protein has traditionally been carried out by manual 

inspection and that is how we initially mapped many of the consensus sequences we 

determined onto the rhodopsin primary sequence. Manual mappings of consensus 

sequences from the anti-rhodopsin mAb panel are shown in Table 8: BlgN mappings 1-2, 

K16-111C mapping I, K16-155C mappings 1-3, K16-50C mapping I, K42-41L 

mappings 1-2, and 4B4 mapping I). It is not clear, however, whether these manual
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I
BlgH

(0

(2)

(3)

(4)

(5) 

(<$) 

CD

( 8)

(S)

( 10)

(II)

02 )

03)

(1)

(2)

(1)

(2)

(3)

(4)

(5) 

«9 

CO 
(8) 

(S)

(IO)

( ID

( 12)

(13)

04)

Epitope Sequences

I1H 3I4H11IJHI ImI

202 203 204 U  13 14 15 16 18

202 203 204 282 13 14 15 16 18

202 203 204 IflO 13 14 15 16 18

42 43 180 IflO 191 36 15 16 18

32 30 180 190 191 36 15 16 18

i
I

I
K16-I55C

N/A N/A 89% 

N/A N/A 89% 

<5> 2 50 89% 

<$> 2 50 89% 

<5> 2 50 100% 

<5> 250 100% 

<4> 2 00 89%

N/A N/A 75% 

<5> I 00 89% 

<4> 0.5 89%

<4> 0.5 89% 

<4> 0.5 89% 

<4> 0.5 89%

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8) 

(S) 

(IO) 

( ID  

02)

(13)

E Q Q V S  A T A Q  
E Q Q A S  A T T Q  

239 238 236 235 240 241 242 243 244 
E Q Q  V S A T T Q  

239 238 237 230 240 241 242 243 244

N/A N/A 83% 

<2> 225 94%

(14)

(1$)

(16)

G R L P P R Q Q D
R  L A A  Q Q  Q

D 69 68 234 235 236 237 238 239
C K N P P K Q Q E

324 325 326 327 142 141 237 238 239
R L P N K Q Q

149 147 328 327 326 325 237 238 239
K P W W R V K Q

E K P W -  R V K q
E K C F -  R V K

247 248 149 148 -  147 230 231 232
K E A - K V K

249 248 247 246 - 245 230 231 232
E K E V - R V K E

247 248 249 250 - 252 230 231 232
E K P T - R L K V

239 141 142 70 - 69 68 67
K P M -  R L K Q

141 142 143 - 69 68 67 238
K Q F - R V K Q

311 142 31 - 314 230 231
E Q

239 141 141 3 1 3  -  147 230 231 238
E K G F -  R V K

249 248 149 H S  - 147 230 231 232
E K G F -  R V K

247 248 149 148 - 147 230 231 232
E K E A -  K V K

249 248 247 246 - 245 230 231 232
K P N - K V K

247 248 327 326 - 325 230 231 232

<1> 0.75 64% 

<1> 0 75 72% 

<1> 0 50 78%

<1> 0 75 78% 

<l> 0.50 63% 

<1> 0 50 69% 

<1> 0 00 81% 

<l> 0 00 81% 

<t> 0.3 78%

<l> 0 3 91%

<l> -0.3 78% 

<1> -0.3 78% 

<1> -0.5 63% 

<1> -0 5 75%

(1)

(2)

(3)

(4)

K16-107C

(I)

(1)

(2)

(3)

(4)

(5)

(6)

KI6-111C

(1)

(2)

(3)

(4)

(5)

(6)

(7)
(8)

(S)

W A P  E V M G P L
V A P N V M C P L  

345 346 347 3 : 6  318 317 329 327 328 
E V M N P L  

235 234 233 232 318 317 326 327 328 
A A A E V M C P L  

235 234 233 232 318 317 329 327 328

235 234 233 232 318 317 315 327 328 TGPL 
249 ISO 251 329 327 3285 P

346 347
G W A P N  G__ K N G
Q V  A P  N P K C  - 

344 345 346 347 326 327 325 3241 - 
F A P N G K N P  

149 N S  346 347 310 324 325 326 327 
C F A P N G K N P  

149 1 4 ! -  346 347 145 324 325 326 327
N C K N P  

151 324 325 326 327

N/A N/A 81% 

<1> I 00 78% 

<1> 1 00 83% 

<1> 0 50 78% 

<1> 0.50 78%

CO

(8)

(S)

(10)

(ID

(12)

N/A N/A 63% 

<1> 0 75 86% 

<1> 0 75 86% 

<l> 075 86%

(13)

(M)

0 $)

(16)

Epitope Sequences

HEBar-H*' 3
R S  E A  E M V A  P 
K T E T Q \  A A P  

339 340 341 342 344 346 348 347
K S E A E X  V A P  

339 338 341 333 332 345 346 347
K S E A D  V A P  

325 334 332 333 331 345 346 347
K A E K E  V A P  

245 246 247 248 249 2  5 0  345 346 347 
K A E K E M V A P  

245 246 247 248 249 317 318 348 34'4 
K A E K E M V A P  

245 246 247 248 249 317 318 346 347 
K  A E K E V A P  

245 246 247 248 249 2 5 0  345 346 347 
K A E K E M V A P  

245 246 247 248 249 253 254 346 347 
R T E K E M V A P  

252 251 249 248 247 317 318 348 347 
R T E K E M V A P  

252 251 249 248 247 317 318 346 347 
K A E K E M V A P  

245 246 247 248 249 253 254 346 34" 
R T E K E M V A P  

252 251 249 248 247 257 258 346 347 
V  S W G  D M V  P A 
V S  L C D M V P A  

337 338 328 329 330 317 318 347 348 
V S L G D M V P A  

337 338 328 329 330 317 318 347 346 
V S K C D M V P A  

337 338 339 329 330 317 318 347 348 
V S K G D M V P A  

33 7 338 339 329 330 317 318 347 346

T T V S K T E A P
T T V S K T E A P  

335 336 337 338 339 340 341 348 347 
T T V S K T E A P  

335 336 337 338 339 340 341 346 347 
T T V S K T E A P  

335 336 337 338 339 340 341 348 347 
T T V S K T E A A  

335 336 337 338 339 340 232 233 234

G K A L V N D  
G K P L C D D  

324 325 327 328 329 330 331

T G A L Q E R S K  
K A A Q Q E K A K  

231 234 233 237 238 239 245 246 248 
T G P L Q E K S Q

342 329 327 328 238 239 245 343 344 
T T A S Q E R S K

343 24:  241 240 238 239 147 338 339 
T T A S Q E R S K

243 24:  241 240 238 239 69 338 339 
T T A S Q E R L K  

243 242 241 240 238 239 69 68 67 
A A A Q Q E Q S A  

233 234 235 236 237 239 238 240 241

G N P L Q E K E K

T A A E L Q E G E G
T A S E Q Q Q A E G  

242 241 240 239 238 237 236 235 150 149 
T A S E Q Q Q A E A  

242 241 240 239 238 237 236 233 232 234 
T A S  E Q Q  E G E A 

242 241 240 239 238 237 150 149 332 333 
T A S E Q Q E A E C  

242 241 240 239 238 237 332 333 ISO 149

N/A N/A 58% 

N/A N/A 86% 

N/A N/A 81% 

<1> 1.7$ 75% 

<1> 1.50 83% 

<1> I 50 83% 

<2> 1 75 75% 

<2> 1.50 83% 

<2> I 50 89% 

<2> I SO 89% 

<6> 1.50 83% 

<6> I 50 89%

<1> I 00 89% 

<1> 1 00 89% 

<1> I 00 89% 

<1> 1.00 89%

N/A N/A 100% 

<3> 4 00 100% 

<3> 4.00 100% 

<3> 3.50 94%

<3> 1.50 75%

N/A N/A 67% 

N/A N/A 83% 

<1> 0.75 81% 

<1> 0.75 81% 

<1> 0.75 69% 

<1> 0.75 61%

<1> 1.00 78% 

<1> 0.50 78% 

<1> 0.50 78%

<1> 1.50 70% 

<1> 1 50 70% 

<1> 1.50 75%

<1> 2.00 75% 

<1> 1.50 70% 

<1> 1.50 80% 

<1> 1.50 80%
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Table 8 (previous page). Summary of Findmap and manual mappings of antibody 
epitopes to the rhodopsin sequence. The "Substitution score" is the degree to which the 
epitope sequence resembles the rhodopsin sequence to which it was mapped.. Table 5 
was used to score residue relatedness. An exact amino acid match (green letters in the 
table) scores 1.0, a mapping to a closely related residue scores 0.50 (purple letters), 
mapping to a less related residue scores 0.25 (orange letters), and mapping to a 
"forbidden" residue (red letters) scores 0.0. The sum score is divided by the epitope 
length and converted to a percentage. Residues in black in some epitope mappings were 
forced to a particular residue before Findmap was run. All Findmap runs were done with 
a gap penalty=0.5 and a maximum gap width penalty= 1.5. Mappings with a Findmap 
score marked N/A were done by manual inspection. The constraint codes for different 
mappings are: <1> the most stringent restrictions for mapping to the rhodopsin sequence 
using limited allowed rhodopsin residues on the cytoplasmic face: 65-70, 140-150, 226- 
253, 306-348; <2> a wider range of regions were allowed for mapping, rhodopsin 
residues: 61-77, 133-152, 216-254, 301-348; <3> the least stringent restrictions on the 
cytoplasmic of rhodopsin used for mapping: 51-90, 116-164, 211-264, 291-348; <4> for 
extracellular rhodopsin face mapping allowed regions are: 1-36, 91-109, 171-199, 277- 
289; <5> similar to 4 except slightly less stringently constrained to the extracellular: 
rhodopsin residues 37-45 and 200-205 were also allowed. The "ROYGBIV" rainbow 
color scheme under "epitope sequences" corresponds to the colors used in Figures 5-7. 
Red denotes position I of the consensus and violet in position 9. The CLIO library 
epitopes contain a 10th position which is colored pink in Figure 5.

mappings provide optimal matches with the target protein sequence. A program called 

PEPTIDE, which mapped consensus peptide epitopes to target protein surfaces is 

described in the literature (Pizzi et ah, 1995), but is no longer available (Tramontano, 

personal communication). However, this program was only useful in cases where the 

protein structure is known, which would have obviated its applicability to the present

work.



FINDMAP Algorithm for Computer-Aided Mapping

In order to approach antibody epitope mapping in a more systematic manner without 

any experimental biases we, developed a computer algorithm called "Findmap" in 

collaboration with Prof. Brendan Mumey of the MSU Computer Science Department. 

Findmap systematically explores and compares the ways in which peptide epitope 

sequences can be mapped to target protein sequence. The Findmap program uses a 

branch-and-bound approach to explore all of the better-scoring matches between amino 

acids in the peptide probe and target protein primary sequence and is able to find the best

scoring matches consistent with the scoring matrix being used. The branch and bound 

approach is a common computer science method that can be used to explore large 

numbers of conditions that could not be explored reasonably in linear time. See Atallah5 

1999 for a review of the branch-and-bound method. By the branch-and-bound approach, 

all possible short matches (nodes) are initially considered. Nodes containing subsets of 

matches which score below a threshold are pruned and removed from further 

consideration. Inspection of structures of protein-mAb complexes (Padlan, 1996) 

indicate that the spatial presentation of side-chains seen by mAbs in mAb-protein 

complexes is usually substantially different from the linear sequence of the target protein 

backbone (most all mAb epitopes are found to be highly discontinuous), which creates a 

great deal of complexity in the possible epitope mappings on the protein sequence. 

Sequences in the epitope can be reversed, local transpositions within blocks of residues 

can occur, and gaps can exist* resulting in a very large number of mapping possibilities, 

even for relatively short epitopes mapped to modest sized proteins. The Findmap
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algorithm was designed to consider all of these possibilities. Probe peptides may be

either single phage-displayed peptide library members or consensus sequences derived by
,

alignment of many phage sequences selected by a single mAb. In order to evaluate the 

suitability of non-identity matches between target and probe sequences, we used the 

amino acid substitution matrix discussed previously and shown in Table 5, chapter 4. 

However, any desired substitution matrix can be used with the Findmap program.

A "gap penalty" is added by Findmap for each one residue gap required to map the 

peptide probe sequence to the target protein sequence. The sum of all amino acid 

substitution scores for each residue match is calculated and gap penalties are subtracted 

to arrive at a total mapping score. For example a peptide probe of sequence "ADEFG" 

maps to a target protein sequence "ADXEFG" (gap width= I residue) with a higher score 

than to "ADXXEFG" (gap width= 2 residues). Gaps above a certain (user optimizable, 

see Figure 29, page 113 and discussion on pages HO and 114) size receive no additional 

gap penalty. For example, it is irrelevant to assign different gap penalties for gaps of 50 

versus 100 or 150 residues in the target protein sequence. Suitable values for the gap 

penalty parameters were assessed as explained in Chapter 5, under the subheading " Actin 

Modeling". Based on the actin test case, values of 0.5 for the gap penalty and 1.5 for 

maximum gap width penalty were chosen as optimal, as shown in Figure 33A (later in 

this chapter). These values of the gap penalties lie in the middle of the range of co

variability for these parameters that gave good mappings with the test actin epitope, as 

discussed later in this chapter. In the case shown in Figure 33A, opening a single residue 

gap when mapping to the linear surface of the target protein has a cost of 0.5 (arbitrary 

units). Widening the gap to two residues increases the gap penalty for the gap by 0.5 to a
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total of 1.0. Further widening of the gap to three residues in size increases the gap 

penalty for the gap to 1.5, which in this example is also the maximal penalty for any gap, 

regardless of size. The parameters shown in Figure 33A are used in all rhodopsin 

Findmap mappings in this report. Larger gaps are assessed no further penalty since 

inspection of the mAh epitopes in Table 4 indicates that they must map to rhodopsin in a 

highly discontinuous manner. Larger penalties against gaps would tend to map rhodopsin 

consensus peptides in a more linear manner but with many poorly matched residues with 

respect to the rhodopsin sequence. Lower penalties for gaps tend to give exact residue 

matches sprinkled all over the target protein sequence.

Findmap also considers whether a probe sequence can map linearly or circularly to 

the target sequence. In cases where the epitope is considered as circular, the first and last 

residues should be juxtaposed in the target protein sequence or a gap penalty is applied 

for the number of residues of departure from adjacency. Findmap was designed to be 

used with proteins where no structural information is available, except the linear 

sequence. However, two options can be used to limit the number of maps that the 

program must consider for faster operation. This program was run primarily on an SGI 

Octane with 128 megabytes of memory. Some Findmap inputs created so may mapping 

possibilities that they crashed the program. Modifications of the program are in progress 

to circumvent this difficulty but the current version runs well on an SGI Origin 2000 with 

32 GB of shared memory on cases that crashed the Octane. Some regions of the target 

protein sequence can be excluded from consideration for sequence mapping in many 

cases where some structural information is available, Exclusion of regions is useful with 

rhodopsin, to disbar from mapping residues known to be located on the intradiskal side or
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deeply buried in transmembrane helices when mapping peptide epitopes from mAbs 

against the cytoplasmic face of rhodopsin. Figure 26 shows the different exclusion 

schema that were used to map consensus peptide epitopes to rhodopsin. Findmap also 

has the optional ability to force certain consensus residues to be mapped to certain target 

protein residues. This can be useful if, by manual inspection, it seems highly likely that a
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Figure 26. Summary of inclusion sequences used with FfNDMAP to map mAh epitopes 
to rhodopsin sequences. REEH (<l>,green): smallest regions allowed on cytoplasmic 
face: 65-70, 140-150, 226-253, 306-348, REE (<2>, ) larger regions allowed: 61-
77, 133-152, 216-254, 301-348, RE (<3>,orange) largest regions allowed: 51-90, 116- 
164, 211-264, 291-348, RIE (<4>,blue) regions allowed for extracellular face mapping 
are: 1-36, 91-109, 171-199, 277-289, RIEL (<5>,violet) same as RE except 37-45 and 
200-205 are also allowed. The codes REEH, REE, RE, RIE, and RIEL correspond to the 
names of exclusion files used in Findmap runs as described in the exclusion file color 
key. RE allows mapping to all regions in red, yellow, and green, REE allows mapping to 
all regions in yellow and green, and RIEL allows mapping to all regions in violet or blue.



particular consensus peptide residue is mimicking. a particular target residue. This 

approach of forced residue matching was used in  mappings 7-10 (Table 8) of the K6Q- 

46L consensus sequence EKPWWRVKQ, to force a circular mapping of the peptide. 

The E was forced to map to Glu 239 and Q- was forced to always map to Gln 238, 

because the unique EQ sequence is likely to be mimicking the QE motif in the C-3 loop 

of rhodopsin. Forced assignments were also investigated with K lb-H lC  consensus 

sequences WAPEVMGPL (Table.8 K16-11IC mapping 5) and GWAPNGKNG (Table 8 

K16-11IC mapping 9), where the AP residues in each were held to Ala-346 Pro-347 near 

the rhodopsin C-terminal. For K16-111C, some of the non-forced mappings found Ala- 

346 Pro-347 as well (Table 816-155C mappings 6-8).

The Findmap score depends on the degree of discontinuity of the epitope surface of 

rhodopsin, as seen by the antibody, since gap penalties always lower the score. Thus, 

Findmap scores are not directly comparable between antibodies or between different 

epitope probe sequences for a single antibody. Some consensus sequences are inherently 

more discontinuous than Others. Furthermore, because there is a correlation between 

epitope discontinuity on the protein surface imprinted by the antibody and lower Findmap 

scores, consensus peptides that have lower best Findmap scores (indicating that they map 

to more discontinuous epitopes) may yield the, most structural information on the target 

protein. The mAbs that are the most useful for antibody imprinting are those with highly 

discontinuous epitopes that can be recognized clearly on the target protein sequence 

(Burritt, et al.1998). '■ . '
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Actin Model

In 1999, Jesaitis and co-workers reported the manual mapping of two consensus 

peptides, derived from phage display consensus alignment, to complex determinates on 

the surface of the cytoskeletal protein, actin (Jesaitis et al, 1999). The phage-display 

discovered peptides, when mapped onto actin, mimicked epitopes that Were consistent 

with the known x-ray structure of actin (Kabsch et al., 1990). We viewed this as an 

initial validation case for the antibody imprinting technique to test the process of 

antibody imprinting on a known protein structure. These peptides epitopes are shown in 

Figure 27 and their mappings to actin are explained in the caption. In the studies 

presented in this dissertation, the VPHPTWMR consensus peptide mapping of Jesaitis, et 

al., was used to test the implementations of the Findmap algorithm and to optimize the 

gap parameters. Findmap parameters that gave output that matched the mapping of 

VPHPTWMR to actin as given in Jesaitis, et al., 1999 were considered to be successful.

In order to determine appropriate gap penalty and maximum gap width parameters 

for use in' rhodopsin mapping, the anti-actin consensus peptide VPHPTWMR was 

mapped to the actin sequence using Findmap with 218 different combinations of gap 

penalty/maximum gap width penalty parameters as shown in Figure 29. Gap penalty 

values from 0.0001-100, and maximum gap width penalty values from 0.01-10, were 

considered. Figure 28 shows the most probable mapping of the VPHPTWMR peptide 

epitope to actin as determined by Jesaitis, et. al, 1999. Gap penalty/maximum gap width 

parameter sets that yielded this mapping are marked in green in Figure 29. The deviation
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Figure 27. Actin antibody polyclonal antibody consensus sequences mapped to the actin 
x-ray structure. KQTWQQLWD and VPHPTWWRG, were manually determined to best 
mimic K-359, Q-360, T-358, W-356, Q-353, Q-354, M-355, F-352, D-3 and V-129, P- 
130, H-101, P-102, T-358, W-356, M-355, R-372 on actin respectively. Panels A and B 
show the spatial orientation of KQTWQQMFD and VPHPTWMR in the three- 
dimensional actin x-ray structure (1ATN). Panels C and D show peptides made to fit the 
side-chain orientations of residues in the actin structure: For each peptide sequence, all 
residues except those mapped to in actin were removed, "virtual" peptide bonds were 
added to connect unlinked amino acids (KQ-T-W-QQM-F-D and VP-HP-T-WM-R), and 
energy minimization using Insight/Discover (MSI) was done to shorten virtual peptide 
bonds, (from Jesaitis, et al., 1999, figure 6).



112
Actin
FINDMAP

Figure 28. Comparison of how VPHPTWMR, a complex epitope found by phage display, 
mapped onto the surface of actin manually (Jesaitis, et al., 1999), and by FINDMAP. 
The FINDMAP mapping in the present work was made with no assumptions about the 
protein structure. The manual mapping was done so as to define a plausible epitope based 
on the actin x-ray structure. FINDMAP was run with regions 20-90 and 190-330 
excluded from consideration for mapping because they are distant from the face of actin 
used in the manual mapping and they limit the number of possible mappings to a number 
manageable for FINDMAP. Residues are color coded in rainbow order from red to 
purple for the FINDMAP results, based on the peptide sequence from N to C-terminal. 
As one of the best mappings found, FINDMAP maps VPHPTWMR to actin almost 
exactly the same as the best manual mapping (Jesaitis, et al. 1999), the single difference 
from the manual mapping is FINDMAP's choice of the more buried but plausible Thr 103 
(dark green residue) instead of Thr 358 (ruby-colored residue) for the T in VPHPTWMR. 
The "Argos exposed amino acid substitution score matrix" (Table 5), a per gap penalty of 
0.5, and a maximum gap penalty of 1.5 were used with FINDMAP to obtain these results.
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Figure 29. FINDMAP parameter sensitivity. Colored squares indicate each of the 
combinations of gap opening and maximum gap penalties used to map the anti-actin 
antibody consensus sequence VPHPTWMR (described in Jesaitis et al., 1999). Green 
squares represent parameter combinations in which VPHPTWMR mapped to V=129/165 
P=I30/166 H=IOl P= 102 T= 103 W=356 M=355 R=372, which is essential equivalent 
to the manual mapping on the surface of the known 3-D structure of actin. Red squares 
represent parameter combinations resulting in FINDMAP errors. These errors were 
typically "out of memory" errors due to an inability to properly limit a large proliferation 
of possible solution trees. Yellow squares represent parameter combinations in which the 
gap penalty was too large and VPHPTWMR never mapped to the residues above. Under 
gap penalty parameters of 0.8,1.5 and 0.9,1.5, Findmap mapped VPHPTWMR exactly as 
described in Jesaitis et al., 1999-which is the same as above except V= 129, P= 130, and 
T=358. A much wider range of gap penalties led to the alternate mapping using Tl 03 
instead of T358.

from the proper mapping with parameter values that were non-optimal were systematic. 

When gap penalties were too small, the highest scoring epitopes found were implausibly 

discontinuous with identity matches widely spread in the mappings, at the expense of any 

allowable amino acid substitutions. In contrast, when gap penalties were too large, 

excessively continuous local epitopes were found, which may include large numbers of



non-allowable, non-favorable amino acid substitutions. For the substitution scoring 

matrix used in this study, gap penalties between 0.05 and 1.20 with the maximum gap 

width penalty equal to.~2-4x the single residue gap penalty resulted in plausible 

mappings of the actin epitope in the green region of Figure 29.
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Hen Egg Lysozyme Model System for Substitution Matrix Generation

An ongoing project in the laboratory is the development of an amino acid 

substitution matrix specific for phage display mapping of antibody epitopes. Tb create 

this matrix, we have been subjecting mAbs with known Fab-antigen x-ray structures to 

phage display. By sequencing approximately 100 peptides per mAb, and comparing the 

sequences found with the known Fab contact residues on the proteins sequence, 

substitution propensities between amino acids on the phage-display should be clarified. 

The structure of the protein antigen interface with mAbs is well defined from the crystal 

structures of the complex. Once the matches for each amino acid in the consensus 

peptide is known, a matrix based on the probability of mismatches from individual phage 

clone peptide sequences can be created. For example, using a simplified amino acid 

scheme consisting of just seven hypothetical different amino acids, A, B, D, D, E, F, G, 

and H:

peptide I ABCDFAF 
peptide 2 CB CDEGB 
peptide 3 BBCEEFG 
peptide 4 ACADBFG 
peptide 5 BACDEFG
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peptide 6 BCCDEFG ■ ,
peptide 7 AB CDEFA 

, peptide 8 ABCEEEF -
peptide 9 DCCDEFA . . ' .
peptide IOAB CDFFA
the consensus sequence is determined to be ABCDEFG

Suppose the best mapping of the consensus sequence to protein X was: BlOO BlOl 

C102 D130 El 31 F129 A128 fABCDEFG ^BBCDEFA l Thus for position I of the 

consensus peptide, where the target protein amino acid is mapped as a B, substitutions 

frequencies are: A=5, B=3, C=I, D= I, E=0, F=0, G=0. By this example, it is obvious 

that amino acids A and B have a higher substitutional propensity than do A and G. If the 

frequencies of occurrence are converted to percent likelihoods of a given amino acid 

substitution, the results for position one are: A=50%, B=30%, C= 10%, D= 10%, E=0%, 

F=Q%, G=0%. The complete amino acid substitutional matrix for this example is:

boxes), a new matrix like this is created by averaging the corresponding elements across 

the diagonal:

^  © (g QD Sg [P1 (S

In order to properly score the substitutions in both directions (yellow boxes plus blue



1 1 6

1.0 0.5 0.0 0.5 1.5
1.5 0.0 0.5 0.0 0.5
9.0 0.0 0.0 0.0 0.0

8.0 1.0 0.0 0.0
0.5 0.0 
0.0 1.0

4.0

In this matrix, the substitution values are calculated as the average of the substitution 

values in both directions from the first matrix. For example A->B=3, B->A=1, thus the 

sum is 4, and the average is 2.0. The layout of this matrix is the same as the substitution 

matrices used with the Findmap program.

In order to conduct statistically unbiased analysis of amino acid substitutions 

patterns, several instances of each of the twenty amino acid should ideally be mapped to 

the proper residue in a target protein. In order to approach this task, a panel of mAbs- 

protein complexes with known structures are necessary. In the literature, many of the 

mAb-protein complexes with x-ray structures are of hen egg lysozyme (HEL)-IgG 

complexes (reviewed in Davies, Cohen, 1996; Smith-Gill, 1996). We have acquired 

hybridoma cell lines producing some of these mAbs, including Dl 1.15 (Chitarra et al„ 

1993), D44.1 (Braden et al., 1994), D1.3 (Bhat et al., 1994; Fischmann et al., 1991; Amit 

et al., 1985). Sufficient quantities of each mAh have been made, and initial phage 

display has been done. However, ELISA data indicates that the antibody were not very 

active, possibly due to denaturation occurring concurrent with low pH elution from the 

Protein G purification matrix . As a result, the first phage display results with these 

mAbs did not yield a tight spread of peptides around common consensus sequences.



Currently, hybridoma cultures are being grown to produce more mAbs, which will be 

purified at near neutral pH by another method (Pierce ImmunoPure Gentle Ag/Ab 

Buffer), and then subjected to phage-display biopanning. Beyond the four HEL mAbs 

listed, it is likely that more mAbs with known Fab structures complexed to their protein 

antigen will also be necessary in the future.
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Complex, Conformational Epitopes Manned Manually and hv Findmap

We found, using Findmap to explore all possible mappings of epitopes to the 

rhodopsin sequence, that peptide consensus sequences often cannot be mapped to 

rhodopsin using less than 2-4 non-sequential stretches of rhodopsin. This was somewhat 

surprising because 7 of 9 of these antibodies were initially characterized as recognizing 

continuous epitopes (Adamus et al., 1991; Abdulaev, Ridge, 1998). Our findings, 

however, are consistent with many other studies of protein antibody epitopes, where the 

ratio of antibodies recognizing discontinuous epitopes relative to linear epitopes is very 

high (Benjamin, 1995).

Regions of rhodopsin that were mimicked by consensus epitopes were often not in 

the same sequential order in the epitope as the linear rhodopsin sequence. For example, 

the strongly conserved G(AZP)L in TGPLOEREO. a K42-41L consensus sequence 

peptide, scores by far the best as mapped to 327-PLG-329 in rhodopsin. This PLG 

sequence is a unique three amino acid stretch on the cytoplasmic side of rhodopsin, 

which was preferentially chosen for mapping the GPL of TGPLQERSK by Findmap for a



large percentage of high scoring mappings. The PL is in the same order but the G is in 

the N-termmal rather than the C-terminal as in the rhodopsin sequence. A consensus 

epitope found for antibody K l6-111C, WAPEVMGPL. also mimics 327-PLG-329 and in 

the same "G" inverted order (GPL vs. PLG). These findings predict that the detailed 

conformation of the protein in this region exposes the amino acids side-chains to the 

medium in a different spatial arrangement than the linear peptide sequence.

The higher scoring Findmap mappings were scrutinized, and the better scoring ones 

are shown in Table 8 (p. 103), along with manual mappings for most consensus 

sequences. The best mappings are listed for 15 consensus epitopes of 8 different anti- 

rhodopsin monoclonal antibodies. The residues are color-coded in Table 8 based on the

substitution scores in Table 5 (p. 80) as follows: green=identity amino acid match
'

between the epitope sequence and rhodopsin, purple=amino acid substitution score 0.50, 

orange=amino acid substitution score 0.25, and red=amino acid substitution score 0.0 

(substitution is unfavorable). Non-exact amino acid substitutions between consensus 

peptides and the rhodopsin sequence were commonly found in the best-scoring mappings. 

Consistent substitutions were almost always between amino acids with similar chemical 

properties, as can be seen by inspection of the color codes Of the residues in Table 8. An 

example of such a match is for the K16-155C epitope RSEAEMVAP mapping to
- V .  '

KSEAEVVAP (map 2 for this mAb in Table 8) where Arg in the epitope is matched to 

Lys in the protein and Met in the epitope is matched to Val in the protein. In an extreme 

case, the K16-155C consensus epitope, RSEAEMVAP, was matched to discontinuous 

linear stretches in rhodopsin with a combined sequence of KTETQVAPA (map I for this 

mAb in Table 8) where non-exact but acceptable matches account for 5/9 residues.
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Considering all the mappings of RSEAEMVAP for K16-155C, the Arg almost always 

maps to either Lys 339 of Lys 245 and only twice to an Arg. Another example is the 

epitope A YIN YQNKG for mAh BlgN5 where the first Asn (bold) usually mapped to an 

Asp in rhodopsin.

Tryptophan occurred more frequently than expected in phage clones that were
■ i ' ■

selected by mAbs in the panel. Trp residues are rare in proteins, making up 1.3% of total 

residues (McCaldon, Argos5 1988), and are even rarer on the surface of proteins, 0.9% of 

surface residues, (Bordo, Argos, 1991). Trp residues do not frequently substitute for 

other residues, except occasionally Phe and Tyr (Bordo, Argos, 1991). The relatively 

high incidence of Trp we found in the epitopes is not due to it having an unusually high 

frequency in the J404 library used (Burritt, et al., 1996). Linear peptides have an 

unfavorable entropy of binding so conformational bias in the peptides may be expected to 

favor selection of peptides with favorable restrictions to their secondary structure. 

Interestingly, there is almost no incidence of Trp in phage clones selected by mAb K42- 

4IL with the CLIO disulfide-constrained library, which has much more conformational 

bias built in compared to the linear library (data not shown). It appears from the above 

discussion that tryptophans may not always implicitly mimic an amino acid on the 

protein surface of interest. Because of this, our substitution matrix allows tryptophan in a 

probe peptide to map to a one-residue protein gap (i.e. where Trp does not map to any 

residue on the protein) with a score of 0.50. For example, a phage clone peptide with 

sequence NVSWDT will map to the sequence NVSDT on a target protein with a higher 

score than NVSXDT (where X #W ).
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The most recent refinement of the crystal structure of rhodopSin (IHZX) (Teller, et 

al. 2001) was used to aid in the interpretation of the epitope mapping data. This structure 

has regions that lack sufficient resolution to be included in the x-ray model. We built the 

missing regions, Gln 236 to Ser 240 on the C-3 loop and Asp 331 to Ala 333 on the C- 

terminal tail onto rhodopsin, as described in the materials and methods, The loops were 

energy minimized to remove bad contacts and to improve backbone angles, using 

CHAKMm (Mackerell et al., 1998), resulting in the model shown in Figure 41, chapter 6. 

The regions most disordered in the x-ray structure are implicated in portions of the 

mappings of several mAbs: 236-240: K60-46L, K42-41L, and 4B4, 331-333: K16-111C, 

K16-107C, and K16-155C. To remove very unlikely or impossible matches from 

consideration, residues not expected to be available for mappings (e.g. intradiskal or 

deeply membrane buried residues for cytoplasmic face antibodies) were excluded from 

the mapping process. The particular restriction regions used for each mapping indicated 

by a code in Table 8 that is explained in the caption for Table 8 and is shown graphically 

in Figure 26.

1 2 0

Constraints to the conformation of rhodopsin photoproducts

Overall substitution scores for each mapping were calculated and ranged from 58% 

to 100% homology between the peptide epitope and target rhodopsin sequences, as 

shown in Table 8. Due to the disorder of the loops and C-terminal region of rhodopsin 

(based on relatively large B-factors in these regions from the x-ray crystal packing) and



the expected rearrangement of the cytoplasmic surface after light excitation, residues that 

appear buried in the model of rhodopsin were considered acceptable for mapping (see 

Figure 26 earlier in this chapter). The 73 best mappings shown in Table 8 were 

converted into 196 total, and 125 unique long-distance constraints on the structure of 

rhodopsin or the rhodopsin photo-intermediates, which are listed in Table 9. Gaps in the 

epitope maps on the rhodopsin sequence imply that the sequences on either side of the 

gap are folded in a compact manner, such that they fit within the antibody binding site. 

The residues on each side of the gap are presumed to be within about 3 A distance plus an 

allowance for side chain flexibility that depends on the length of the side chain. Average 

local substitution scores were calculated for all gaps based upon how well the single

amino acid on each side of a gap matched to residues in corresponding positions in thp
' '

peptide epitope sequence. Average block substitution scores were calculated in a similar 

manner except all residues on either side of a gap up to the next gap (if any) or peptide 

terminus were included in the average score and these score are listed in Table 9.

The constraints are grouped in Table 9 by mAb, and are sorted in ascending order based
1 '

on the rhodopsin sequence number of the more N-terminal residue in each constraint and 

the “mapping numbers” are listed in Table 8. For example, mappings 4 and 5 of the K42- 

41L consensus epitope TGALQERSK implicate a constraint between Arg 69 and Glu 

239. Thus, T-243 T-242 A-241 S-240 Q-238 E-239 R-69 S-338 K-339 and T-243 T-242 

A-241 S-240 Q-238 E-239 R-69 L-68 K-67 are the two mappings that provide this ■ 

constraint. Both mappings contain Glu-Arg on either side of a gap, in agreement with the' 

consensus sequences, TGALQE-(gap)-RSK, so the average local
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B l g N Q  3 6 A  2 3 3 Q  2 3 7
B l g N Q  1 8 4 Q  2 3 7 B  2 3 9
B l g N Q  2 7 9 Q  2 3 7
B l g N G  1 8 Q  2 3 8
B l g N Q  2 3 8
B l g N K 4 2 - 4 1 L Q  2 3 8
B l g N K 4 2 - 4 I L Q  2 3 8
B l g N K 4 2 - 4 1 L Q  2 3 8
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B l g N
B l g N
B l g N
B l g N
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B l g N I  1 8 9 V  2 5 0
B l g N
B l g N Y  3 0
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B l g N Q  3 6 Q  2 3 8
B l g N Y  4 3 A  2 3 4
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B l g N V  2 0 4 P  1 4 2
B l g N Q  2 7 9 Q  2 3 7
B l g N D  2 8 2 E  2 3 9
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Table 9. Summary of proximity constraints on the rhodopsin or photo-activated 
rhodopsin conformations based upon mAb epitope mappings. Epitope maps that 
contained rhodopsin sequence gaps were used to infer structural proximities in the folded 
protein, as explained in the text. Mapping numbers refer to Table 8. Average local 
sub(stitution) scores were obtained by calculating the mapping scores for the single 
residue mapped on each side of a gap on the rhodopsin surface. Scores were calculated 
using the amino acid similarity between the residue in the epitope and the residue on 
rhodopsin in the mapping, based on Table 8 and reiterated in the color key in this table. 
The average block sub(stitution) scores were calculated in a similar manner, except all 
linearly contiguous rhodopsin residues on either side of a gap were used. "Map type" 
describes how the mapping was obtained: F=mapped with Findmap,



(Table 9 caption, continued) I=mapped by manual Inspection, H=Hybrid of both methods 
(some residues held constant then mapped by Findmap), or M=Mix, in cases when this 
gap was found in multiple mappings by different methods. MAbs are arranged by 
rhodopsin photo-intermediate preference: column I: no preference for MI or ME (BlgN 
and 4B4); column 2: preference for metarhodopsin I (K42-41L and K60-46L); column 3 
preference for metarhodopsin II (K16-1 TlC and K16-155C).
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substitution score shown in Table 9 for both mappings is 100%. These two mappings 

have different average block substitution scores, however, using the underlined residues: 

TTAS-240 Q238 E239 - R69 S338 K (Table 8, K42-41L mapping 4) and TTAS-240 

0238 E239 - R69 L68 K67 (Table 8, K42-41L mapping 5). In mapping 4 (TTAS-(gap)- 

QE-(gap)-R-(gap)-SK). the TGALQERSK consensus QER is exactly matched and thus 

the average block substitution score shown in Table 9 is 100%. In mapping 5 (TTAS- 

(gap)-OE-(gap)-RLK), the TGALQERSK consensus QERLK is not exactly matched by 

the mapping, and scores lower, and this mapping also has a lower overall substitution 

score in Table 8.

Some constraints were obtained in more than one of the best mappings for a 

particular epitope, as indicated in the yellow or green shaded blocks in Table 9. Forty- 

eight unique constraints were obtained for antibodies with preference for .Ml, 40 

constraints for antibodies with preference for ME, 34 constraints for antibodies with no 

measured preference for MI or ME, and 3 constraints for one antibody whose preference 

was not determined due to insufficient sample amounts.
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Hotspot Mapping and Clustering

It is useful to look at the patterns in which the summation of consensus epitope mappings 

accrete on the intradiskal (Figure 31) or cytoplasmic surface loops of rhodopsin (Figure 

30, Figure 32). MAb BlgN is against the intradiskal face of rhodopsin and does not 

exhibit a preference for either MI or MIL The consensus peptide sequences 

SFVDFSNKG and A YIN YQNKG make use of a number of intradiskal residues in the 

best mappings to rhodopsin. A particularly well-used stretch of residues in the rhodopsin 

sequence, Val 11 to Val 19, are very frequently chosen by Findmap to map BlgN 

consensus peptide sequences. This is not surprising, as this mAh was originally believed 

to mimic residues Pro I  to Gly 18, based on linear peptide competition FTJSA assays of 

its specificity (Adamus, et al., 1991). However, there are other residues that are 

frequently used in some mappings of the BlgN consensus sequences including Ser 202

Phe 203 Val 204, found in helix V, which exactly match the SFV in the SFVDFSNKG
- -

consensus peptide. Residues Ser 281 to Gly 284 on the 1-3 loop also have a high

homology to the SFVD in SFVDFSNKG. though in a different sequential order and use

an unfavorable Gly for Val substitution. Other amino acid stretches on the intradiskal 
; .

side of rhodopsin frequency used to map B l gN consensus peptides are approximately 

Gln 36 to Tyr 43 at the beginning of helix I, Gln 28 to Tyr 30 in the N-terminal, and Be 

189 to Tyr 191 on the 1-2 loop, which are often utilized by Findmap for mapping the INY 

portion of the AYINYONKG consensus peptide.
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Figure 30 (on previous page). Rhodopsin residues chosen by Findmap for mapping a 
panel of epitopes of anti-rhodopsin monoclonal antibodies. MAbs are sorted according to 
their photo-intermediate preference: orange: MI (K42-41L and K60-46L), yellow: Mil 
(K16-107C, K16-111C, and K16-155C), green: no preference (4B4), and blue: preference 
not determined (K16-50C). Top: Residues utilized by ANY mapping for each mAh in 
Table 8. are listed. The "exclusion file used" key is explained in more detail in Figure 26. 
Briefly, residues of rhodopsin colored in dark green are in regions with the narrowest 
interpretation of being within the cytoplasmic loops or the C-terminal, light green and red 
are successively less restrictive interpretations of what constitutes the loops or C- 
terminal. Regardless of the exclusion file used, most residues that were utilized in these 
mappings fell within the dark green regions. Bottom: Rhodopsin residues used for mAb 
consensus peptide mappings: Cl and C2 loops of rhodopsin (second row), C3 loop (third 
row), and C4 loop and C-terminal (bottom row). Beneath the specific mAbs, summations 
for MI, Mil, no preference, not determined, and total for each residue in the rhodopsin 
sequence are given. "Hotspot" color codes (rising from yellow to red) indicate locations 
where multiple mAbs utilized the same residue in at least one of their mappings in Table 
8. Hotspots may represent areas of highest antigenicity, especially relative to other 
regions within the same loop or the C-terminus. Hotspot colors are shown on a snake 
diagram of rhodopsin for an alternate view of this data (Figure 32).
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Figure 31. Rhodopsin intradiskal face amino acids used in BlgN anti-rhodopsin 
monoclonal antibody consensus peptide mappings. BlgN has no detectable preference 
for different rhodopsin photostates. Residues in yellow appear in at least one consensus 
epitope mapping of a BlgN consensus peptide (Table 8). There is no color coding for the 
number of time each residue is used in mappings. Some of the residues highlighted are 
only hit once or rarely in the mapping and probably are not part of the epitope



Because only one IntradiskaTmAb was examined in this initial study, it is not known 

whether the pattern of residues utilized by BlgN is typical or not, and no hotspot 

contouring can be done, as was done for mAbs against the rhodopsin cytoplasmic face, 

discussed in the next paragraph. A number of additional mAbs directed against the 

intradiskal surface are now being mapped in the laboratory but are outside of the scope of 

this dissertation. ,

MAbs with a preference for MT have the following hotspots, ordered by loop: Cl 

Ioop-Lys 67-Arg 69, C2 loop Arg 147, Gly 149, C3 loop Lys 231, Glu 232, Ala 234-Glu 

239, Lys 245-Glu 249, C4 loop-none, C-terminal-Gly 324, Asn 326-Asn 328. MAbs 

with a preference for MH have the following hotspots: CI-none, C2-hone, C3-Lys 245- 

Glu 249, C4 loop Met 317-Val 318, C-terminal-Gly 324-Lys 325, Pro 327-Asp 331, Gln 

344-Pro 347. The epitope locations of the panel of antibodies used in this study is not 

evenly distributed between the four cytoplasmic loops plus C-terminal of rhodopsin. 

Thus, it would be misleading to compare relative mapping frequency "hotspots" between 

stretches on different loops, but comparisons of hotspots within a particular loop (intra

loop comparisons) is probably valid. It is feasible that hotspot residues correspond to the 

most antigenic portions of each loop and are the most surface exposed residues for each 

loop on the cytoplasmic face of rhodopsin in a particular photostate. A summation of 

hotspot mapping, combining antibody rhodopsin preference for MI and MH photo

intermediate preference (Figure 30, "Total" line), indicates strong stretches of hotspots in 

C3 from Glu 232-Glu 239 (EAAAQQQE) which includes most of the 236-240 (QQES) 

region missing in the x-ray structure, and Lys 245-Val 250 (KAEKEV) which extends 

into the helix 6. Hotspots on the Crterminal include residues Gly 324-Gly 329
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Figure 32. Mapping hotspots on the rhodopsin cytoplasmic face for different anti- 
rhodopsin monoclonal antibodies. Residues of rhodopsin are color contoured from white 
to red based on the number of unique mAbs that have at least one mapping in Table 8 
which contains the residue. A residue’s match level (contour) is increased by one and 
only one level per antibody. Top: Epitope hotspots for antibodies that favor 
Metarhodopsin I/III (K42-41L, K60-46L), Middle: Epitope hotspots for antibodies that 
favor metarhodopsin II (K16-107C, K16-111C, K16-155C), Bottom: Summary hotspot 
scores for all antibodies in the top and middle panels plus 4B4 and K16-50C).

(GLNPLG) and Gln 344-Pro 347 (QVAP) within a region of poor electron density in the 

x-ray structure. The enumeration of the number of mAbs that show mapping hits to 

different regions of the light exposed rhodopsin in Figure 32 is very qualitative and is
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only useful to give an impression of the degree of accessibility of different regions of the 

structure in light exposed rhodopsin.

More structural information can be visualized by the spatial clustering patterns of the 

distance constraints described by best mappings of the consensus peptide epitopes 

derived from the mAb panel. The Findmap and manual constraints in Table 9 were 

plotted onto the surface of the dark-adapted structure of rhodopsin as proximity 

connections, shown in Figures 33B, 33C, and 33D. Lines were drawn between pairs of 

residues on the edges of gaps in the mAbs with the constraints in Table 9, where the line 

thickness is proportional to the number of times a Constraint was found. Views of the 

intradiskal and cytoplasmic faces of rhodopsin are represented as 2-D projection images. 

Depth was simulated by the size and boldness of the sequence number labels, with more 

proximal residues indicated by labels in larger and bolder fonts.

BlgN binds to the intradiskal surface, which is relatively well ordered in the crystal 

structure. As has been mentioned, the BlgN mAb has no influence on the M I4AMII 

equilibrium of rhodopsin and thus it appears to bind to a surface that changes relatively 

little upon photo-excitation. Constraints from 13 mappings of BlgN consensus epitopes 

are indicated on a schematic of the intradiskal face of dark-adapted rhodopsin in Figure 

33B. The constraints are color coded, based on the average block score in Table 9: 

blue= 100% (100% exact sequence match on each side of the gap), gfeen=80-99% 

orange=60-79%, and red=below 60% sequence match. We found a relatively compact 

mapping of the BlgN binding site on the dark-adapted rhodopsin surface, which is. 

consistent with the lack of structural changes upon photo-excitation in this region.
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Figure 33 (on previous page). Findmap gap penalty function used in the mappings in this 
dissertation (A) and clustering of inter-residue constraints mapped to the dark-rhodopsin 
structure (B-D). The constraints obtained by mapping discontinuous epitope-mimetic 
peptide sequences onto the rhodopsin sequence are listed in Table 5. The numbers in 
panels B-D. refer to amino acids in the rhodopsin structure, which is shown as a faint Ca 
trace. The colored line thickness correlates linearly to the number of times a constraint is 
found for a mAb. A. Adjacent residues "AB" in the consensus epitope sequence receive a 
gap penalty if they are mapped to rhodopsin with non-mapped residues intervening 
between them. In the function illustrated, AB mapping to AXiB (One intervening 
residue) suffers a 0.5 penalty, and the maximum gap width penalty of 1.5 is assigned if 
AB is mapped to AXnB, where n l>3. B. Constraints from 13 mappings to the intradiskal 
side of rhodopsin found with BlgN, a mAb with no preference for MI or Mil. The lines 
are color-coded based on average block substitution scores in Table 5: blue: 100% 
sequence match, green: 80-99%, orange: 60-79%, red: below 60%. C. Constraints from 
30 mappings to the cytoplasmic face of rhodopsin for mAbs with MI preference. 16 
mappings of K42-41L consensus peptides (red) and 14 mappings of K60-46L consensus 
peptides (orange) are Showni B. Constraints from 23 consensus peptide mappings to the 
cytoplasmic face of rhodopsin for mAbs with Mil preference. 9 mappings of K16-111C 
consensus peptides (green) and 14 mappings of K16-155C consensus peptides (blue) are 
shown.
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Figure 33C shows constraints for 30 mappings of mAbs with preference for MI: 

K42-41L (red) and K60-46L (orange). There is a nexus of clustering for both antibodies 

around rhodopsin residues 230-232, 236-240, and 245-248 on the C-3 surface loop of 

rhodopsin. There is also weaker clustering around residues spatially close to 327-332 on 

the C-terminal tail for mAb K42-41L and around residues near 147-150 on the C-2 loop 

for mAb K60-46L.The relatively diffuse nature of the constraints for K42-41L and K60- 

46L mapped onto the dark-adapted rhodopsin structure in Figure 33C is consistent with 

structural changes in MI relative to dark-adapted rhodopsin, as discussed further below.

Figure 3 3D shows constraints for 23 mappings of mAbs with the highest preference 

for Mil: K l6-11IC (green) and K16-155C (blue). There are two strong clustering centers 

occupied by each mAb that prefers Mil, which are not present in mappings of mAbs that



prefer Ml (Figure 33C). The first cluster is to the upper right of Figure 33D, is comprised 

of residues 315-318 on the eighth helix and around residues 320-330 on the C-terminus. 

The second cluster is centered around residues near 345-348 at the extreme C-terminus. 

Both antibodies that prefer Mil also map to a third nexus incorporating approximately 

residues 240 to 250, on the C-terminal half of the C-3 loop and the cytoplasmic end of 

helix VI

There are 2-3 nexuses of proximity clustering for each mAh in Figures 33C and 33D 

that are spatially relatively far apart on the dark-adapted structure, that appear to be too 

distant to be spanned by a mAb binding site. Therefore, these constraints appear 

cumulatively to indicate relatively large-scale rearrangements in the fhodopsin surface 

structure after photoactivation. Upon photoactivation, structural changes presumably 

move the centers of each nexus towards each other to form a single tight clustering center 

for each mAb binding site (more like Figure 33B). The epitope residues most buried in 

the mAb binding sites that are responsible for high-affinity interactions are likely to be 

grouped relatively tightly within about 500 A2 (Conti, et al, 1999), which is equivalent to 

a circle with a ~12 A radius. Thus, the conformational changes in Ml and Mil would 

have to bring many of the spatially distant components in Figures 33C and 33D into a 

much more compact arrangement to fit within the epitope binding site. The movements 

could be a rotation of elements, translocation, or a combination of both. It seems 

noteworthy that the mapping patterns of the epitopes from the Mi-preferring mAbs in 

Figure 33C are quite distinct from those of the MH-preferring mAbs iri Figure 33D. It 

may be possible to convert the mapping proximity gaps into physical distance constraints 

and this is discussed in Chapter 6.
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Fifty-two of the best-scoring mappings were examined in more detail, including 21 

mappings of consensus epitopes from mAbs that showed a preference for the MI 

conformation and 18 mappings of consensus epitopes from mAbs that showed a 

preference for the ME conformation. The mapping and gap-weighting processes are not 

expected to be perfectly accurate and some of the mappings may be at odds with each 

other. We compared the favorability of the mappings of the consensus peptide sequences 

to the rhodopsin sequence by minimizing disallowed amino acid substitutions (residues 

colored red in Table 8), by maximizing the exact matches (residues colored green in 

Table 8), and maximizing the highest Findmap scores, as shown in Table 8 to select the 

best mappings for visualization.
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Mapping of epitopes of mAbs with no preferences 
for rhodopsin photo-intermediates

■ .
The antibody against the intradiskal face of rhodopsin, B I gN did not affect the MI 

<-» ME equilibrium, as has been mentioned, and Was thus used as a control for mapping

consensus epitopes to the dark-adapted structure. The intradiskal face is more compact
-

than the cytoplasmic surface, and has lower crystallographic disorder. It contains a plug- 

like stack of associated beta sheets (Palczewski, et al., 2000). Since there is no 

preference by this antibody for the dark-adapted or light-activated structure, presumably 

there is little rearrangement of the antibody binding site of BlgN between dark and light- 

activated rhodopsin.



To illustrate the relation of the antibody imprint mappings to the protein structure, 

'we prepared space-filling models of the protein surfaces with the epitope residues of the 

highest scoring maps color-coded. The best-scoring mappings of the BlgN consensus 

peptides were found to be quite compact on the surface of dark-adapted rhodopsin, as 

shown in two views of mapping I in Figures 34. The rainbow color scheme for each 

epitope residue sequence runs from red at the N-terminus through, orange, yellow, light 

green, dark green, light blue, medium blue, dark blue, and finally purple, at the C- 

temunus of the peptide sequence. The color-scheme of the rhodopsin loops and termini 

in Figures 34, 36, and 37 are shown in Figure 35. The color-scheme used in the structural 

rendering of the amino acids used in the epitopes in Figures 34, ,36, and 37 and the 

parameters used in SwissPDB Viewer and POV Ray for Windows v3.1 used to render 

these images are shown in Table 10.

The compactness of these best scoring BlgN mappings is consistent with the 

assumption that there is little conformational change in this region of the intradiskal 

surface upon light excitation. The proximity of the central part of the N-terminal tail and 

the 1-3 loop found by Findmap are consistent with the x-ray structure of the dark-adapted 

form of the protein. On the cytoplasmic surface, a high scoring, essentially linear 

mapping of the 4B4 epitope to the dark-adapted structure (Figure 34C) implies that Ala 

235 (light green in Figure 34C) may be spatially proximate to Ser 240 (dark green in 

Figure 34C). In the model of the dark-adapted rhodopsin structure shown, these residues 

are not spatially close, th e  residues in question, lie in the C-3 loop, a region of the 

molecule that is disordered and undefined or poorly defined in the x-ray structure. We
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Figure 34 (on previous page). Selected anti-rhodopsin antibody consensus epitopes for 
two mAbs with no preference for rhodopsin photo-state mapped to the surface of the 
dark-adapted rhodopsin x-ray structure. In panel A C, the top line of text is the antibody 
name followed by the mapping BD in parenthesis, that corresponds to the mapping 
numbers in Table 8. The second line of text is the (C)onsensus epitope "probe" sequence, 
and the third line contains the residues used in the (M)apping. Mapped epitope residues 
are ordered such that they follow a rainbow color scheme from red (residue one of the 
consensus epitope) to purple (or pink if there are ten residues in the epitope as shown in 
Table 8). A two-dimensional connectivity map is shown below each image, with 
corresponding residues colored the same as in the images above. Proximity relationships 
for each mapping on rhodopsin are shown in the two-dimensional connectivity maps as 
curved black lines connecting non-contiguous rhodopsin residues. Panels A and B: two 
views of the epitope of BlgN mAh epitope on the intradiskal surface from different 
angles showing the consensus peptide SFVDFSNK that was mapped on rhodopsin as 
SFGDFSNKG (mapping I for this mAb from Table 8), Panel C: view of cytoplasmic 
mAb 4B4 consensus peptide EQQVSATAQ mapped on rhodopsin residues as 
EQQASATTQ (mapping I for this mAb from Table 8). Panel D: Proposed reorientation 
of residues 235-244 of the C-3 loop of rhodopsin, based on the mapping scheme in panel 
C.

built and energy minimized the model in Figure 34 but the conformation of this particular 

region of the model is quite ad hoc. The antibody imprint identifies a conformation in 

this region with a loop between residues Gln 236 and Ser 240, bringing these residues 

close together spatially, as diagrammed in Figure 34D. Ala was mapped to Val more 

frequently in manual mappings than using Findmap. We are currently seeking to obtain a 

more detailed picture of the conformation of this loop, by determining the x-ray crystal 

structure of the 235-244 peptide epitope when it is bound to the 4B4.
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Residue Codes For Mapping Order
Residue # Red Green Blue

I 255 0 0
2 255 128 0 Orange
3 255 255 0 Yellow
4 0 255 0 Light Green
5 0 128 0 ■ ■ ■ ■ ■

LightBlue6 0 128 255
7 0 0 255
8 0 0 128
9 105 15 105
10 255 0 255 Pinfc ; • \

Loop # Red Green Blue Color
I 70 70 70 Dark Grey
2 135 135 135 Med. Grey
3 190 190 190 Light Grey
4 225 225 225 Vlight Grey
5 255 128 128 Salmon

Rendering:
POV Ray for Windows v3.1
Settings manually changed are in BOLD
camera { location < 0, 0, -131.1 > optimal setting (not always possible) 
object { light_source {< 0.000,0.000, -131.000 > color RGB Intensity*0.600 }}

(the third number is camera 3rd number minus 0.1)

Colors above are approximate - Use SwissPDB Viewer to get exact colors.

Table 10. Color codes and rendering parameters used for the rendering of views of 
rhodopsin shown in Figures 34, 36, and 37 with different consensus epitope peptides 
mapped onto the surface. The first table above shows the color scheme for mapped 
residues. The second table above shows the color scheme for background extracellular or 
cytoplasmic face residues (residues not used in a particular mapping). Parameters 
changed from the default in the script of the rendering program (POV Ray for Windows 
v3.1) are indicated at the bottom in bold.
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Figure 35. Diagram of the rhodopsin transmembrane topology incorporating current 
understanding of loop/helix positions relative to the lipid-water interface and the residues 
in loops or helices (Palczewski, et al., 2000; Teller, et al., 2001). The amino acids are 
differently shaded on different regions of rhodopsin and these same shadings are used in 
Figures 34, 36, and 37 for illustrating the mAh epitopes mapped on the rhodopsin 
surface. Shading designations are: N-terminus and C-terminus: "salmon pink", C-I and 
I-I loops: "dark grey", C-2 and 1-2 loops: "medium grey", C-3 and 1-3 loops: "light grey", 
and C-4 loop/Helix VIII: "very light grey".

Different rhodopsin species are expected to have different conformations on the 

cytoplasmic face, since the cytoplasmic loops of rhodopsin are believed to reorient after 

light exposure, enabling them to recognize and bind transducin, rhodopsin kinase, and 

arrestin (Hofmann, 1999). Because of loop movements required during photo-excitation, 

we do not expect, and generally did not find, cytoplasmic mAh consensus sequences

Mapping of epitopes of mAbs with preference for MI or Mil



clustering to compact patches when mapped onto the dark-rhodopsin x-ray structure. 

Instead, the best scoring mappings of mAh epitopes to the cytoplasmic face of rhodopsin 

are comprised of residues in several patches that are relatively far apart on the dark- 

adapted surface. Representative high-scoring mappings of the consensus sequences of 

the two mAbs that prefer MI, K60-46L and K42-41L, are shown in Figure 36. .K60-46L 

has the higher Ml preference and its consensus sequence GRLPPRQQD was manually

mapped as TRLAAQQQE, using residues 70-68 on the Cl loop and 234-239 on the C-3
'

loop of rhodopsin as shown in two different views (Figures 36A and 36B). Other high 

scoring mappings for this consensus (Table 8, K60-46L mappings 2-3, structures not 

pictured) utilize a shorter stretch of the C-3 loop (Q237 Q238 E239) but incorporate 

residues of the C-terminal end near the palmitoylated cysteines, Cys 322 Cys 323, and 

residues in surface helix Vm. The alternate K60-46L consensus, EKPWWRVKQ, 

utilizes residues from the C-2 and C-3 loops and no residues from the C-terminal tail 

region in all high-scoring mappings (Table 8 K60-46L mappings 4-14, structures not 

pictured).

Most high scoring Findmap mappings of TGALQERSK contain at least one 

unfavorable residue match. A manual mapping, TGPLQEKSQ (Table 8, K42-41L 

mapping 2) does not use Unfavorable matches, but is highly discontinuous when mapped 

to the dark-adapted rhodopsin x-ray structure (not shown). This mapping is somewhat 

similar to the mapping of the K42-41L mAb consensus sequence TGPLQEREQ as 

GNPLQEKEK shown in Figure 36C (Table 8, K42-41L mapping 9). The
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Figure 36. Selected anti-rhodopsin antibody consensus epitopes for mAbs K60-46L anc 
K42-41L with preference for metarhodopsin I mapped to the cytoplasmic face of the dark 
rhodopsin x-ray structure. See Figure 4 legend for explanation of the color scheme and 
other details. Panels A and B: two views of mAb K60-46L from different angles 
showing the consensus peptide GRLPPPPRQQD mapped on rhodopsin residues as 
TRLAAOOQE (mapping I for this mAb from Table 8). Panels C and D: views of two 
different mAb K42-41L consensus peptide mappings: Panel C: TGPLQEREQ
consensus peptide mapped on rhodopsin residues as GNPLQEKEK (mapping 9 for this 
mAb from Table 8). Panel D: disulfide constrained (C)TAAELQEGEG(C) consensus 
peptide mapped on rhodopsin residues as TASEOOEGEA (mapping 15 for this mAb 
from Table 8).



TGPLQEREQ consensus epitope mapped in Figure 36C is representative of a large 

number of K42-41L (and K16-155C) mappings in which the G(AZP)L sequence in the 

consensus maps to G329 P327 L328 in the rhodopsin C-terminal tail. The commonly 

mapped inversion of (AZP)L relative to PL in the rhodopsin sequence implies localized 

folding in this region of activated rhodopsin that is not present in the dark-adapted x-ray 

structure.

The CLIO disulfide-constrained mAh K42-41L consensus peptide, C- 

TAAELQEGEG-C, is shown in Figure 36D mapped as TASEQQEGEA (Table 8, K42- 

41L mapping 15). The same Color scheme is used to denote the order of the residues in 

the mapped epitope, except that the tenth residue (Ala 333) is colored pink. Both 

disulfide and linear K42-41L consensus peptides contain the QE motif, which 

consistently maps to Gln 238 Glu 239. It is expected that the first and last residues in the 

consensus sequence should be spatially proximate when mapped to residues in the target 

protein when using a disulfide-constrained peptide library. This is consistent with what 

was observed in many (but not all) of the best mappings of the two disulfide-constrained 

consensus sequences, such as in. Figure 36D, where the first residue, Thr 242 (red), is 

spatially near to the last residue, Ala 333 (pink) even though the epitope was not 

constrained to be cyclic. Some high scoring mappings of disulfide-constrained consensus 

sequences SAGERQESRE and TASELQEGEG utilize residues on the N-side of the C-3 

loop (Table 8 K42-41L mappings 10-14) that are also used in some high scoring 

mappings of the linear TGALQERSK consensus sequences (Table 8 K42-41L mappings 

I and 6). The disulfide-constrained consensus peptides tend to be mapped to somewhat 

more linear epitopes on the rhodopsin surface, perhaps indicating that they have a more
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difficult time mimicking discontinuous epitopes. In this, context, it seems that the more 

flexible linear peptide libraries may be much more useful for epitope mapping than 

disulfide constrained libraries and we used data primarily from the linear libraries.

Visualization of representative best mappings of the consensus peptide sequences of
, ■

two mAbs in the panel with Mil preference, K16-111C and K16-155C, are shown in 

Figure 37. The best mappings of these two mAbs make use of C-terminal residues, often 

near the extreme C-terminal, residues in helix VHI of rhodopsin, and the cytoplasmic end 

of helix VI, but do not map to the QQE sequence of the C-3 loop that is a prime 

determinant of mAbs We have mapped with an MI preference. Representative mappings 

of the K16-11IC consensus sequence, WAPEVMGPL (Figures 37A and 37B and Table 8 

K16-111C mappings I and 3), contain the same inverted GLP sequence that was 

apparently recognized by K42-41L on the C-terminal of rhodopsin. Many high-scoring 

K16-11IC mappings, including both of the ones shown in Figure 37 also contain an MV 

motif mapped to Met 317 Val 318 using the most restrictive portion of the cytoplasmic 

sequence of rhodopsin which is a unique dipeptide sequence in the recently discovered 

eighth helix of rhodopsin (Palczewski, et al., 2000). Interestingly, the GLP and MV 

motifs are already close together in the dark-adapted rhodopsin structure and they may 

become more accessible by structural change. Peptides selected by K16-111C have a 

strongly conserved (WZV)AP motif, which appears to correspond to V345 A346 P347 

near the end of the C-terminal tail, as found in the mapping of WAPEVMGPL to 

VAPNVMGPL in Figure 37A. By this mapping of Mil, the extreme C-tail region of 

rhodopsin, parts of the V H  helix, and a region of the C-tail of rhodopsin
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Figure 37. Selected anti-rhodopsin antibody consensus epitopes for mAbs with 
preference for metarhodopsin II mapped to the cytoplasmic face of the dark rhodopsin x- 
ray structure. See Figure 4 legend for explanation of the color scheme and other details. 
Panels A and B: views of two different mappings of the mAh K16-111C consensus 
peptide, WAPEVMGPL. Panel A: WAPEVMGPL mapped on rhodopsin residues as 
VAPNVMGPL (mapping I for this mAh from Table 8). Panel B: WAPEVMGPL 
mapped on rhodopsin residues as AAAEVMGPL (mapping 3 for this mAh from Table 
8). Panels C and D: views of two different mappings of the mAh K16-155C consensus 
peptide, RSEAEMVAP. Panel A: RSEAEMVAP mapped on rhodopsin residues as 
KAEKEMVAP (mapping I for this mAh from Table 8). Panel B: RSEAEMVAP 
mapped on rhodopsin residues as RTEKEMVAP (mapping 3 for this mAb from Table 8).
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centered around residues' 327-329 are all spatially proximate.

Figures 37C and 37D show two of the best mappings of mAh K16-155C consensus 

peptide RSEAEMVAP to the cytoplasmic face of rhodopsin. In Figure 37C, 

RSEAEMVAP is mapped to rhodopsin as KAEKEMVAP (Table 8 K16-155C mapping 

5) and in Figure 37D, RSEAEMVAP is mapped to rhodopsin as RTEKEMVAP (Table 8 

K16-155C mapping 9). Like mAb K16-111C, which also has Mil preference, K16-155C 

has two consensus peptides that contain a strongly conserved VAP (or VPA). Findmap 

also usually maps this sequence to V345 A346 P347 near the end of the C-terminal tail in 

high scoring mappings. K16-155C consensus peptides RSEAEMV AP and 

VSWGDMVPA contain an MV motif that overlaps the VAP or VPA motif. The K l6- 

I l lC  consensus peptide, WAPEVMGPL. contains this same MV motif, however it does 

not overlap with the VAP motif as in K16-155C. Because of this overlap in the K16- 

155C consensus peptide, RSEAEMVAP has high scoring Findmap mappings that are 

split between Val 318 (as in Figure 36C and 5D), and Val 345 (Table 8 K16-155C 

mappings 2-4,7) in the C-terminal. In the other K16-155C consensus Sequence, 

VSWGDMVPA, the VPA sequence is mapped out of order relative to the rhodopsin 

VAP, suggesting that V346 and P347 are near to each other in at least some 

conformations of the C-tail (mapping not shown). All the highest scoring K16-155C 

Findmap mappings of RSEAEMVAP utilize several residues on the extreme C-terminal 

side of the C-3 loop of rhodopsin and in the N-terminal end of helix VI (residues 245-254 

near the lipid-water interface) as shown in Table 8 K16-155C, mappings 4-10. This was 

not something we noticed by manual mapping (Table 8 K16-155C mappings 1-3), but the 

Findmap substitution scores are generally high (73%-89%). ,



When Findmap was given access to deeper residues in the membrane in helices V 

and VI, K16-155C often mapped to Met 253 Val 254 or Met 257 Val 258, as shown in 

Table 8 K16-155C mappings 11-12. For example, one of the high scoring mappings 

(mapping 11) found a largely linear epitope on the cytoplasmic end of helix VI: Lys 245 

Ala 246 Glu 247 Lys 248 Glu 249 gap Met 253 Val 254 gap Ala 346 Pro 347. Mapping 

13 for K16-155C has a slightly higher substitution score (89%) and used Met 257 Val 

258.

Discussion of Rhodoosin Epitope Mapping

In order to make the antibody epitopes more compact in Figure 36 (MI preference

mAbs) and Figure 37 (Mil-preference mAbs), rearrangements to the dark-adapted

rhodopsin structure are required. It will be necessary to obtain additional mAbs to have

sufficient data to develop detailed models for the light-excited conformations of 
- -  ■ 

rhodopsin and to obtain evidence on the detailed folding of the epitope peptides when

they are fixed to their FAbs using x-ray crystallography. However, the antibody

imprinting data in the present work implies that the C-3 loop folds closer to the C-I- loop

in the MI conformation and that a segment of the C-terminal tail folds closer to the C-3

loop than in the dark-adapted structure. In the Mn conformation, a substantial

rearrangement of the C-terminal tail is implied as well as reorganization of the structure

around the cytoplasmic end of helix VI and a portion of helix VEL It seems likely from

the results that in the active conformations of Mil, the C-terminal tail moves to expose
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portions of the C-3 loop, the cytoplasmic (N-terminal end) of helix VI, and the Met 317 

Val 318 side of helix Vlll, to give access to the G protein. Helix movements are also 

likely to be involved in increased access to the cytoplasmic end of helix VI.

Many aspects of this, work agree qualitatively with a number of prior studies 

conducted, using a wide range of approaches. Conformational changes in the 

cytoplasmic end of helix Vl have been implicated in the specificity of G protein-coupling 

by site-specific mutagenesis (Kostenis et al., 1997). The residues found to be essential

for the specificity of G protein-coupled in m2 muscarinic receptors correspond to
'

residues in helix VI mapped by K16-155C or adjacent residues (Table 8 K16-155C 

mappings 11 and 12). Changes in the Helix VHI region have been implicated in MH 

formation by Abdulaev and Ridge (1998) and the C-terminal tail near helix VIH has also 

been implicated in the interaction with trahsducin (Ernst et al., 2000a). More detailed 

structural information can be inferred using the presently available antibodies by studying 

the conformation of the consensus epitopes when they are bound to their mAbs using co- 

crystallization and x-ray crystallography on the Fab-peptide complexes or transferred 

NOESY NMR on the mAb-peptide complexes (Burritt, et al., 1998).

An important question about the antibody imprinting method is whether antibodies 

tend to recognize endogenous epitopes on the surface of proteins or whether the target 

protein undergoes an induced fit in which the complex captures one possible 

conformation of the protein surface. Examination of structural differences between. free 

protein and Fab-protein complexes, where both have known x-ray structures, indicates 

that in all cases investigated there are only small changes in surface structure upon 

antibody binding, with small loop movements up to a maximum of 1.5A or rotation of
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surface side-chains in the region of the protein bound by antibody (Conte et al., 1999; 

Janin, Chothia, 1990; Davies, Cohen, 1996) Like any other structural approach applied 

to proteins, there is greater uncertainty in defining areas of higher flexibility. Presumably 

surface loop flexibility can be accommodated in the antibody imprinting method by using 

a number of antibodies directed towards a similar region of the surface, as these may 

recognize different loop conformations. If different mAbs imply somewhat different 

conformations, structural flexibility would be implicated. Because antibodies have a bias 

towards immunodominant regions of a protein's surface, which tend to be more exposed 

and possibly flexible regions, there may be a rough "natural" correlation between the 

percentage of mAbs in a panel of antibodies against that region the number of mAbs 

necessary to define that protein.
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Conclusions from Antibody Epitope Manning

The purpose of this study was to apply the previously described antibody 

imprinting technique (Burritt, et al., 1998; Jesaitis, et al., 1999) to the prototype GPCR 

protein, rhodopsin, in order to gain insight into currently undefined structures of the 

cytoplasmic loops in the dark-adapted structure and the unknown structures of the 

rhodopsin photo-intermediates. The mAbs that showed no preference for MI or Mil 

(BlGN) or little preference (4B4) map in relatively tight patterns onto the dark adapted 

rhodopsin structure, consistent with little or no structural change in these regions after 

light-excitation. In contrast, the mAbs that prefer the MI or Mil conformations show



much more delocalized mappings onto the dark-adapted structure, which is consistent 

with substantial structural changes during the formation of these intermediates. It may be 

significant that the two mAbs which reduced extra-MII signal (K16-40L and K42-41L) 

are both against epitopes containing portions of the C-3 loop of rhodopsin and that those 

that increased the Mil signal (K16-111C and K16-155C) are against epitopes with large 

contributions by the cytoplasmic end of helix VI, part of the helix VIII, and C-terminal of 

rhodopsin, perhaps indicating that these regions are differently exposed between MI or 

Mn.

This study used most of the available IgG anti-cytoplasmic face mAbs against 

rhodopsin that are in the literature and are still obtainable. IgM antibodies appear to be 

not very effective for use in phage-display. By using additional mAbs, overlapping 

patches on the surfaces of different photo-states of rhodopsin presumably can be mapped, 

and thus a larger network of distance constraints for each photo-intermediate can be built, 

defining its cytoplasmic face structure with increasing resolution. A specific amino acid 

substitutional probability matrix designed from phage-display data has not yet been 

developed. Whether such a matrix can be constructed is under investigation in our 

laboratories (see discussion on hen egg lysozyme mAbs in this chapter. To complete the 

antibody imprinting process, NMR (Burritt et al, 1998) and x-ray crystallography 

(progress discussed in Chapter 7) are being employed to determine the 3-D folding of the

epitope peptides When they are bound to Fabs. The antibody imprint technique should be
: 1 '

applicable to studies of a broad range of proteins that have previously been difficult to

study structurally, if panels' of mAbs can be obtained against different features of protein
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Some Background Details on Epitope Mapping

A total of 473 readable phage clone peptide sequence were obtained using the 

J404 and CLIO phage libraries against a total of nine anti-rhodopsin mAbs as follows: 

K16-50C (35), K l6-107 (50), K16-111C (30), K16-155C (44), K42-41L (90 with 1404, 

44 with CLIO), K60-46L (47), B lgN (23), TM7C (72), and 4B4 (39). All sequences for 

a particular mAb and phage library combination were first manually inspected and 

aligned visually based on recurring motifs. The MIME algorithm (Bailey & Elkan, 1994) 

was used to determine some multiple alignments. A consensus sequence or sequences 

was determined based on the alignment of the peptides.

Consensus peptide sequences Were mapped back to rhodopsiti either manually or 

with the Findmap program, as described in the text. Some consensus sequences of some 

of the mAbs could not be mapped by inspection, due to either a non-obvious complex 

epitope (K60-46 GRLPPRQQD and EPKWWRVKQ, K42-41L C-SAGERQESRE-C and 

TAAELQEGEG, TM7C WIMPTGGWY and YQTPIGGWY, ' and' K16-107C 

GKALVND). The details of the method of mapping consensus peptides with Findmap 

was described earlier in this chapter and in also in Mumey, Bailey, Kirkpatrick, arid 

Dratz, manuscript in preparation. Findmap mapping was carried out with all consensus 

sequences. The amino acid substitution algorithm shown in Table 2 was used in all 

epitope mappings with Findmap. The 4-8 mappings with the highest Findmap score, 

based on amino acid substitutions, gap size, and gap number, were manually inspected,
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and the best mappings based on mapping scores and avoidance of unfavorable 

substitutions were combined with the best manual mappings. These mappings were used 

to create a list of proposed distance constraints on the folding of the cytoplasmic side of 

photoactivated fhodopsin. Images of the best manual and Firidmap mappings were 

created using Swiss-PdbViewer (Guex5 Peitsch, 1997) and rendered with POV-Ray™ for 

Windows™.

V



151

CHAPTER 6
STRUCTURAL MODELS OF RHODOPSIN 

Introduction

Constraints derived from phage-display, once mapped to amino acid residues in the 

rhodopsin target protein can then be used as NOE-Iike pair-wise constraints that can be 

added to rhodopsin models. At present, an insufficient number of anti-rhodopsin 

antibodies exist that can be subjected to the antibody imprinting method to obtain 

sufficient constraints to construct models of rhodopsin in its MI and Mil forms, or to 

better define the cytoplasmic loops of dark-adapted rhodopsin. However, the modeling 

techniques necessary as well as actually rhodopsin models have been developed and are 

discussed in this chapter. In collaboration with Dr. Pat Callis, we demonstrate the 

addition of pair-wise constraints to a rhodopsin model, subjected to molecular dynamics 

to bring constrained amino acids into close proximity. Two models of rhodopsin are 

discussed in this chapter. The first is an extension of the Herzyk and Hubbard model of 

the seven-transmembrane helices (Herzyk, Hubbard 1995; Herzyk, Hubbard 1998a) and 

the second is based upon the refined x-ray structure (Teller, et al. 2001).



Construction of a Model in Phospholipid Bilaver and Explicit Water

The first model of rhodopsin that we constructed was built before the x-ray structure 

of rhodopsin (Palczewski et al., 2000, Teller, et ah, 2001) Was released. We used the 

Herzyk and Hubbard model of rhodopsin (Herzyk, Hubbard 1998a) (GPCRDB accession 

code GP00701), which was the best theoretical model of rhodopsin available in 1999. 

This model incorporated much of the available structural data for rhodopsin including 2- 

D electron density projection maps (Schertler, Hargrave, 1995), NMR chemical shift data 

(Han, Smith, 1995) site-specific mutagenesis (Han et al., 1996), and spin labeling 

(Altenbach et ah, 1996; Farahbakhsh et ah, 1995).

The missing rhodopsin loops, N-terminal and C-terminal were built onto rhodopsin 

using Insight 97 or Swiss-PdbViewer (Guex, Peitsch, 1997). Missing loops and the 

missing C-terminus were built as follows: The last N-terminal residues before missing 

gaps in the Herzyk and Hubbard model were extended by the addition of the amino acids 

residues comprising each missing loop. Amino acids were added in extended 

conformation ((j) = \|/ = 05 =180°). The added loops were reoriented manually, by rotating 

multiple phi and psi bonds in the loops, in order to bring the C-terminal-most carbon of 

the loop within a normal peptide bond distance from the N in the second (C-terminal 

side) residue in the model that it connected with. Loops were then improved using the 

"Build Loop" and "Scan Loop Database" to find loop orientations with minimal bad phi 

and psi angles. Finally, the Herzyk and Hubbard helices were held fixed to prevent 

movement, and the loops were subjected to energy minimization to optimize phi, psi, and 

omega angles, The resulting structure was placed into an explicit
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dimyristoylphosphatidylcholine lipid bilayer, and domes of water were constructed on 

either side of the lipid membrane, by Dr. Pat Callis, using tools in CHARMm (Mackerell 

et al., 1998). Further energy minimization was done, with the Herzyk and Hubbard 

transmembrane helices were again held fixed was then done on the rhodopsin loops + C- 

and N-termmi + lipid (64 molecules) and water (12,600 molecules) environment (50,960 

total atoms in the system). The result was the baseline model or rhodopsin shown in 

Figure 38, which was then used to model antibody imprint-derived constraints onto 

rhodopsin.
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Application of Phase Display Derived Constraints

The first anti-rhodopsin antibody to be subjected to phage display was, K42-41L, 

which yielded a consensus sequence of TGALQERSK. The Findmap program had not 

been developed at this point in the research, so this consensus peptide was manually 

mapped to rhodopsin as T=T340 G=G329 A=P327 L=L328 Q=Q238 E=E239 R=R147 or 

R69 8=338 K=K339. The GALQER portion of TGALQERSK was more strongly 

conserved by phage display, and constraints it contained were added to the rhodopsin 

model: L328-Q238 and either E239-R147 or E239-R69. Constraints were added one at a 

time, followed by molecular dynamics with CHARMm (Herzyk-Hubbard helices held 

fixed). The distance constraints are approximate and were taken to be 3-4A for small side 

chains and 4-5A for large side chains. After it was determined that a given constraint pair
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Figure 38. Model of 
the GPCR rhodopsin 
in explicit water and 
lipid bilayer. The 
cytoplasmic side of 
rhodopsin is at the 
top. The seven 
helices and inter
vening loops are 
color-coded in a 
smooth progression 
from yellow to blue 
going from Hl to 
H7. The chrom- 
ophore, retinal 
(pink), is shown near 
the center of the 
membrane in its 
dark-adapted I l-cis 
state. Lipid head 
group atoms are 
depicted as purple 
spheres at the 
boundary between 
the lipid bilayer and 
water. Membrane 
patch dimensions 
are: 62 A diameter x 
41 A thick. Rho
dopsin dimensions
are: approximately
40 A x 45 A x 75 A

I tall. Loops and the 
N- and C-termini

were built onto the 7-transmembrane helix scaffolding model of rhodopsin (Herzyk, 
Hubbard, 1995; Herzyk, Hubbard, 1998a)), Cys residues 322 and 323 were 
palmitoylated, and the resulting rhodopsin structure was subjected to energy 
minimization (CHARMm) to optimize bond angles in the built in regions. The rhodopsin 
molecule was then placed into a lipid bilayer consisting of 64 dimyristoyl 
phosphatidylcholine (DMPC) molecules and explicit water domes (12,600 total water 
molecules) were placed above and below the membrane, hydrating the non-buried 
portions of the rhodopsin model. The complete system (50,960 atoms) was subjected to 
approximately 100 picoseconds of molecular dynamics, during which the Herzyk- 
Hubbard helices were held immobile.
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Updated Rhodopsin model 

April 6th,
including the Gln 238 

to Leu constraint.
" " K  Glu 239

,Gly 329 \

' Y
Pro 327 \

C )s322
Cys 323 (lPalniitoylated) 

(PaImitoyIatM)

Figure 39. Application of simultaneous Leu 328-Gln 238 and Glu 239-Arg 147 
constraints to a model of rhodopsin. The rhodopsin model is our pre-x-ray structure 
(Figure 38), based on (Herzyk, Hubbard, 1995; Herzyk, Hubbard, 1998a). The 
cytoplasmic face of rhodopsin is shown in this view. Residues forming the nucleus of the 
K42-42L consensus sequence, TGALOERSK. are shown mapped onto rhodopsin. 
Molecular dynamics were applied with CHARMm, in which the trans-membrane helices 
were constrained, but cytoplasmic loop regions, the C-terminal, lipids, and water allowed 
to move, was utilized until constrained residues were brought together.

could be brought together spatially, the second constraint was applied to the model, while 

maintaining the first one. Figure 39 shows the results of applying both Leu 328-Gln 238 

and Glu 239-Arg 147 constraints to the model — "GPLQER" containing residues from the 

C-2 loop, C-3 loop, and C-terminal are brought into a tight cluster of a size that could fit 

into an antibody binding pocket. In this manner, additional pair-wise constraints could be

added.



Figure 40 shows Connolly surface models of continue different combinations of 

pairs of constraints applied to the rhodopsin model. In all cases, residues on different 

cytoplasmic loops or the C-terminal were brought into close spatial proximity through the 

use of pair-wise constraints. The relevant pert of the CHARMm code used to set pair

wise constraints is:

!To fix the distance between the center of mass of two subset of atoms 
! (e.g., two domains of a protein, two amino acids, etc...)

MMFP

GEO sphere RCM distance -
harmonic symmetric force 10. droff 5.0 - 
select segid QlO .and. resid 69 show end - 
select segid QlO .and. resid 239 show end

END

The MMFP (Miscellaneous mean Field Potential) GEOmetric command was used to 

apply a spherically symmetric harmonic attractive forcing potential between the center of 

mass of a pairs of amino acids (R69 and E239). The attractive force was 10 kcal/mol A2, 

and cut out once the center of mass of the two amino acids were within 5 A of each other. 

(Bringing them closer together would have caused them to overlap).

Construction of a Model Based on the X-ray Structure

156

After we had carried out the initial proof-of-principle modeling just described, using 

the a rhodopsin model derived from Herzyk and Hubbard, a high resolution x-ray
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Figure 40. Proposed constraints applied to the rhodopsin structure based on the K42-41L 
consensus peptide TGALQERSK. The rhodopsin model used is our pre-x-ray structure 
(Figure 38), based on (Herzyk, Hubbard, 1995; Herzyk, Hubbard, 1998a). The 
cytoplasmic surface of rhodopsin is shown in all panels and is depicted as a Connolly 
surface, built using Insight 97 utilities. Each residue in the core of the consensus 
sequence (TGALQERSK) is colored a unique color and labeled. Proline is used in place 
of alanine due to its high substitution propensity and the presence of a GLP sequence in 
rhodopsin that was highly conserved in phage displayed peptides selected by K42-41L. 
Rhodopsin residues are color-coded in a progression from yellow to blue in the direction 
from the N- to the C-terminal. In each panel, one or two pair-wise constraints have been 
applied between the Ca of two residues. Molecular dynamics were applied with 
CHARMm, in which the trans-membrane helices were constrained, but cytoplasmic loop 
regions, the C-terminal, lipids, and water allowed to move, was utilized until constrained 
residues were brought together. Due to uncertainty in the mapping of the arginine, three 
different arginines on the cytoplasmic face of rhodopsin were subjected to molecular 
dynamics to determine whether they could be brought into proximity to Glu 239. (A) Glu 
239-Arg 147 (TGALQERSK); (B) Leu 328-Gln 238 (TGALQERSK) and Glu 239-Arg 
69 (TGALQERSK) applied simultaneously; (C) as panel B except the constraints were 
removed after L328/Q238 and E239/R69 were brought together and further molecular 
dynamics were run to simulate whether these residues pairs would remain in close 
proximity in the absence of a force constraint holding them together; (D) Glu 239-Arg 69 
only (TGALQERSK); and (E) Leu 328-Q 238 (TGALQERSK) and Glu 239-Arg 314 
(TGALQERSK).



structure of rhodopsin was reported (Palczewski, et al., 2000) (PDB=IFBS) and in refined 

form soon after (Teller, et al., 2001) (PDB=IHZX). We added the not sufficiently 

ordered ("missing regions") of the x-ray structure and placed them into an explicit lipid 

and water bilayer, as we had previously done, and the assembled model is now ready for 

modeling of antibody imprint pair-wise constraints.

The IHZX x-ray structure coordinates (Teller, et al. 2001) are available from the 

RCSB Protein Data Bank (PDB) (Berman et al., 2000). A separate PDB file containing 

chain A and its 4 interior waters was created and loaded into Swiss-PdbViewer (Guex, 

Peitsch, 1997). The "Add residue" command and "Mutate" commands were used to build 

missing residues Gln 236 to Ser 240 one residue at a time. Phi and psi angles were 

adjusted using the Ramachandran window until Ser 240 was well oriented relative to Ala 

241 and the "Ligate" function was used to join the two. Missing residues Asp 331 to Ala 

333 were added in the same manner. The resulting structure was inserted into a 

dimyristoylphosphatidylcholine (DMPC) lipid bilayer using utilities in CHARMm (v.26) 

(Mackerell et al., 1998) and a shell of explicit water was added to the structure. Energy- 

minimization was done with CHARMm using 1000 adapted basis Newton Raphson 

iterations, using a non-bonded interaction cutoff of IOA, no electrostatic cutoff, and a 

dielectric constant of unity. The resulting model is shown in Figure 41. The Ca RMSD 

between the pre- and post-energy-minimized structures is 0.78 A
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Figure 41.
Structure of 

rhodopsin based 
on the IHZX x- 
ray coordinates 
(Teller, et al., 
2001) obtained 
from the Protein 
Data Bank. The 
missing portions 
of the protein 
(regions of 
cytoplasmic 
loops 3 and 4 and 
the C-terminus) 
were built in and 
the C-terminal 
polyalanines 
changed to 
correct residues. 
Phi, psi, omega 
angles were 
adjusted to 
accept-able 
values and the 
structure was 
energy
minimized using 
CHARMm. The 
resulting 
structure was 
placed into a 
dimyristoyl 
phosphatidylcholi 
ne lipid bilayer 
and explicit water 
environment 
using CHARMm 
utilities, energy 
minimized, and 
subjected to 
molecular

dynamics. In the image above, the cytoplasmic face of rhodopsin is at top and the 11-cis 
retinal chromophore is pink. The seven transmembrane helices are colored in 
progression from yellow to blue in the direction towards the C-terminal.

mif
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In Figure 42, a comparison of our rhodopsin models based on the Herzyk and 

Hubbard (left) and Palczewski, et al. x-ray structures (right) are shown. For ease of 

comparison, both models have been stripped from their lipid and water environments, 

rotated in approximately the same orientation, and colored with the same coloring 

scheme (blue->yellow from N-^C-terminus).
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Figure 42. Comparison of a pre-x-ray theoretical rhodopsin model with the x-ray structure 
of dark-adapted rhodopsin. (Left) Theoretical model of rhodopsin. Construction is 
described in the text and in Figure 38. In this view, rhodopsin has been removed from 
the lipid bilayer. (Right) x-ray structure of rhodopsin (1F88) (Palczewski et al., 2000) 
Both structures are rotated to approximately the same orientation, with the cytoplasmic 
face of rhodopsin at top, and helix I (yellow) on the right. Subsequent helices follow a 
progression of colors from yellow to blue. The x-ray structure is more compact and 
contains an eighth, amphipathic helix, which runs parallel to the other 7 helices along the 
lipid-water boundary on the cytoplasmic side of rhodopsin.
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CHAPTER 7

X-RAY STRUCTURE OF A FAB-PEPTIDE COMPLEX

Introduction

The ultimate level of structural detail that can be obtained from antibody imprinting 

is by using x-ray crystallography or NMR to determine the 3-D conformation of epitope 

peptides when they are bound to the complementary antibodies. Consensus epitope 

peptides are synthesized and their affinity for the selecting mAh is determined, typically 

by ITC. If the peptide-mAb affinity is greater than about 10 jxM, then transferred 

NOESY/ROES Y NMR can be used to determine the structure of the mAb-bound peptide 

(e.g. Burritt et ah, 1998; Gizachew et ah, 1998). If the peptide-mAb affinity is less than 

about 10 jjM, then x-ray crystallography of peptide-FAb complexes is more appropriate, 

as was the case of K42-41L mAb-TGALQERSK peptide discussed in this chapter. 

Crystals of antibody-peptide are grown and once deemed adequate in terms of size and 

refraction ability (>2.8A, the minimum resolution at which electron density can be 

assigned to carbonyl groups to define side chain orientations) (Martin Lawrence, personal 

communication), subjected to a full crystal rotation series to collect an x-ray diffraction 

data set. Monoclonal antibodies are much easier to crystallize in the form fragment 

antibody binding molecules (Fabs) or as ScFv molecules (single-chain fragment 

variable). ScFvs are truncated forms of the Fab molecule, with the heavy and light chain



variable regions linked together to form a minimum antigen recognizing unit (see Figure, 

chapter 8). ScFvs were not practical to obtain for the work described here, so Fabs were 

used. There are many x-ray structures of Fabs reported in the literature and in the Protein 

Data Bank (PDB) (Berman et al., 2000). Because much of the Fab molecule is constant, 

and only variable antigen binding loops differ substantially between different antibodies, 

molecular replacement techniques (reviewed in Tickle, priessen, 1996) can be used to 

solve the x-ray phasing problem, greatly expediting the throughput at which Fab-peptide 

complex structures can be solved.

When solving x-ray structures of Fab-epitope peptide complexes, we are primarily 

interested in the structure of the peptide. The Fab binding pocket acts to hold the peptide 

in a three-dimensional "folded" structure, which mimics the epitope patch of the target 

protein originally recognized by the antibody binding site. Through the comparison and 

integration of the folded structures of several epitope-mimetic peptides, each recognizing 

discrete patches on the target protein surface, a structure of the protein of interest can 

presumably be constructed. Protein structure determination in this manner is an 

extension of the method already discussed in this thesis, and is expected to provide 

increasingly detailed structural constraints to the folding of the protein structure as 

information from more antibodies is added.

The use of x-ray to determine structures of peptides has a couple of attractive 

features: First, antibodies which recognize either discontinuous or continuous (linear) 

epitopes on the target can be used. Continuous peptides are not really useful in non-x-ray 

crystallography approaches, because they do not define long distance constraints, though 

they do have utility in that they can indicate the folding of linear stretches of target

162



protein sequence. Second, the ambiguities associated with mapping a consensus 

sequence onto an unknown protein surface is greatly lessened. Some highly 

discontinuous epitope peptides with folded structures solved by x-ray crystallography 

may still not map back to the target protein in an obvious manner. However, by 

combining three-dimensional data from several partly overlapping epitopes, presumably 

the assignment for difficult consensus epitopes of peptide residues to the correct target 

protein residues will be facilitated.

Drawbacks to the x-ray approach to antibody imprinting include the relatively large 

amount of protein required, the relatively high purity of the protein required, and the 

length of time required to find crystallization conditions for a number of different Fab- 

peptide complexes. Though all Fabs may share a framework of homologous structure, 

different conditions are often necessary to obtain crystals suitable for diffraction. Finally, 

crystal packing forces have the potential to distort loop regions of the Fab-peptide 

complex, which might in some cases result in x-ray structures with folded peptides 

coordinates that differ from the complexes, although this is more of a concern in the 

mAb-epitope complexes.

The work described in this chapter concentrated on the determination of structure for 

a the first Fab-peptide epitope complex in this project. The research described in this 

chapter is the first known by the author in which crystallization of a Fab-peptide complex 

where the peptide was discovered through phage-display to mimic an epitope on a target 

protein surface.
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History of X-ray Structural Studies on MAbs. Fabs. and MAb/PAB-complexes

The first x-ray structure of an immunoglobulin molecule, that of a human IgGl was 

reported at 6A by Sarma and co-workers in 1971 (Sarma et ah, 1971), which indicated 

the T-shaped topology of the immunoglobulin molecule, but no other details. Though 

the variable domains of a small handful of antibodies have been solved to >3A as part of
v

an intact immunoglobulin molecule (reviewed in Padlan, 1996), most have been solved as 

FAbs, as the further truncated Fvs, or as scFvs. The first high-resolution (2A) crystal 

structures of a Fab was reported by Poljak and co-workers in 1974 (Poljak et al., 1974). X- 

ray structures of Fab -antigen complexes were first reported in 1973 (Padlan et al., 1973) 

at a rather low resolution (4.5A). Many of the early FAb-protein antigen complex 

structures reported were of hen-egg lysozyme (HEL)-anti-HEL mAbs, which are 

discussed at the end of chapter 5. Today, the x-ray structures of more than one-hundred 

antibody FAb, Fvs, and scFvs have been Solved, many as complexes with protein or 

small molecule antigens (See Protein Data Bank, http://www.rcsb.org/pdb/). Because a 

diversity of Fab immunoglobulin structures have been solved, especially of FAbs derived 

from IgGs, as were used in these studies, molecular replacement can be used to solve the 

structures of Fab and FAb-peptide Complexes easier than by more involved and labor- 

intensive techniques such as heavy atom replacement.
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, 165
Procurement of Materials and Purification

A wide range of crystallization conditions must be scanned to find and refine 

conditions that yield crystals, which diffract well enough to collect a sufficient high- 

resolution data set. In order to obtain suitable crystals, the monoclonal antibodies must 

be enzymatically digested to obtain Fabs. Two-thirds of the IgG molecule is Fab by 

weight, so a one-third loss after enzymatic cleavage from the unwanted Fe portion is the 

. maximum theoretical yield. Yields by this author were usually no better than 30%, thus 

30 mg of purified mAh equals 20 mg theoretical Fab yield, and 6 mg actual yield, or 

about 33% by weight of the theoretical Fab yield.

Spinner-flask or roller-bottle methods used for growing initial quantities of antibody 

in the laboratory for phage display and the antibody characterization techniques are 

described in Chapter 3. The per liter yields of mAh obtained in the laboratory (averaging 

-5-15 mg/L), were insufficient for practical production of x-ray quantities of antibody in 

the laboratory. It was. not practical to initiate large-scale production of mAbs in our 

laboratory. Thus, antibody production for crystallization was outsourced to the National 

Cell Culture Center (NCCC), a non-profit entity in Minneapolis, MN. The work 

described in this chapter utilized three separate batches of K42-41L monoclonal antibody 

obtained from the NCCC between late 2000 and the summer of 2001.

The NCCC grew K42-41L in large (5 L) spinner flasks in hot rooms without CO; 

supplementation. Cells used for x-ray crystallization studies were weaned into and 

grown in serum-free media, to minimize IgG contamination that could potentially inhibit 

crystallization. Antibodies were purified by NCCC using GammaBind® Plus



Sepharose® (Pharmacia Biotech), in a manner analogous to that described in chapter 3 

and yield was quantified by ODaso- Antibodies were shipped on ice to this laboratory, 

typically in concentrations of 0.25-0.50 mg/mL in pH=7.4 buffer.

Antibodies were concentrated by Centricon filtration (30,000 MW cut-off) before 

ficin digestion. Ficin digestion and subsequent separation of Fab from Fe, undigested 

mAb, or one-armed mAb, is described in chapter 2. Fab Was quantified by 280 nm 

absorption and dialyzed into defined 10 mM phosphate, 100 mM NaCl pH=7.4, and then 

concentrated to 1-2 mL total volume by Centricon filtration (10,000 MW cut-off). To 

further purify Fab, the sample was subjected to FPLC size-exclusion chromatography on 

a Superdex 75 column (Figure 43). Besides purification, the FPLC step enabled the Fab 

to be exchanged into a defined buffer. Early studies utilized 10 mM phosphate, 100 mM 

NaCl pH=7.4. Later studies used the same phosphate buffer or HEPES buffer, pH=7.4. 

Figure 42 shows a typical trace of the ODaso of the column purification versus time 

obtained for purification of ficin digested K42-41L Fab. After FPLC, fractions 

containing the purified Fab peak were pooled and purity was examined by SDS-PAGE. 

Figure 44 shows a typical gel with reduced Fab lanes (2-4) and non-reduced Fab (lanes 6- 

8). The results of purification by FPLC Fab was shown for the three fractions in Figure 

44. Fractions 2-3 were concentrated to -7-10 mg/mL (exact concentrations differed in 

different batches) by centrifugation in Centricon filters and stored at 4°C until 

crystallization setup could commence.
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FPLC on K42-41L 
Anti-Rhodopsin 
Fab Fragments 
(SD 75K)

v

E n d  F ra c tio n  I 
S ta r t  F ra c tio n  2

S ta r t  F ra c tio n  I

^  I -I I I

E n d  F ra c tio n  2 
S ta r t F ra c tio n  3

E n d  F ra c tio n  3

m ^ f -  i i i M -
Figure 43 FAbs produced by ficin digestion and removal of Fe on protein further purified 
by FPLC on a Superdex 75 gel filtration column, monitoring with ODzgo • Each 
horizontal crosshatch represents 30 seconds, and Fab eluted after about 12 minutes. The 
large, off scale Fraction 2 peak and Fraction 3 contained Fab. The smaller Fraction I 
peak contained a mix of Fab, as well as various partially digested mAb species. Fractions 
2-3 were buffer exchanged during FPLC into 10 mM phosphate, 100 mM NaCl pH=7.4.

The peptide, TGALQERS K, used in this study was prepared and purified by Anatol 

Arendt, University of Florida using standard Fmoc chemistry. The peptide was obtained 

as a lyophilizate and added (directly as lyophilizate or as a IOOx peptide stock solution in 

Fab buffer) to the concentrated Fab at a ratio of Fab:peptide 1:100. This ratio was chosen 

based on the peptide-mAb affinity of 1.25 fiM (determined by !TC) and is such that 

99.9% percent of Fab is expected to be complexed with peptide.
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Figure 44. SDS-PAGE evaluation of K42-41L Fab purity after FPLC on a Superdex 75 
gel filtration column under reducing (lanes 2-4) and non-reducing conditions (lanes 6-8). 
Lane I: low molecular weight markers. Lanes 2-4: Fab-containing fractions off Superdex 
75 FPLC column reduced with DTT, Lanes 6-8: fractions off Superdex 75 FPLC column 
non-reduced. Red arrows point to protein bands. Some bands have been assigned to 
antibody fragments next to the arrows. Black segments are not present in the attribution 
to the IgG fragments. Uncleaved, heavy chain is not detectable on this gel but would 
appear at -48,000 in the reduced fractions. Uncleaved mAh and Fe fractions have largely 
been removed after ficin cleavage and protein A purification and do not show up on this 
gel to any appreciable degree, except in lane 6-7, which contain small amounts of intact 
antibody that may have passed through the ficin column and thus not been digested. This 
gel is typical of the purity of the Fab preparations used in crystallization trials. The IgG 
antibody stick Figure 24odels next to some arrows indicate the portion of the antibody 
attributed to the bands. In lane 4, the center (heavy) band is comprised of the Fab portion 
of heavy chains separated from light chains by disulfide reduction and SDS and the lower 
band contain whole light chains. Three bands in lane 6 have been assigned: intact (non- 
digested) IgG (highest labeled band), F(ab')2 (middle labeled band), and Fab (lowest 
labeled band). The lowest band in lane 8 has been tentatively assigned as the region of 
IgG between Fab and F(ab')2 cleavage sites and is present when both sites undergo 
cleavage. It is the difference between 2 Fabs and the larger F(ab')2.



Initial Screening of Crystallization Conditions

Hampton Crystal Screen Kits I and 2 (Hampton research) were employed to find 

crystallization conditions for the K42-41L-TGALQERSK peptide complex, based on the 

sparse matrix method of Jancarik and Kim, 1991 (Jancarik, Kim.S.-H., 1991). Each kit 

contains 48 different salt, buffer, and precipitant combinations. Together, all the 

Hampton kits have conditions that have been successful in the crystallization of over 

1000 proteins. Wells containing I mL of each reagent were set up with hanging drops 

attached to siliconized coverslips. Drops contained 1.5 (iL sample (-7-8 mg/mL Fab + 

-8 mg/mL TGALQERSK). Coverslips with hanging drops were sealed to each well lip 

with vacuum grease, which formed an airtight seal to prevent evaporation. 

Crystallization plates were incubated at 18°C. After approximately 10 days time, clusters 

of needle crystals were found for conditions 9 (30% PEG 4000, 0.1 M Na Citrate pH=6.5, 

0.2 M Ammonium Acetate) and 17 (30% PEG 4000, 0.1 M Tris HCI, pH=8.5, 0.2 M 

Lithium Sulfate) from kit one. After approximately three weeks, condition 26 of kit 2 

(30% PEG MME 5000, 0.1 M MES, pH=6.5, 0.2 M Ammonium Sulfate) also yielded 

similar needle crystal clusters. These crystals were not suitable for data collection but 

provided initial screening conditions for optimization.
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Subsequent Screening of Crystallization Conditions

Crystallographic-quality reagents found in conditions 1.9, 1.17, and 2.26 were 

purchased from Hampton Research, and finer grid screens were undertaken where the 

precipitant, buffer, and salt conditions were varied were undertaken, as shown in Table 

11. Conditions 1.09 yielded slightly better crystals when tweaked to 24-26% PEG-3000. 

Conditions 1.17 yielded better crystals with 24% PEG-3000, 2x salt. Conditions 2.26 

yielded rod-like crystals, with PEG MME 5000 conditions between 26% and 30%, 

Control wells containing peptide but not K42-41L Fab were also set up and found to not 

contain crystals. It is therefore reasonable to believe that the crystals are of K42-41L 

complexed with TGALQERSK peptide. Figure 45 is illustrative of the wide variety of 

crystal morphologies obtained by different crystallization conditions of K42-41L- 

TGALQERSK complex. Growth conditions for each crystallization trial are summarized 

in Table 11.

The largest crystals (up to about I mm by 0.2 mm) from each set of conditions were 

examined by Dr. Martin Lawrence of Montana State University for diffraction quality. 

Hampton condition 1.17 crystals did not diffract very well, despite being similar in 

appearance to the best 1.09 (not shown in Figure 45) and best 2.26 crystals (Figure 45, 

panels D, K, and L are example's). Many 1.17 conditions led to aesthetically attractive, 

but not useful fan shaped crystals (Figure 45, panels E-G). Many crystals from all three 

conditions appeared highly mosaic based on examination of the diffraction pattern 

(streaked spots) and not promising for providing data of sufficient quality for data set 

collection. One crystal from 2.26 grown under condition D of Table
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Figure 45. Examples of co-crystals of epitope peptides. A-O. K42-41L anti-rhodopsin 
antibody- TGALQERSK peptide crystals under grown with different crystallization 
conditions. P. 4B4 + EQQVSATAQ. See Table 11 for explanations of conditions used 
to grow crystals in each panel. These pictures were taken in polarized light with an 
analyzer adjusted to improve contrast. These crystals all appear colorless in the absence 
of the polarizer and analyzer. The background color is due to the birefringence of the 
plastic wells.



P a n e l
R e se m b le s W ellS o lu tio n [Antibody] 

m g/m L  ■H am p to n  K it#  f P re c ip ita n t B uffer Salt I  A ntibody
A 2.26 30% PEG M M E 5000 0.1 M M ES,pH=6.5 0.2 M Ammonium Sulfate K42-41L 5.95
B 2:26 30% PEG M M E 5000 0:1 M MBS, pH=6.5 0.2 M Ammonium Sulfate K42-41L 5.95
C 2.26 30% PEG M M E 5000 0.1 M MBS, pH=6,5 0.2 M Ammonium Sulfate K42-41L 5.95
D 2.26 .28% PEG M M E 5000 0.1 M MBS, pH=6.5 0,2 M Ammonium Sulfate K42-41L 5.95
E 1.17 24% PEG 4000 0.1 M Tris H Q , pH=9.0 . 0.2 M Lithium Sulfate K42-41L 7.10
F 1.17 24% PEG 4000 0.1 M Tris HCLpH=S. 5 0.2 M Lithium Sulfate K42-41L 7.10
G 1.17 ■24% PEG 4000 0.1 M T ris HCL pH=8.5 0.2 M Lithium Sulfate K42-41L 7.50
H 2.26 30% PEG M M E 5000 0.1 M M E S,pH =6.5 0.2 M Ammonium Sulfate K42-41L 7.10
I 2.26 22% PEG M M E 5000 0.1 M MBS, pH=6.5 0.2 M Ammonium Sulfate K42-41L 7.50
J 2.26 32% PEG M M E 5000 0.1 M MBS, pH=6.5 0.2 M Ammonium Sulfate K42-41L 7.50
K 2.26 28% PEG M M E 5000 0.1 M M ES,pH =6.5 0.2 M Ammonium Sulfate K42-41L 7.50
L 2.26 ' 28% PEG M M E 5000 0.1 M MBS, pH=6.5 0.2 M Ammonium Sulfate - K42-41L 7.50
M 2.26 24% PEG  M M E 5000 0.1 M MBS, pH=6.5 0.2 M Ammonium Sulfate K42-41L 7.50
N 1.09 25% PEG 4000 0.1 M N a Citrate, pH=5.6 none K42-41L 7.10
O 1.09 32% PEG 4000 0 .1 M N a Citrate, pH=5.6 0.1 M Ammonium A cetate K42-41L 7.10
P ' 1.24 20% isopropanol 0.1 M N a A cetate, pH=4:6 0.2 M Calcium Chloride 4B4 6.00

In cu b a tio n D rop [P ep tide]
P a n e l T e m p e ra tu re C o m position A n tib o d y B u ffe r  . A d d itiv es P ep tid e m g/m L

A 18°C 2 p.L A +  1.6 (J.LW + 0.4 JiL A d 100 mM NaCL 10 A M  Na3HPO4, pH=7.4 0.01 M Cupric Chloride dihydrate TGALQERSK 8.60 ■
B IS0C 2 J iL A + 1.6 JiL W  + 0.4 JiL A d IOO mM NaCL 10 mM  Na3HPO4, pH=7.4 0.01 M Calcium Chloride dihydrate TGALQERSK 8.60
C is°c 2 J iL A + 1.6 JiL W  + 0.4-JiL A d 100 mM NaCL 10 mM  Na3HPO4, pH=7.4 0.01 M Calcium Chloride dihydrate TGALQERSK 8.60
D 1S°C 2 J iL A + 2 JiL W - 100 mM NaCL 10 mM Na3H PO 4, pH=7.4 none TGALQERSK 8.60
-E IS0C 1.75 J iL A + 1.75 JiL W 100 mM NaCL 10 mM Na3HPO4. pH=7.4 none TGALQERSK 8.60
F 1S°C 1.75 JiL A +  1.75 JiL W 100 mM NaCL 10 mM Na3HPO4, pH=7.4 none TGALQERSK 8.60
G IS0C 1,75 JiL A + 1.75 JiL W 100 mM NaCL 10 mM  Na3HPO4, pH=7.4 none TGALQERSK 8.60
H IS0C . 1.65 JiL A -k 1.65 JiL W IOO mM NaCL IO mM  Na3HPO4, pH=7.4 2% w /v Benzamidine hydrochloride TGALQERSK 8.60
I IS0C 1.75 J iL A +  1.75 JiL W 100 mM  NaCL 10 mM  Na3HPO4, pH=7.4 none TGALQERSK 8.60
J IS0C 1.75 J iL A +  1.75 JiL W 100 mM NaCL 10 mM Na3HPO4, pH=7.4 none TGALQERSK 8.60
K IS0C 1.75 J iL A + 1.75 JiL W 100 mM NaCL 10 mM Na3HPO4, pH=7.4 none TGALQERSK 8.60
L IS0C 1.75 J i L A + 1.75 JiL W 100 mM  NaCL 10 mM Na3HPO 4, pH=7,4 none TGALQERSK 8.60
M 1S°C 1.75 J iL A + 1.75 JiL W 100 AM  NaCL 10 mM Na3HPO 4, pH=7.4 none TGALQERSK 8.60
N IS0C 1.75 JiL A + 1.75 JiL W IOO mM NaCL IOmM  Na3HPO4, pH=7.4 none TGALQERSK 8.60
O IS0C 1.75 J iL A +  1.75 JiL W 100 mM NaCL 10 mM Na3HPO4, pH=7.4 " none TGALQERSK 8.60
P IS0C 1.5 J iL A +  1.5 JiL W 100 mM  NaCL 10 mM Na3HPO4, pH=7.4 none EQQVSATAQ 10.00

Table G. Crystallization conditions used to produce crystals of FAb K42-4 IL-peptide TGALQERSK complex shown in figure P. Drop composition: A=Antibody in antibody buffer̂  
W=Well solution, Ad=Additive. Panel P isFAby 4B4-peptide EQQVSATAQ. complex.



G: K42-41L=5.95 mg/mL, TGALQERSK=S.6 mg/mL, 2x2=4 JiL hanging drops, 

reservoir solution (I mL)= 30% PEG MME 5000, 0.1 M MBS, pH=6.5, 0.2 M 

Ammonium Sulfate diffracted to approximately 2.?A. at the start of data collection and 

3.2A by the end of data collection. Resolution falls off during collection of complete 

data sets, which can take days, due to destructive effects from the x-ray beam disordering 

the crystal lattice.

The crystal described above was determined to have unit cell dimensions of 

a=76.532A, b=92.080A, and c=78.767A, with angles of a=90.000, (3=115.083, and 

7=90.000, which fits one of the primitive monoclinic space groups, likely P21 or P2,. 

Based on unit cell volume, there are probably four Fab molecules per unit cell. These 

values were determined using a 10 minute exposure at each I degree rotation interval 

over a 100 degree range. In order to solve the structure, the carbonyl groups should be 

present in the electron density and they are not visible until resolution of approximately 

2.8A is obtained, thus the resolution of the data set from this crystal (3.2A) was 

borderline, but not good enough to proceed.

Of conditions L09 and 2.26, 2.26 gave slightly better results, and it was decided to 

focus the limited amount of available Fab on further refining 2.26 conditions, hi an 

attempt to obtain better crystals of condition 2.26 necessary to collect a 2.8A or better data 

set, the Hampton Additive Screen kit I was utilized. This kit contains 24 different metal 

ions (divalent cations), organic, chaotropic* ,and amphiphilic small molecules which have
: ■ 't

often been useful in improving crystal growth as reported in the literature., (See Hampton 

Screen User Guide HR2-420 2000 for information). Crystals of K42-41L were grown 

under conditions 2.26 as described, with the addition of additive, based on concentrations
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suggested by Hampton. Most additives appeared to prevent crystal formation. However, 

0.01 M cupric chloride dihydrate (Figure 45, panel A) resulted in small clusters of large, 

rod-shaped crystals. These crystals have not yet been analyzed for diffraction quality but 

will be examined in the near future. Hanging drops containing 0.01 M calcium chloride 

dihydrate contained two crystals (Figure 45, panels B and C). The small red and orange 

crystals in the upper right of panel B are likely to be calcium phosphate crystals. The 

crystals were observed in polarized light with a variable angle analyzer to maximize 

contrast and the birefringence produced the color effects seen. The long rod shaped 

crystal is most certainly K42-41L complex with TGALQERSK peptide. Before mixing 

with reservoir solution during hanging drop setup, Fab was prepared in 10 mM 

phosphate, 100 mM NaCl pH=7.4. Thus, the phosphate in the drop, and calcium 

phosphate precipitates when calcium is used as an additive. An interesting lesson from 

the crystal in panels B and C is that it almost all other additives prevented crystal 

formation. It is possible that the reason a large crystal grew in the drop and well 

containing calcium is because the calcium phosphate precipitant reduced the phosphate 

concentration, perhaps leading to conditions more beneficial for crystal growth. Further 

investigations are ongoing, using HEPES buffer ,in place of phosphate buffer. The 

amphiphilic, micelle manipulating additive, benzamidine hydrochloride, used at 2% w/v, 

was the only other additive in whose presence crystals formed (Table P, panel H).

The Fab used in crystallization studies was purified at three different steps: Protein G 

binding of rnAbs at time of harvest from cell culture supernatant, Protein A binding to 

remove Fe and undigested mAb after ficin digestion, and FPLC using a gel filtration 

(sizing) column after ficin digest. However, the ficin digest does not cleave specifically
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at one residue in the heavy chain hinge region separating Fab from Fe, but rather there is 

a vulnerable stretch of residues in this region, with a central peptide bond most likely to 

be cleaved, but other bonds also susceptible. The possibility arises that differential 

cleavage of the Fab creates a heterogenous mixture of Fab, with a "ragged-edge" at the 

cleavage site. If this region plays an important role in crystal packing during the 

formation of the crystal lattice, even slightly different cleavage-species of Fab could 

possibly retard the growth of the crystal and. reduce the regularity of the lattice. In 

general, any heterogeneity in proteins tends to interfere with the growth, of well-ordered, 

crystals.

To investigate whether multiple-cleavage species of Fabs, impurities, or digestion 

byproducts exist after ficin digestion, which could be impeding better crystal formation, 

2-B gel separations were undertaken to more clearly detail the purity and homogeneity of 

the K42-41L mAh sample. Post-ficin digest samples of the purified K42-41L Fab 

samples used for crystallography were run under reducing and non-reducing conditions 

by Rich Barry, and the specifics of the methods, including reagents used, are detailed in

the next section of this chapter. Briefly, samples containing K42-41L after ficin
:

digestion where , subjected to isoelectric focusing on IPG strips with a range of 3-10 to 

separate constituents of the sample by isoelectric point (pi). Under reducing and non

reducing conditions, the sample-laden IPG Strips were then subjected to SDS-PAGE 

using pre-cast 10% gels, 10% homemade gels, or 8-18% homemade gels to get separation 

by size in the second dimension, also under reducing and non-reducing conditions. Some
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Figure 46. Two-dimension gel of Fein-digested K42-42L run under non-reducing and reducing conditions. A: 8-18% SDS- 
PAGE homemade gel, non-reducing conditions, showing possible identities of prominent spots. B: Calibration of 10% precast 
reduced gel using migration distances of internal standards with known molecular weights to correlate migration distance with 
molecular weight for unknown spots. C: 10% SDS-PAGE gel, reducing conditions, showing possible identities of prominent 
spots. D: 10% homemade SDS-PAGE gel, non-reducing conditions, showing possible identities of prominent spots. E: Possible 
explanation of bands of two MW sizes in D (right side).
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gels (e.g. Figure 46A and APC) were run with internal standards to calibrate the gels and 

make determination of the size and pi of unknown spots easier. The internal standard 

molecular weight calibration for the reducing gel (Figure 46C) is shown in Figure 46B. 

The molecular weight standards cannot be relied upon in the non-reducing gels since the 

hydrodynamic size is crucial for mobility in the gel and apparent molecular weight. If 

disulfides are present (as they are in mAh fragments), the proteins unfold fully under to 

different extents under non-reducing conditions in SDS.

In order to interpret the 2-D gels shown in Figure 46, a few molecular weights 

should be kept in mind: expected molecular weights on gels under non-reducing

conditions IgG (-150K D), Fab (~50K D), and Fe (~50K D); and expected molecular 

weights on gels where disulfide bonds have been reduced IgG (~25 D (light chains) and 

~75K D (heavy chains)), Fab (2 bands corresponding to the light chain and part of the 

heavy chain both ~25K D), and Fe (~25K D).

In Figure 46A (non-reducing 8-18% gel) and Figure 46D (non-reducing homemade 

10% gel), there are a series of bands with apparent molecular weights of -47,000 (labeled 

as HiLi) and -43,000 (labeled as H2L2). These apparent MW are not expected to be 

accurate on non-reducing gels but the bands are separated by about 4K. Each of these 

molecular weight species have several spots which in many cases are aligned by pi, it is 

unlikely that one size band represents Fe and the other represents Fab. Instead, it is more 

likely that the bands are from a complex of heavy and light chains, but represent the 

heavy chain that was cleaved at two or more different sites by ficin. If this interpretation 

is true, it is quite unexpected, as there is no good reason why the Fab should be composed 

of a heterogeneous mix of heavy and light chains since all IgG in the sample was derived
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from a single mAh. The K42-41L mAh was expressed in hybridoma grown in serum- 

free media, so it is extremely unlikely that any of these bands correspond to IgGs from 

calf serum. Further possibilities are discussed later in this section. The bands at about 

29,600 (labeled as Hi) and 26,000 (labeled as Ha) are likely to be various reduced forms 

of the heavy chain variable section. They are similar in molecular weight to the bands 

shown in Figure 46C (reducing precast 10% gel). Reduced light chain may be visible in 

Figure 46D as the three horizontally aligned spots in the bottom right-hand comer. We 

attribute the spots at the bottom right as due to the light chains since they are, 

homogenous in MW and the light chain is much less sensitive to proteolysis than the 

heavy chain. The cause of the plurality of spots undoubtedly leads to a plurality of spots 

in the Fab fragments. Multiple pi spots at the same molecular weight are often seen in 

proteins and are likely to be due to deamination of Asn and Gin.

In Figure 46C, it appears that one of the complex spots labeled 30,645 and 30,400
I

corresponds to either the cleaved variable portion of the heavy chain or the intact light 

chain. Both spots may correspond to the same chain (either H or L), in which case the 

gel indicates ,that the digestion site is a bit ragged, and that the bands at higher pi itfa 

severe streaking down the gel) must correspond to the other chain. Most likely however, 

the labeled spots in Figure 46C correspond to the heavy chains since they have shown 

heterogeneity in proteins and the streaked spots are likely to be light chains.

It is apparent that a number of the spots, especially spots on gels run under non

reducing gels, are currently unassignable. Experiments are in progress using Western 

blots with anti-mouse light chain antibodies to identify light chain-containing species on 

gels. The array of spots just below the lower center of gel D in Figure 46 are not likely
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due to skin keratin since skin keratin tends to form high molecular weight aggregations. 

The most likely origin of the heterogeneity in different positions of ficin cleavage in the 

heavy chain hinge region. A light (incomplete) ficin digestion can also used to make 

divalent (FabV fragments (-100 K). The cleavage site for (Fab)Z1 is further down on the 

heavy chains, away from the light chains. One possible explanation of the parallel spots 

around 47K D and 43K D with sizes differing by -4K D, is that the ficin-Fab cleavage 

site was hydrolyzed on one of the heavy chains and the (Fab)Z1 cleavage site was 

hydrolyzed on both heavy chains of the IgG, resulting in the structure shown in Figure 

46E (non-black regions of a IgG molecule). (Fab)z's are made under milder conditions 

(less cysteine to activate ficin and loosen the mAh structure and shorter digestion time) 

than Fab production, so this may be the most feasible explanation of the existence of two 

species with 4K size difference. If this is true, one way of eliminating this fragment 

would be to digest IgG with ficin for a period of time longer than the current -24 hour 

digest. However, the non-complexed heavy and light chains seen in the non-reducing 

gels suggest that excessive digestion could cleave off the disulfides connecting the heavy 

and light chains in the FAb. It is possible that some ficin has leaked off the solid support 

and has continued to digest the heavy chain during storage. Ficin can be inhibited with 

iodoacetamide, which will be tried in the future. A series of ficin digestion times, 

followed by ficin inhibition and SDS-PAGE, should be tried to find conditions optimal 

for production of homogenous FAb.
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Materials and Methods for 2-D Gels 

Taken from notes by Rich Barry

L Began with small aliquots of 8 mg/mL Fab in 10 mM PBS, 125 mM NaCl.

2. For 2-DE under reducing conditions 64 jig of Fab (8 |iL) was combined with 312 

M-L IEF buffer consisting of 8 M Urea, 1% Chaps, 1% DTT, 0.2% Carrier ampholyte on 

an IPG 3-10 strip.

3. For 2-DE under non-reducing conditions 16 p-g of Fab (2 jiL) was Combined with 

318 JiL IEF buffer consisting of 8 M Urea, 1% Chaps, 0.2% Carrier ampholytes and on 

an IPG 3-10 strip

4. Isoelectric Focusing was performed on a Bio-Rad IEF cell using active 

rehydration/ sample application at 50V for 14 hrs, followed by focusing for 60,000 volt-

hours total. .

5. After IEF, sample equilibration for the second dimension was performed under 

reducing conditions 6 M Ureai 2% SDS, 30% Glycerol with 1% DTT for 12 minutes, 

followed by alkylation with 4% Iodoacetamide in M Urea, 2% SDS, 30% Glycerol, and 

0.003% Bromophenol Blue for 12 minutes. Equilibration of the non-reduced samples was 

performed in the same manner except that no DTT or iodoaoetamide was used.

6. The equilibrated IPG strips were placed oh top of the second dimension and 

embedded in 0.5% Agarose.

7. SDS-PAGE of the reduced Fabs were performed on 10% acrylamide gels and the 

non-reduced Fabs were separated on 10% and 8-18% acrylamide gels. Second dimension 

buffer contained 192 mM Glycine, 25 mM Tris, 0.1% SDS, pH 8.3
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8. All SDS-PAGE gels were pre-focused at 16 mA/gel for 1.5 hours then run at 24 

mA/gel until the dye-front reached the bottom of the gel

9. Gels were stained using Sypro Ruby, according to the manufacturer’s guidelines, 

and imaged using the Bio-Rad Molecular Imager FX, using 532 nm excitation.

Reagents: Internal standards werp mixed in-house from proteins purchased from 

Sigma. Ultrapure Urea, SDS, glycerol, Trizma Hydrochloride, Trizma Base, 

Bromophenol Blue, and iodoacetamide were purchased from Sigma. Chaps, DTT, 

Agarose, IPG strips 3-10, TEMED, Ammonium Persulfate, acrylamide, precast 10% 

acrylamide gels, SDS-PAGE Buffer, and Sypro Ruby were purchased from Bio-Rad.
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Conclusions and Continuations

Co-crystallization of Fab and consensus epitope peptides is an ongoing project. 

Currently, the best crystals of K42-42L mAb-peptide TGAUQERSK almost, but do not 

quite diffract well enough to collect a full data set of sufficient resolution for determining 

side chain orientations in the structure. The crystals probably are good enough for data 

collection on a synchrotron, but this is not been done yet, due to accessibility issues and 

time frames involved. We are currently trying a few things to improve the quality of the 

data collected from mAb-peptide crystal:

I) Further purification. The 2-D gels of purified Fab previously discussed in this 

chapter indicate that crystallization might be aided by making the Fab more 

homogeneous. Currently, FAbs are purified by size-exclusion chromatography.



However, the gels appear to indicate that there are a lot of similar molecular weight 

species that differ in charge. These are probably FAbs cleaved slightly differently during 

the ficin digest. If the Fab is purified by ion-exchange chromatography (IEC), utilizing a 

Mono-Q (anion) and/or Mono-S (cation) followed by subsequent size-exclusion 

chromatography, the purification of Fab may be adequate to allow larger, more ordered 

crystal growth.

2) Tweak crystallization conditions. Though conditions have been optimized, it is
' . . ■ ;

always possible that there is still room for further optimization. One particular concern is 

the use of PBS in the crystallization wells and hanging drops. It is particularly worth 

noting that some of the best crystals to date have grown in drops that contained calcium 

chloride which formed a precipitate that is likely calcium phosphate. If PBS were 

replaced with another buffer at the same pH such as HEPES, crystal formation might be 

better. Switching to another buffer, however, might require re-optimization of salt, pH, 

and PEG concentrations.

3) Freezing current crystals. Due to the enormous amount of x-ray energy hitting 

crystals during normal data collection, which may take several days, considerable free 

radical damage occurs and the crystal tends to become disordered, resulting in less high- 

resolution diffraction. This damage can largely be prevented by cryocooling the crystals. 

However, proper cryocooling conditions (including the composition of the 

cryoprotectant) must be determined for each new protein crystal-type investigated.

Once we have obtained a data set at or above approximately 2.8 A, we anticipate that 

obtaining the crystal structure should not present any unusual difficulties. Because most 

of the mass of the crystal is of FAb, and FAbs have the same general structure, the phase
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problem is likely to be solvable by molecular replacement techniques. The electron 

density will be built using existing software tools. The conformation of the bound 

peptide is of primary interest. Once the 3-D structure of the peptide is obtained, the. next 

step is to overlay its structure onto the portion of the surface of rhodopsin that it is 

mimicking. This can be done using the modified x-ray structure Cf rhodopsin discussed 

in Chapter 6. This process will involve using the peptide structure as a template to 

"drive" residues comprising the epitope mimicked by the peptide into a conformation that 

matches that of the template peptide, by molecular dynamics using CHARMm. If this 

process appears to give reasonable results, other mAb-consensus epitope peptides can be 

crystallized and the bound peptides modelled into dark-adapted and light activated 

rhodopsin in the same manner.

183



184

CHAPTER 8

PROJECT SUMMARY, CONCLUSIONS, AND FUTURE CONTINUATIONS

Future Studies

The primary bottlenecks that currently exist in the antibody imprinting process are 

(I) the numbers of antibodies available against a protein target of interest are likely to be 

limited and (2) considerable effort is required to complete the antibody imprinting 

process for a large panel of mAbs against a target protein. The primary limitation to 

antibody imprinting specific to the rhodopsin system is a lack of sufficient anti-rhodopsin 

mAbs available because three different conformational states investigated. The 

imprinting process is expected to require considerable redundancy in constraints for 

confidence in the conformations deduced. It is expected that flexible loop regions of any 

protein will need to be imprinted by multiple anti-protein mAbs. Multiple mAb 

consensus epitope peptides will also need to be mapped to the protein in order to pin 

down whether residues in a potentially flexible region of the protein show consistent 

constraint patterns for all of the selecting mAbs, or whether different mAbs "trap" the 

loops in different conformations, all of which may be populated by the protein. Because 

of its multiple photostates, more anti-rhodopsin mAbs that have stronger and more 

specific preferences for either dark-adapted rhodopsin or one of its photostates 

(specifically MI, Mil, MHJ, or opsin) are necessary to further understand the structural



differences between the species that arise upon rhodopsin activation. To address these 

issues and the goal of determining the 3-D structures of rhodopsin in its primary 

photostates, several lines of research are being investigated in the Dratz laboratory. 

These include: (I) Development of a new panel of anti-rhodopsin monoclonal antibodies 

that discriminate between different photostates using rhodopsin knockout mice, (2) 

Selection of antibodies against different photostates from a phage-displayed naive scFv 

library, (3) Development of new panels of anti-rhodopsin monoclonal antibodies 

selection against constitutively active rhodopsin, and (4) co-crystallization of rhodopsin 

or peptides mimicking rhodopsin loops with anti-rhodopsin monoclonal antibodies. Each 

of these projects are discussed briefly, in the next several sections.

185

Construction of MAb Panels Against 
Different Rhodopsin Photointermediates

In order to obtain additional monoclonal antibodies against rhodopsin, and to obtain 

anti-rhodopsin antibodies that may have the potential to strongly discriminate between 

dark-adapted and light actived rhodopsin, more mAbs must be made. The scFv approach 

discussed below, if successful, may eventually obviate the need for production of more 

mAbs by hybridoma technology. However, in the near term, it seems prudent to also 

create more mAbs by hybridoma methods. This project is currently in process in 

collaboration with Dr. Paul Hargrave and co-workers, at the University of Florida using' 

rhodopsin knockout mice.



Blind mice with a rhodopsin (-/-) knockout (RhoKo) provided by Janice Lem (a 

similar strain is described in (Humphries et al., 1997)). are being used in this project 

instead of normal Rho (+/+) mice in order to potentially elicit a larger range of 

recognition of rhodopsin surface motifs by the mouse B cells. Whether or not RhoKo 

mice have an advantage over normal mice in this regard is unknown, however, the 

differences between murine and bovine rhodopsin are small enough that normal mice 

may not generate an immune response to all aspects of the rhodopsin antigen; and the use 

of RhoKo mice results in minimal additional labor.

In order to potentially discriminate further between light-activated and dark-adapted 

rhodopsin, some mice will be injected with dark-adapted ROS disks and the mice will be 

kept under dim red light through the time an immune response is developed. Other mice 

will be injected with light-bleached ROS disks and subsequently kept under normal light. 

Hybridoma cells will be made by fusing murine B lymphocyte and cells have the 

sacrificed animal and myeloma cells, according to typical procedures. The mAbs from 

individual hybridoma lines can then be assayed for preference for dark-adapted Or light- 

activated rhodopsin by ELISA or FACS scanning
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Antibodies Against Modified Rhodopsin or 
Constitutive Rhodopsin Mutants

In addition to creating a new panel of anti-rhodopsin mAbs, it may also be beneficial 

to create mAbs against different constitutively active rhodopsin mutants (reviewed in 

(Sakmar, 1998) which may have cytoplasmic surface structures similar to the normal MII



structure. Several constitutively active mutants of rhodopsin have been engineered to be 

expressed in COS cell lines (Oprian et al., 1987; Han et.al., 1996). Constitutively active 

rhodopsin mutants that may provide useful data by antibody imprinting include were 

discussed in Chapter I. Procedures for utilizing mutant rhodopsin species as antigens for 

mAb generation would be similar to those for normal rhodopsin.

Another possibility is to construct a panel of anti-rhodopsin antibodies using 

rhodopsin species with alternate retinals. For example, it has been shown that 9- 

demethyl-11 -czs-retinal retinal stabilizes a rhodopsin species with MI characteristics 

(Meyer et al., 2000). The advantage of this approach is that it would be possible to know 

a priori, the conformation of the rhodopsin species, and thus any constraints found by 

antibody imprinting could unambiguously be assigned to the proper rhodopsin 

photointermediate model.
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Selection of Anti-rhodopsin Antibodies 
from a Phase-displayed ScFv library

The Dratz laboratory is currently investigating the use of random scFv libraries 

expressed on phage (reviewed in Walter et al., 2001b) to rapidly obtain large numbers of 

anti-rhodopsin antibodies against diverse epitope determinants of rhodopsin in both light- 

activated and dark-adapted states. Because selection can be done in minutes after 

bleaching rhodopsin, it may be possible to utilize this approach to more effectively select 

for antibodies with strong preferences for MI or Mil. ScFv libraries were first reported 

by Griffith and co-workers in the 1990s (McCafferty et al., 1990; Griffiths et al., 1993)



and consist of the parts of the IgG molecule which confer antigen specificity (Figure 

47A). These regions are the antibody heavy chain variable domain (VH), and the 

antibody, connected together with a flexible polypeptide linker (Figure 47A). After 

scFvs are selected from random libraries, the affinity can be enhanced by further 

variation of scFv residues near the active scFv site by a process called "affinity 

maturation" (Pini et al., 1998), .

The scFv library being used for selection of anti-rhodopsin antibodies is the ETH-2 

phagemid library (Pini et al., 1998), a naive human library which contains single Vh and 

Vl germ line genes which are found in a large fraction of antibodies and all possible 

amino acid variations in the eight amino acids that are most central to the mAb 

recombining site. The total diversity of the ETH-2 phagemid library is approximately 

3x108 (Pini et al., 1998). Like the random peptide phage display libraries used in this 

research to discover anti-rhodopsin mAb consensus peptide epitopes, the ETH-2 scFv 

library is expressed as an extension of the M l3 bacteriophage pill protein, where the 

scFv DNA is linked to phage protein DNA sequence by an amber codon. If the phage is 

grown in an K coli strain that contains an amber suppression tRNA, the scFv is fused to 

the N-terminus of the pin phage protein. Use of a host with no amber suppressor leads to 

production of soluble scFv. Because scFv fragments are relatively large inserts (~28K 

D), M13 phage carrying them on all of the pin infection feet cannot infect E. coli cells. 

Thus, the M13 phage that are carrying the ETH-2 library are grown concurrently with

"helper phage" and the phage particles are hybrids. The phage contain a phagemid with
• . 1

the scFv library insert DNA, gene HI. The helper phage strain (VSC-M13 (Stratagene)) 

does not carry scFv on the pHI protein and is responsible for infecting E.
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Figure 47. ScFv Library Basics. A. Schematic of the scFv protein shown as a chimera 
with the M13 pill gene product. B. The pDN322 phagemid vector which carries the 
ETH-2 library. After the M 13 origin of replication (lower right), the phagemid contains a 
gene for ampicillin resistance, an E. coli origin of replication, the VH and VL chains 
separated by a linker, a stretch containing a phosphorylation site for antibody labeling 
with radioactive P32, a FLAG-tag for antibody detection, and a (His)6 sequence for 
nickel-chelate affinity chromatography, and finally the pill gene. C. Phage selection 
procedure. Figures are modified from Viti, Nilsson, and Neri (unpublished, 1998).



coll The phagemid vector, pDN332 (Figure 47B) is derived from phagemid pHENl 

(Hoogenboom et aL, 1991). There are 3-5 pm  proteins per M13, with typically 1-3 scFv 

expressed per hybrid Ml 3. Selection for the phagemid and helper phage is accomplished 

by the phagemid and helper phage carrying genes imparting resistance to ampicillin and 

kanamycin, respectively. During amplification of members of the ETH-2 library that 

bind the target protein, a strain of E. coli (TGl) that does not recognize the amber stop 

codon is utilized. In the phagemid vector, The genes for the scFv and pill are separated 

by an amber stop codon, and thus in this strain they remain linked. Once selection is 

completed, a strain of E. coli (HG 2151) is used in a large scale culture which recognizes 

the amber stop codon, and so allows the scFvs to be expressed in soluble form.

This project is currently at the point where ELISA has been done on phage clones 

indicating that some scFvs have preferences for different light-induced conformations in 

rhodopsin (Angel and Dratz,1 personal communication). Further analysis of the scFvs 

responsible for these differences is in progress.
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Project Results Summary and Justification

This dissertation reports on the application of the antibody imprinting technique to 

the study of rhodopsin structure, specifically the , cytoplasmic face of rhodopsin in 

different photostates. In part, the work reported here should be considered a foundation, 

onto which can be built further studies of the rhodopsin (and other protein) structures by 

the methods developed and or advanced in this report. The Findmap program developed



as part of this work is the first algorithm we are aware of that is able to comprehensively 

and qualitatively , evaluate and map phage-display consensus peptide epitopes to 

discontinuous epitopes on protein surfaces. By using Findmap, consensus sequence 

peptides selected by phage-display were mapped to rhodopsin, and define a network of 

125 different constraints to the structures to dark rhodopsin, metarhodopsin I, and 

metarhodopsin II. ' Antibodies with strong preferences for different rhodopsin 

conformations will need to be subjected to antibody imprinting before enough structural 

constraints exist for rhodopsin to confidently model metarhodopsin I and metarhodopsin

structures. Nonetheless, the groundwork has been laid for continuing studies both new
'

panels of additional anti-rhodopsin mAbs and phage-displayed scFv library technology to 

select more anti-fhodopsin antibodies. Additionally, computer models have been built of 

rhodopsin in a realistic water and phospholipid environment with the help of Pat Callis. 

The procedures used to develop and constrain these models provides a necessary 

component of future studies of rhodopsin by this method. We have shown how pair-wise 

constraints, based on current antibody imprinting data* can be added to a rhodopsin 

computer model, to model the structures light-activated rhodopsin photointermediates. 

Finally, x-ray crystallography has been undertaken to obtain more distance constraints on 

the surface conformation of rhodopsin by determining of the x-ray structures of 

consensus epitope peptides bound directly to the binding pocket of the antibody that 

selected them. These antibody-bound epitope structures are expected to provide the most 

detailed insight into the conformations of epitopes present in rhodopsin 

photointermediates.
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Broad Applications of Antibody Imprinting

The GPGR family of receptors is of high biologic importance, and many of the 

central ideas, including many structural insights learned from rhodopsin are applicable to 

other members of the GPCRs superfamily. GPCRs are already targets of many 

pharmaceutical firms who collectively have billions of dollars in sales worldwide 

annually. Any increase in the understanding of the structure and function of GPCRs has 

the potential to have far reaching ramifications, including the understanding of GPCR 

receptor-mediated disease states, many physiological pathways, and rational drug design.

The antibody imprint approach obviously need not be restricted to applications with 

GPCRs. Any protein that can be used in selection of antibodies, either in vivo 

(hybridoma product) in vitro (scFv library selection), can potential amenable to the 

antibody imprinting method, including other classes of membrane proteins, large 

proteins, proteins that are difficult to purify, proteins available in very small quantities, or 

other protein targets for which traditional protein structure tools are not well suited. As 

new technologies such as phage-displayed scFv library technology, high-speed DNA 

sequencers, and rapid crystallization techniques become more accessible to a broader 

section of biomedical researchers, the antibody imprinting technique should become an 

increasingly high throughput technique, and thus could become a powerful tool for 

protein structure investigation of the most difficult protein targets.
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The following is common for all phage clone sequence data tables:

Monoclonal antibodies selected phage clone peptide sequences from the J404 library, 

indicates the number of unique phage clones found with a particular sequence. For 

some mAbs, sequences were ranked by A405 in ELISA which was done in quadruplicate 

per phage clone, STD indicates the standard deviation of the ELISA data., plaque lifts 

were done for some clones and the color of the resulting spot is indicated. "Identity 

scores'! for each position in the peptide were calculated using the: best consensus 

sequence (dark boxes) only. Each exact amino acid match per unique peptide sequence 

scored "1.00". The sum total was then divided by the total number of clones with any 

residue in that position and the result converted to a percentage. "Mapping scores" for 

each position were calculated in a similar manner to identity scores, except that 

chemically, similar , residues were also considered, and scored as "0.50" per unique 

occurrence for closely related residues (medium colored boxes), or "0.25" for other 

similar residues (light colored boxes). Definitions for chemically similar residues are 

explained in Table 5. The matrix score is identical to the mapping score described in the 

body of this dissertation.

The table of data for K42-41L is in chapter 5 of the text (Table 8).



2 1 0

A lig n e d  P h a g e  C lo n e  P e p t id e  S e q u e n c e A lig n e d  P h a g e  C lo n e  P e p t id e  S e q u e n c e

s H  p
ON YI H

A E ML Q H  
A  I...............
A

ARP
O c c u p ie d 19 21 2 2 2 2 2 3 2 3 2 3 21 21
1 .0 0 2 5 9 2 8 4 2 17 9
0 .5 0 5 5 5 2 5 2 8 3 8
0 .2 5 0 0 2 0 I 2 0 0 0
C o n sesu s S I V D F S N K G

A Y I N Y  A I) A A
T f W l L E W T G R N
G M Q G E Q P

Q T S
2 3  to ta l  c lo n e s H T

Id e n tity  S co re % 11 2 4 41 9 3 5 17 9 81 43
M a tr ix  S c o re  % 2 4 3 6 5 5 14 4 7 2 4 2 6 8 8 62

S  t J H |  
T HggM
G  S  G J  P
W  G  #  D
y  G I k  a

■  V  | T g
H  R  ________
D Tjggl 
M  G  g g  A
K G  K  G

P la q u e  L if t  
A ssa y  S p o t

0.007 
1.128 
0.443 
1.530 
1.625 
1.327 
1 442 
1.443 
0.084 
1.462 
1.798 
0.083 
0.083 
1.750 
1.560 
1.498 
0.094 
1.606 
1.151 
1.114 
1.502 
1.735 
0.077

M e d iu m

D a rk

M e d iu m
D a rk

M e d iu m

19 21 22 22 23 23 23 21 21 
3 5 3 2 5 4 2  17 9 
2 5 8 9 8 0 8 3 8  
2 0 2 0 1 2 0 0 0

1 .0 6 7  A v e rag e

A  Y  I N  Y  O  N  K  G
G F L G F  E  D A A

W V  D W K G R N  
ME DEQP

Q  N Q T S
H  T

F jo l  a v e ra g e  
I 4 2 1 a v e ra g e

16 2 4 14 9 22 17 9 81 4 3
2 4 3 6 3 4 3 0 4 0 2 0 2 6 88 62 Jt2 6  a v e ra g e  

4 0 | a v e ra g e

Appendix A-I BlgN sequence and consensus data.
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A lig n ed  P h a g e  C lo n e  P e p tid e  S equence
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S
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H E
G  L
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S K S  W S M
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K G

W  A  g| R  H T t

M g R
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A
T
Y
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P W
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S g S V  
G F V G  
S G g S  
R

L 
E P

N A P  
G  Y
I
L
L
I

P
S G
L Q

S W P E

Q A L V N  
Q I
H N Si
H g
I g  V
K S L

H Q E
H g  R
V  G 
S S 

G A L
W C  R

V 
W

K g  '
Y Y 
R

B g  s s
T S Y g L  

H gK K M F Y S  
L H S

K
V G

K A
■ t |

T SJ G

P F S S  
G L W P  
T  G  ' K
P 
P

W  G  
Y Q g T G

E  S 
E  S
G  S

P V

Q
E  A  
M

N T K
S Q T A

I
G R g A R R  
G V A G A R  
G S L I G

S
F
R
S
S
V

G
V

L
N
V

A S

L
A  E 
D

Y T L

P P V E S C
Occupied 2 5 8 11 21 27 36 34 39 38 36 32
1.00 3 5 17 10 8 7 5 3
0.50 I 0 9 14 3 5 4 2
0.25 2 0 3 4 I 0 2 0
Consesus G P K A L V N 2

A A A G I I D E
N G R E V L G N
P

?
K
P

M M E

Q
Q

T H S
30 total clones T

Identity Score% 6 8 19 12 8 8 6 4
Vlatrix Score % 8 8 2 5 22 10 10 9 5

7 3 I

Appendix A-2 K16-107C sequence and consensus data.
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P laque L ift A ssayA ligned P hage C lone P ep tide  Sequence

G  F  « ■ ■ ■  N G K R G
R L G N F A PNGR

G F A P N G R
G F P  P V E T G F P LVETLMT LMT R R L

W  K W  K L D P

GKK L I V
A R W V E A
F R

E V
^ ■ p  W H G W A EVPWH
■  W  R G W A E WGWAGWA P N

G W A P N G F T VGHVS P N H V S
G K N V W A PNG

P
W P M I LGQNA P N G Q N AG W A

G R L PNGR
G  T W A PNGT A  V Dark (2x)
G  T G I) P N G T

H HMe P N
G  N G  N GWA P N

Occupied I 4 5 6 11 25 30 30 30 29 26 24 23 18 4 6 11 25 30 30 30 29 26 24 23 18 4
18 22 27 30 20 16 3 2 5

0 0 1 0  9  6  1 I 0 3 0  9  0 10 4 20 20 0 2 0 0 0 0 4 0 0 0 0 1 1 2
W A  P E V M G P L G W A  P N G K N G
F G  A A A F G  A D A  A D A
Y E G D LNGV E  G  G N R G NQMVP E P

T  H
30 total clones 

Identity Score%  
M atrix Score %

~47| average 
3 2 |  average

^Tjaverage 
^65] average

Appendix A-3 K l6-11IC sequence and consensus data.
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A lig n ed  P h a g e  C lo n e  P e p tid e  S e q u e n c e

EPV 
W  A  M D R H

A lig n ed  P h a g e  C lo n e  P e p tid e  S e q u e n c e P la q u e  L if t  A ssay  
S p o t

ligh t

VAP 
V A P  GDMVAP

light
v ery  dark

very  dark  
very  dark

ligh t

O ccup ied
1.00
0.50
0.25
C onsesus

44 to ta l clones

3 35 37  37  39 39 4 0  44 43 43
17 31 15 21 23 29 29  29  32
0  0  1 15 10 0  0  8  9
3 I I I I  10 0  I 0

I 3 35 37  37  39  39 40  44 43 43
8  31 9  11 9  15 20  8  7
0  0  0  23 25 0  0  29  35
1 1 2  2  1 9  0  0  0

R  S
K  A 
H T

E  M  V
A I I G A  
D  L  L  E  G

K
L  L  QKQVM 

N P N
Si I
T

V S W G D M V P  A
I A F A E I  I A G  
L T Y N N L L  G  E 
M G  P Q V M  K

S P

Iden tity  Score% 49 84 41 54 59 73 66 67 74
M atrix  S core % SI 84 43 74 72 79 66 77 85

I 6 3 1 average  
I 6 8 1 average

I 3 3 1 average 
I 4 9 1 average

Appendix A-4 K16-155C sequence and consensus data.
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A l ig n e d  P h a g e  C l o n e  P e p t i d e  S e q u e n c e

D H W W P  I I

Occupied
1.00
0.50
0.25
Consesus

1 1 1 1 12 24 33 34 35 34 33 32 28 23 11 2 I
8 4 10 30 27 22 13 4 3
2 5  16 1 3 8 9 6 5
4 7 0 1 0 0 1 1 0

35 total clones 
Identity Score% 
Matrix Score %

A A M G  
G G  g |  G  N

H

33 12 29 86 79 67 41 14 13 43 average
42 25 53 88 84 79 55 26 24 53 average

Appendix A-5 K16-50C sequence and consensus data.
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A ligned P hage C lone P ep tide  Sequence

C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C

F  C

Y G

O ccupied 2 2 6 34 42 44 44 44 44 42 33 36 27 2 6 34 42 44 44 44 44 42 33 36 27
1.00 6 29 13 13 18 38 41 12 13 14 12 29 27 13 10 38 41 6 8 7
0.50 13 3 28 I 0 0 0 I 2 0 10 3 14 I 3 0 0 6 0 4
0.25 9 2 3 0 9 0 0 11 0 0 5 2 3 0 0 0 0 12 0 0
Consesus C T A A E L Q E G E G C C S A G E R Q E

K G G A I E A A A A A G A A E E A A K A
S E E D V K D N D N T E N D N K I) ■  H ■>
A K K Q M D O P Q P G K P O Q D Q G  Q
G P P N N N S N S P S N N N N

S S T T S T
44 total clones T T T
Identity Score% 18 69 30 30 41 86 98 36 36 52 I 491 average 35 69 61 30 23 86 98 18 22 26
M atrix Score % 43 74 63 31 46 86 98 46 39 52 I 61 [average 54 74 79 31 26 86 98 36 22 33

A ligned P hage C lone P ep tide  Sequence

I L
M  M

I L
M  M  
L L

V M n LT A A  0  L 
S A G E R  
T A T G Q Qf f i E 
T A A G L  1 ^ 1
A A  A E R Q E  G g g

E IA A Q L L g R S V '
A G C L  L M  g

A G

F C

T 
C

l M s
V T A  
P A P V M 
V L
P Q
S W

Q E T-1 G L
I B B r  Y G
H m  r t k

Appendix A-6 K42-41L CIO library sequence and consensus data.
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A lig n ed  P h a g e  C lo n e  P e p tid e  
___________ S eq u en ce___________

A lig n ed  P h a g e  ( .'lo n e  P e p tid e  
___________ S eq u en ce
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H
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S G S W W g g
S M  F  V  G  Q  I  
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T  Q L E H g P R H
V  K T ■ g ^ g g  A

Occupied 47 47 47 47 47 47 47 47 47
1.00 24 25 27 25 26 33 22 21 29
0.50 5 10 0 0 0 0 3 14 0
0.25 0 0 0 0 0 0 I I 4
Consesus E K P W W R V K Q

A A A F F K I A E
D R G Y Y H L R K
Q Q M Q D
N T T N

30 total clones H H
Identity Score% SI 53 57 53 55 70 47 45 62
Matrix Score % 56 64 57 53 55 70 51 60 64

47 47 47 47 47 47 47 47 47 
8 8 5 12 12 33 13 11 4 
4 25 2 2 4 0  I 2 2
5 0 0 0 0 0 0 1  29

L P P R Q Q D
I A A K E E E
L G G H K K N

average
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D D Q
N N
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Appendix A-7 K60-46 sequence and consensus data.
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Aligned Phage Clone Peptide Sequence Aligned Phage Clone Peptide Sequence
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0 0 0 0 0 0 0 0 0
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Appendix A-8 TM7C sequence and consensus data.
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A ligned  P h a g e  C lo n e  P e p tid e  S equence
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0.50
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Appendix A-9 4B4 sequence and consensus data



219

■ APPENDIX B 

FINDMAP s a m p l e  in p u t  a n d  o u t pu t



Findmap Usage Notes (Tor version of 6/26/01)
The version of Findmap is shown in its associated readme file and at the start of each run. 

Usage
findmap <l/c> ccost slope> <max cost> <max num solns> cmatrix file> <probe> <target 
file> <excluded file> cconstraint file>

some later versions have the format:

findmap <l/c> ccost sldpe> cmax cost> cmax num top scoresxmax num solns> 
cmatrix file> cprobe> Ctarget file> cexcluded file> cconstraint file>

(The brackets, "c>", are not typed in).
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Sample Input
findmap I 0.5 1.5 5 argosexposed.mat TGALQERVM rho.Seq rhoextexclharsh.excl
empty » tgalmultiresults

where: .

cl/c> = choice of cost model, either linear (I) or cyclic (c). By the circular model
paradigm, Findmap attempts to map the last residue of the cprobe> adjacent to the 
first residue of the cprobe>, otherwise a gap penalty (ccost slope>) is applied exactly 
as it would for gaps between positions 1-2, 2-3, 3-4, etc. of the cprobe> sequence.

ccost slope> = This is a penalty for increasing a gap by one residue or opening a gap in 
mapping cprobe> to ctarget file>. For example, the cprobe> ABCD maps to Ctarget 
sequence> ABCXD with one gap of size I , and to ctarget sequence> ABCXYD with 
one gap of size 2. The ccost slope> scales linearly with the gap size.

cmax cost> = This is the maximum penalty that a single mapped gap can receive,
regardless of size. For example, using a ccost slope>=0.5 and cmax cost>=1.5, gaps 
of size 3 (i.e. cmax cost>/ccost slope>) or larger have exactly the same total penalty. 
If cmax cost> is not an integer multiple of ccost slope>: example ccost slope>=0.5, 
cmax cost>=l .6, then the penalty is rounded up and gaps of size 4 or larger have the 
same total penalty.

cmax num top scores> Often, many of the best mappings all have the same score. To 
restrict the total output for a Findmap run, this parameter can be set low (e.g. 25) 
otherwise use a large number such as 500.

cmax num soln gps> = The maximum number of solutions to send to output. If cmax 
num top scores> is smaller than cmax num soln gps>, then only the quantity cmax 
num top scores> will be sent to output.
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cmatrix file> = the name of the amino acid substitution matrix file to use (e.g. 
argosexposed.mat)

<probe> = the name of the probe sequence file, or an actual probe sequence using the 
one letter amino acid code (e.g. TGALQERSK). the <probe> text file must contain 
exactly one probe sequence only. The file should be a text file and consists of probe 
sequence only, followed by a carriage return.

ctarget file> = the name of the target sequence file (the sequence of the protein being 
mapped to). The file should contain one letter amino acid abbreviations in text file 
format with no spaces.

cexcluded file> = a list of excluded regions file, to not exclude any regions, type "empty" 
for this parameter. The file Should be in this format:

3 (number of excluded regions)
10 30 (the first excluded region stretches from residues 10 to 30 inclusive)
50 70 
80 90

cconstraint file> = a list of forced cprobe> to ctarget sequencer Use this option if you 
wish to fix particular residue(s) in cprobe> to always map to particular residue(s) in 
ctarget sequencer If no constraints are used, type "empty" for this parameter. The 
file should be in this format:

2 (number of constraints)
I 239 (position I of cprobe> is forced to map to position 239 of ctarget sequence>
8 238

I
The default for all output is to the screen. Summaries of mappings can be redirected to a 
text file by adding " »  filename.txt" (where filename is any name and .txt is any filename 
extension) as shown in the sample input above.

Sample Input
Input can be entered manually as, for example:

findmap I 0.5 1.5 5 argosexposed.mat TGALQERVM rho.seq rhoextexclharsh.excl 
empty » tgalmultiresults

Alternately, multiple findmap commands with all parameters can be saved in a text file 
and run from the UNIX prompt with the command: source cfi!ename> (where filename is 
a text file), for example:



G ndm ap 1 0 .5  1.5 5  a rgosexposed .m at T G A L Q E R V M  rho .seq  rhoex texclharsh .exc! em p ty  » tgalm ultiresu lts 
G ndm ap 1 0.5  1.5 5  argosexposed .m at T G PL Q E R E Q  rho .seq  rhoex texclharsh .exc! em pty  » tgalm ultiresults 
G ndm ap 1 0 .5  1.5 5  argosexposed .m at T G L L Q E A G K  rho .seq  rhoex texclharsh .excl em p ty  » tgalm ultiresu lts 
G ndm ap 1 0.5  1.5 5  argosexposed .m at S G P Q Q E R Y G  rho .seq  rhoex texclharsh .excl em pty  » tgahhu ltiresu lts  
G ndm ap 1 0 .5  1.5 5  argosexposed .m at M G PF E Q E R R  rho .seq  rhoex texclharsh .excl em p ty  » tgalm ultiresu lts 
G ndm ap 10 .5  1.5 5  argosexposed .m at T G A L Q E R H H  rho .seq  rhoex texclharsh .excl em pty  » tgalm ultiresu lts 
G ndm ap 1 0.5  1.5 5 a rgosexposed .m at Q V A A M IQ E P  rho .seq  rhoex texclharsh .excl em p ty  » tgalm ultiresu lts
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It is recommended that the output filename for individual runs in a set of scripted 
runs is the same, as shown in the above example. Findmap automatically will add to the 
file the results of the subsequent runs after the first run.

The use of scripting can be applied to searching a range of input parameters to find 
optimal mapping conditions for a peptide epitope with a known mapping, or to 
individually map each of a list of peptide selected by a particular monoclonal antibody 
(as an alternative to using consensus peptide sequences) to determine patterns of 
clustering. An enhancement to Findmap that analyzes clustering patterns for input in the 
latter format is under development, but has not been implemented at the time of this 
writing.

Later versions of Findmap may have additional parameters. See the README file 
associated with each version for details. Some older versions of Findmap are called 
"findmap2" not "findmap". ("findmap2jun" was used for many of the mappings in this 
dissertation).

Sample output to screen at start of run
findmap I 0.5 1.5 6 argosexposed.mat A YIN YQNKG rho.seq rhointexcl.excl empty 
FINDMAP revision dated 6/4/01 
Command line supplied sequence 
A YIN YQNKG 
Rhodopsin Target Sequence
MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLG
FPINFLTLYVTVQHKKLRTPLNYILLNLAVADLFMVFGGFTTTLYTSLHGYF
VFGPTGCNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFGENHAIM
GVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETNNESFVIY
MFVVHFIIPLlVlFFCYGQLVFTVKEAAAQQQESATTQKAEKEVTRMVnMVI
AFLICWLPYAGVAFYIFTHQGSDPGPIFMTIP AFFAKTSAVYNPVIYIMMNKQ
FRNCMVTTLCCGKNPLGDDEASTTVSKTETSQVAPA

Searching tree space...(I = 5000 remaining nodes in frontier)

Each node is a partially explored mapping which may generate multiple mappings 
once fully explored. The frontier is the collection of all active nodes. Nodes that are 
determined to contain no member mappings that can possible score at or above a certain 
threshold score (which is run specific) are excluded from the frontier as the program runs.
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Output of frontier size seen only on screen during Findmap runs 

A typical Findmap run begins like this:

o e '

®  ® ©  © 

© © « > © ©

A typical Findmap run pattern showing frontier size changes (each " = 5000 active 
nodes):

I
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Sample Output to screen at end of run

B e s t  6  a l i g n m e n t ( s ) :
( *  =  b l o c k e d  a m i n o  a c i d )

I.

7 8  9  6
N K  G Q

BN GTE G P N F Y V P  F  S N K T G W R S  P F E A P Q Y Y L A E P W Q F S H L A A Y H F L L lH L G F P I N F L T L YVTVQHKKLR T  1 - 7 0
* iff rt * * *' * *  * * * * * * *  * * * ^ * * * * * * * *

12
AY

P  L N Y IL L N L  AV A D L FH V F G G F T T T L  Y T S L H G Y F V F G P T G C N L E G F F  A TL G G E I  AL TJSLVVL A X E R Y V W C  7 1 - 1 4 0  
* * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

3 4 5
IN Y

K PM SN FR F G E N H A IH G V A F T W H  AL ACA AP PLVGW S R Y IP E G H Q C S C G ID Y Y T P H E E  TNNE S F V I Y H F W  1 4 1 - 2 1 0
A * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  Hrff * *  frfr* t a ,

H F IIP L IV IF F C Y G Q L V F T V K E A A A Q Q Q E S A T T Q K A E K E V T R H V IIH V IA F L IC IJL P Y A G V A F Y IF T H Q G  2 1 1 - 2 8 0  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

S D F G P IF H T I P A F F A K T S A V Y N P V IY IH H N K Q F R N C H V T T L C C G K N P L G D D E A S T T V S K T E T S Q V A P A 2 8 1 - 3 4 8
A******************1******************************,**********

S c o r e  = 0 . 5

(This sort of output is sent to the screen for each of the best mappings. The number of
best mappings to output is determined in the input by the user).

: '

A summary of each mapping is also listed to the screen, and looks like this:

parm s. 1 0 .5  1.5 I T l -> 325  G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 312 E .6->313 R .7-> 314  E .8-> 239 Q .9 -> 238  score  I 
parm s. 1 0 .5  1.5 I T l -> 325  G .2 -> 326  P .3 -> 327  L .4->328 Q .5->238 E .6 -> 239  R .7-> 314  E .8->313 Q ;9 -> 312  sco re  I 
parm s. 1 0 .5 1.5 I T l r > 3 2 5  G .2-> 326  P .3 -> 327  L .4-> 328 Q .5->248 E .6 -> 249  R .7-> 240  E .8->239 Q .9 -> 238  sco re  0.5 
parm s. 1 0 .5  1.5 I T .l-> 3 2 5  G .2 -> 326  P .3 -> 327  L .4-> 328 Q .5->248 E .6 -> 247  R ,7-> 240  E .8->239 Q .9 -> 238  sco re  6.5 
parm s. 1 0 .5  1.5 I T .lr> 3 2 5  G .2 -> 326  P .3 -> 327  L .4-> 328 Q .5->231 E .6 -> 232  R .7-> 240  E .8->239 Q .9 -> 238  sco re  0.5 
parm s. 1 0 .5  1.5 I T .l-> 3 2 5  G .2-> 326  P .3 -> 327  L .4->328 Q .5->329 E .6 -> 330  R .7-> 240  E .8->239 Q .9 -> 238  sco re  0.5 
parm s. 1 0 .5  1.5 I T .l-> 3 2 5  G .2-> 326  P .3 -> 327  L .4->328 Q .5->237 E .6 -> 236  R .7-> 240  E .8->239 Q .9 -> 238  score  0,5 
parm s. 1 0 .5  1.5 I T .l-> 3 2 5  G .2-> 326  P .3 -> 327  L .4r>328 Q ,5->236 E .6 -> 237  R .7-> 240  E .8->239 Q .9 -> 238  score  0.5 
parm s. 1 0 .5  1.5 I T .l-> 3 2 5  G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 240 E .6-> 239  R .7-> 238 E .8-> 237 Q .9 -> 236  score  0,5 
parm s. 1 0 .5  1.5 I T l -> 342  G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 312  E .6-> 313  R .7-> 314 E .8-> 239 Q .9-> 238  sco re  0.5 
parm st 1 0 .5  1.5 I T l -> 340  G .2 -> 326  P .3 -> 327  L .4->328 Q .5 ,> 3 1 2 E .6 » 3 1 3  R .7 ,> 3 1 4  E .8-> 239 Q .9-> 238  score  0.5 
parm s. 1 0 .5  1.5 I T l -> 336  G .2-> 326  P .3 -> 327  L .4->328 Q .5 -> 3 1 2 E .6 -> 3 1 3  R .7 -> 3 1 4 E .8 -> 2 3 9  Q .9 -> 238  sco re  0.5 
parm s. 10 .5  1.51 T l -> 335  G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 312 E .6 -> 313  R .7 -> 3 1 4 E .8 -> 2 3 9  Q .9 -> 238  score  0.5

In this output, the user inputted parameters are shown at left after parms.; <l/c> <cost 
slope> <max cost>. After the I, ‘ the output is listed where the first letter-number 
corresponds to the amino acid type and position in the probe sequence, and the second 
number corresponds to the target protein residue that it is mapped to. v The score for each



mapping is listed at the end of each mapping, and all mappings are sorted by score, from 
best to worst.

The summary output can be sent to a file by adding " »  <filename>" after the 
findmap command parameters, as shown in the sample input script file earlier. Output 
from a large number of parameter conditions can be collected in a single output file, and 
is recommended. This is useful for sorting through a: large number of input conditions to 
find parameters that appear to map the epitope the best. Quick searches to visually 
identify which target residues are mapped for a particular probe sequence residue can be 
done with Microsoft Word as follows:

Step I: Load the output file into Microsoft Word for Windows. The text will need to 
converted, and pop-up menus show exactly what to do in this process. On the menu the 
"Other encoding" option should be marked, and the text coding should be Unicode (UTF- 
8). You may wish to change the font to your favorite one after conversion.

Step 2: Using the highlighter marker S lB from  the Windows menu, select a (non-white)
highlighting color^^l.

Step 2: Select "Edit" and "Replace" from the Windows Menu.

Step 3: Select the "Replace" option.

Step 4: In the blank after "Find what:", type the probe sequence and target residue. For 
example using the Output above, a logical search would be "Q.5->312". Under the 
format menu, select "Highlight". The words "Format: Highlight" should appear under the 
box. Select "Highlight" again. The words should,now read "Format; Highlight".

Step 5: In the blank after "Replace with:" type the same probe sequence and target 
residue. Select "Highlight".
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If done correctly, the dialogue box should now look something like this:
2 2 6

FiQd what: J|Q .5->312
Options:
Format:

Search Down 
Not Highlight

Replace with: |q ,5->312
Format: Highlight

Less * I Replace I Replace All | Find Next | Close I

Search Options — S

Search!
P  M atchcase

J Down

P  Find w hole w oni s  ortjy

f“  Use wildcards 

r  Sounds like 

P  Find all word forms
Find ' .. . ' -------------------------- ---------- ---------------------- '

I Fgrmab "  |  Special "  I No Formatting

Step 6: Hit the replace all button. The output should now look something like this

parm s. 10 .5  1.5 I T l ->325 G .2-> 326  P .3 -> 327  L .4->328 Q .5->312 E .6->313 R .7-> 314 E .8->239 Q .9-> 238  score  I 
parm s. I 0 .5  1.5 I T l -> 325  G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 238 E .6-> 239  R .7-> 314 E .8->313 Q .9 -> 312  score  I 
parm s. 10 .5  1.5 I T I -> 325  G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 248 E .6-> 249  R .7-> 240 E .8->239 Q .9-> 238  score  0.5 
parm s. I 0 .5  1.5 I T I -> 325  G .2-> 326  P .3 -> 327  L .4->328 Q .5->248 E .6->247 R .7-> 240 E .8->239 Q .9-> 238  score  0.5 
parm s. I 0 .5  1.5 I T I -> 325  G .2-> 326  P .3 -> 327  L .4->328 Q .5 -> 2 3 1 E .6-> 232  R .7-> 240 E .8->239 Q .9 -> 238  score  0.5 
parm s. 10 .5  1.5 I T l ->325 G .2-> 326  P .3 -> 327  L .4->328 Q .5->329 E .6 -> 330  R .7-> 240 E .8->239 Q .9 -> 238  score  0.5 
parm s. I 0 .5  1.5 I T I ->325 G .2-> 326  P .3 -> 327  L .4->328 Q .5->237 E .6->236 R .7-> 240 E .8->239 Q .9-> 238  score  0.5 
parm s. I 0 .5  1.5 I T I ->325 G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 236 E .6->237 R .7-> 240 E .8->239 Q .9 -> 238  score 0.5 
parm s. 10 .5  1.5 I T I ->325 G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 240  E .6-> 239  R .7->238 E .8->237 Q .9 -> 236  score 0.5 
parm s. 10 .5  1.5 I T I > 342  G .2-> 326  P .3 -> 327  L .4->328 Q .5-> 312  E .6->313 R .7->314 E .8->239 Q .9-> 238  score 0.5 
parm s. I 0 .5  1.5 I T I > 340  G .2-> 326  P .3 -> 327  L .4->328 Q .5->312 E .6->313 R .7->314 E .8->239 Q .9 -> 238  score 0.5 
parm s. I 0 .5  1.5 I T I > 336  G .2-> 326  P .3 -> 327  L .4->328 Q .5->312 E .6->313 R .7-> 314 E .8->239 Q .9-> 238  score 0.5 
parm s. I 0 .5  1.5 I T I >335 G .2-> 326  P .3->327 L .4->328 Q .5->312 E .6->313 R .7->314 E .8->239 Q .9-> 238  score 0.5

This method is especially useful for sorting through large numbers of mappings. To 
color-code things further for easy visual inspection, each position in the probe sequence 
can be colored a different color such as:

10.05 0.3 I V.l->10 P.2->99
10.05 0.3 I V.l->10 P.2->99 
I 0.05 0.3 IV.I->371 P.2->368
10.05 0.3 IV. I->371 P.2->368

IO J ife * 103 T.5->1 Oft; W.6->357 M.7->177 R.8->178 score 6.8 
SP.4->103 T.5->10f( W.6->341 M.7->177 R.8->178 score 6.8 

,_ >lp2 P.4->103 T.5->104 W.6->357 M.7->177 R.8->178 score 6.8
I P.4->103 T.5->104 W.6->341 M.7->177 R.8->178 score 6.8

I 0.05 0.3 I V.l->164 P.2->165 H.3->162 P.4->103 T.5->104 W.6->357 M.7->177 R.8->178 score 6.8 
I 0.05 0.3 I V.l->164 P.2->165 H.3->162 P.4->103 T.5->104 W.6->341 M.7->177 R.8->178 score 6.8 
I 0.05 0.3 I V.l->97 P .2 -> 990ggU P .4-> lO 3 T.5->352 W.6->357 M,7->177 R.8->178 score6.8 
10.05 0.3 IV.I->371 P .2 -> 9 9 # ^ 1 0 2  ".4->103 T.5-> 104 W.6->357 M M M j g g g g g  score 6.8 
I 0.05 0.3 I V.l->371 P.2->99 01 P.4->I03 T.5->104 W.6->357 B H H  R.8->336 score 6.8

(Note that in this example, the "parms. " has been rem oved so as to fit each mapping onto 
one line with a larger font)
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