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Abstract:

The 67 kDa laminin binding protein (LBP) is a multifunctional molecule that is expressed in most
human tissues. It functions as part of the translational machinery within the cell, as well as on the cell
surface as a laminin receptor and is also secreted to the extracellular space. The upregulation of
expression of this protein in tumors is a hallmark of malignant disease and a negative prognostic factor.

In order to elucidate the molecular mechanisms of laminin binding by this protein I conducted the
phage display peptide library screening of the epitopes of LBP that are involved in interactions with
laminin through both peptide 11 and associated heparan sulfate moieties. Three epitopes were mapped,
the central palindrome sequence of the previously characterized peptide G (LMWWML), the
LBP205"229 peptide and D/EWS repeats located in the CAerminal part of the protein. The
LBP205"229 peptide was shown to bind both peptide 11 and heparan sulfate in in vitro ELISA plate
assays. The synthetic peptide containing consensus D/EWS repeat sequence was found to partially
inhibit LBP-mediated adhesion of cancer cells to laminin. These findings allowed the building of a
comprehensive model of the complex interactions between LBP and laminin.

I have also demonstrated the enzymatic activity of LBP. I have shown that this protein displays a
sulthydryl oxidase activity in vitro, which, at least in part, is not dependent on cysteine residues. This
makes LBP distinct from most other known similar enzymes and opens the possibility of elucidating
the role of LBP shedding by cancer cells.

Homology modeling of the N-terminal domain of LBP allowed me to predict the tertiary structure of
the part of the protein involved in ribosome function. An analysis of the possible involvement of LBP
in protein-protein and protein-RNA interactions within the eukaryotic ribosome is provided.
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ABSTRACT

The 67 kDa laminin binding protein (LBP) is a multifunctional molecule that is
expressed in most human tissues. It functions as part of the translational machinery
within the cell, as well as on the cell surface as a laminin receptor and is also secreted to
the extracellular space. The upregulation of expression of this protein in tumors is a
hallmark of malignant disease and a negative prognostic factor.

In order to elucidate the molecular mechanisms of laminin binding by this protein
I conducted the phage display peptide library screening of the epitopes of LBP that are
involved in interactions with laminin through both peptide 11 and associated heparan
sulfate moieties. Three epitopes were mapped, the central palindrome sequence of the
previously characterized peptide G (LMWWML), the LBP?**?* peptide and D/EWS
repeats located in the C-terminal part of the protein. The LBP?*>?* peptide was shown to
bind both peptide 11 and heparan sulfate in in vitro ELISA plate assays. The synthetic
peptide containing consensus D/EWS repeat sequence was found to partially inhibit LBP-
mediated adhesion of cancer cells to laminin. These findings allowed the building of a
comprehensive model of the complex interactions between LBP and laminin.

I have also demonstrated the enzymatic activity of LBP. I have shown that this
protem dlsplays a sulthydryl oxidase activity in vitro, which, at least in part, is not
dependent on cysteine residues. This makes LBP distinct from most other known similar
enzymes and opens the possibility of elucidating the role of LBP shedding by cancer
cells. :
Homology modeling of the N-terminal domain of LBP allowed me to predict the
tertiary structure of the part of the protein involved in ribosome function. An analysis of
the possible involvement of LBP in protem—protem and protem—RNA interactions within
the eukaryotic ribosome is provided.




CHAPTER 1

~ INTRODUCTION

Cancer is the second leading cause of death in the United States following cardio-
vascular insufficiency. According to the American Cancer Society about half of all men
and one third of all women will develop cancer in their lifetime. Every year, over
500,000 people in the US alone die as a result of various forms of cancer. This amoﬁnts
to aimost a quarter of all deaths in the country, according to the National Center for
Health Statistics. In 1995, for example, 1.25 million people were newly diagnosed with
cancer, excluding non-melanoma skin cancers (more than a million cases a yeaf), and
0.55 million patients died. A lot of scientific effort has gone into researching the
molecular mechanisms of malignancy, or, speaking in lay terms, elucidating what allows
a normal cell to become cancerous and what are the changés in its physioiogy that
accompany such a transition. This change, called malignant transformation, involves all
aspects of cell biochemistry, from the maintenance of genome integrity to the interactions
with other cells and extracellular matrix. Because of the large number of factors involved
in malignant transformation, each research group focuses on a small facet of the problem,
which by itself may not advance our understanding of cancer, but when taken together
with all the current knowledge, provides the big picture of fundamental mechanisms of

cell function. In this dissertation, I present the results of my research of one of the many




factors that are known to be involved in progression of metastatic disease, the 67 kDa

metastasis-associated laminin binding protein.

The model of carcinogenesis

Cancer (malignancy) is a genetic disease, yet it is rarely inherited. It is a direct
result of genome instability, an inherent ability of all cells to mutate. Development of a
cancerous tumor results from accumulation of a large number of mutations and
phenotypic expression of these mutations. A tumor is comprised of the progeny of a
single progenitor cell that has acquired a sufficient number of mutations to alter the
normal functioning of the genome, which lead to the loss of control of cell cycle
progression. In the case of single-celled organisms such mutations might give an ﬁltimate
selective advantage, but for multi-cellular organisms such behavior of a cell within a
body spells doom. It can be said tﬁat thé risk of cancer is the price that we pay for the
benefit of multicellularity.

A hallmark of malignant cells is their independence of the exogenous stimuli that
promote or inhibit the division rate. This loss of exogenous inhibition leads to the
uncontrolled growth of a tumor mass that is primarily limited by the availability of
nutrients and oxygen. | Not every tumor is malignant. A malignant tumor (cancer) is
characterized by the following criteria:

1. Invasiveness




2. Potential to metastasize
3. Failure to unciergo terminal differentiation

In some types of cancer, non-malignant tumors may give rise to cancer by the
process of accumulation of sequential mutations. This is the case for the tumors (;f the
gut, in which sequential mutations and chromosomal alterations affecting APC
(Adenomatous Polyposis Coli), k-Ras, DCC (Deleted in Colon Carcinoma) and p53
genes were shown to accompany the progression from dysplasia to adenoma to
adenocarcinoma. In other cases, there is less clinical evidence to support the evolution of
a non-malignant precursor into cancer.

The pathway that leads from a normal cell to a malignant one is referred to as
carcinogenesis. Accérding to the 'accepted model, carcinoéenesis is a multi-step process
that can be broken down into four consequential steps:

I. Initiation

II. Promotion
III. Malignant conversion -
IV. Tumor progression

During the initiation step, DNA is ﬁutated or the genome is otherwise altered.
This can result from the action of environmental carcinogens, either chemical (e. g.
benzopyrene, aflatoxin), physical (ionizing radiation, UV light, asbestos fibers) or viral
(e, g. Hepatitis B and C viruses, Human Papilloma virus, Ebsein—Barr virus, Human
Immunodeficiency virus). Such mutations or alterations are often silent and may persist

in the cell population for years or even a lifetime without any phenotypic manifestation.




During the promotion step, the replication rate of initiated cells increases in response to
extracellular carcinogenic stimuli (such as UV-B light), some chemical carcinogens or
mitogenic factors (such as estradiol), or under the conditions of chronic inflammation.
Increased division rate leads to faster accumulation of random mutations as a result of
DNA replication errors and gives the promoted clone selective advantage over the
adjacent cells. Tumor promoters expand the number of cells at risk of malignant
conversion, the threshold event after which progression of cancer becomes irreversible.
Malignant conversion marks the transformation of the genetic and epigenetic changes
accumulated during initiation and promotion into the malignant phenotype. At this step a
converted cell becomes able, in the process of tumor progression, to give rise to a tumor
which will possess all the traits of malignancy: invasiveness, ability to spread to distal
sites and lack of differentiation. A critical factor in tumor progression is angiogenesis, or
the ingrowth of new blood vessels that supply the growing tumor with nutrients and
oxygen. It)is believed that a tumor larger than 3 mm’ in size has to e’stablish its own
blood supply in o'rder to continue growing. Moreover, neovascularization of tumors
provides a gateway for spread of cancer cells to distal sites in the body. Angiogenic

vessels usually have thinner walls with less formidable basement membranes than normal

vasculature and therefore are easier to penetrate for the intravasating cancer cells.




Factors affecting tumor behavior

Cancer mortality and morbidity vary greatly with the stage and grade at diagnosis,
organ of origin, and the overall physical condition of a patient. Non-melanoma skin
cancer and pancreatic adenocarcinoma mark the two extremes, with the former being
almost harmless (yet very defacing sometimes), and the latter resulting in nearly 100%
mortality within 6 months of diagﬂosis. The surgical stage of the tumor is a cr>ucia1 factor
that serves as a good prognosticator for the outcome of the disease. Different criteria are
used to determine the tumor stage for different types of cancer, but the following factors

are invariably considered:

1. Size of the primary tumor
2. Presence of local or distal metastases/invasion through basement
membranes

It is obvious that large size and invasiveness of tumors, as well as their ability to
spread to lymph nodes and to distal sites, leads to a bleak outlook for survival. In the
context of the carcinogenesis model presented above, it is also presumed that these
phenotypic traits of a tumor are intimately connected to the set of genes whose function
or expression has been altered. It therefore becomes very important to identify and study
the factors that lead to, of accompany, the acquisition of a more invasive and metastatic
phenotype. A large number of genes have been identified, for which alteration of

expression leads to the development of a more invasive and more rapidly metastasizing




tumor. Besides well-known protooncogenes and tumor suppressor genes that represent
common targets for accumulation of mutations during early steps of carcinogenesis,
alteration of function of other genes is required for tumor progression and- generation of

distant metastases. Such targets include:

1. Extracellular matrix (ECM) receptors that control cell adhesion and
motility

2. Secreted proteases and their receptors

3. Proteins that control responsiveness of a tumor to endocrine and paracrine

stimulation, such as hormone receptors and their coactivators, and
4. Factors that regulate neovascularization of tumors, such as VEGF and
enzymes involved in angiostatin producﬁon.
In the present study I investigated biochemical and structural characteristics of the
67 kDa non-integrin laminin binding protein. This is one of the }proteins that are involved
in the interaction of a cancer cell with the extracellular matrix, whose expression is
altered during cancer progression, and £hat contributes to the development of the

malignant phenotype.

67 kDa Laminin Binding Protein in cancer progression

In order to be able to escape the primary site and start a secondary tumor, a cancer
cell has to possess the following traits:

1. Motility, i.e. it should be able to propel itself through the adjacent tissue |




2. Ability to degrade the basement membrane that in most cases separates the

tumor site from the surrounding stroma, blood, and lymphatic vasculature

3. Ability to stimulate formation of angiogenic vessels by vascular

endothelial cells. Establishing an independen’é blood supply does not only
permit further growth of a tumor, but also provides a gateway into the
bloodstream.

It is quite natural that proteins that are involved in the development of any of
these traits have been thoroughly studied. Such interest has been stimulated not only by
natural curiosity to dissect the molecular mechanisms of metaétasis, but also by a widely
accepted notion that blocking the manifestation of any of these phenotypes will greatly
reduce the rate of metastasis and, therefore, will help to save the lives of many patients. A
lot of effort has gone into development of therapeutic agents that would either prevent
proteolytic degradation of basement membranes, or inhibit angiogenesis. Some of these
agents have actually shown promise and are now being tested in clinicr;ll trials. Among
the many proteins and pathways that researchers attempted to target with antagonists or
inhibitors, the 67 kDa laminin binding protein is a unique protein for many reasons. It is
ubiquitously expressed and nearly every cell in the body relies on it for survival. It is
involved in such diverse processes as protein synthesis and cell adhesion. It interacts with
a variety of substrates, ranging from histones to prion proteins. It is an adhesion molecule
that is at the same time associated with ribosomes, localizes to the nucleus and is shed in

the extracellular medium. It possesses an enzymatic activity. Most of its sequence is




conserved in evolution from archaea to humans. Its upregulation is symptomatic for more

invasive and aggressive cancers.

The story of discovery

In 1983, Lance Liotta and his group discovered a receptor-like moiety on the
surface of MCF-7 mammary carcinoma cells that had high affinity for laminin-1. They
demonstrated that laminin-1 isolated from Engelbreth-Holm-Swarm (EHS) tumors
specifically binds MCF-7 cells (and other cancer cells tested), and mediated their
attachment to collagen-IV. The binding had a Kd of 2-50 nM, witﬁ an estimated 10,000-
50,000 binding sites per cell. Usiné limited proteolytic cleavage, they élso generated
fragments of laminin and showed that the cell-binding site on laminin is located near the
intersection of the short arms (181). In a separate study, the same group of authors has
isolated the laminin receptor from the membrane extracts of the B16BL6 murine
melanoma cells using laminin affinity chromatography (145). The isolated receptor had a
molecular weight of approximately 67 kDa. It was able to bind laminin with a Kd = 2.0
nM, which is close to the Kd of the whole B16BL6 cells or isolated membranes. The
number of binding sites was estimated to be approximately 116,000 per cell. At the same
time, an independent group of researchers isolated a 69 kDa laminin receptor from the
surface of murine ﬁbrosarcpma cells, which, similarly to the receptor isolated in other

works, had a Kd for laminin of 2 nM, identical to that of the intact fibrosarcoma cells




(107). Approximately 50,000 bindi1'1g sites for laminin were shown to be present on the
surface of these cells. In 1986, the laminin receptor from human tissues was further
characterized with participation of the same group of researchers. The receptor was
isolated from the membrane fraction of a variety of normal and neoplastic tissues using
laminin affinity chromatography (199). The procedure included washing the column with
0.3 M NaCl before the laminin receptor was eluted in 1 M NaCl, indicating a high-
affinity interaction. It was found to migrate as a single band/spot on one- and two-
dimensional SDS-PAGE, demonstrated apparent electrophoretic mobility of 68-72 kDa,
depending on the source tissue, and a pI of 6.4+0.2. While the intact protein appeared to
be resistant to direct sequencing, probably due to the blocking of the NH, terminus, the
authors succeeded in obtaining a partial sequence by using a cyanogene i)romide-
generated fragment of the protein. The authors used a previously characterized antibody
to the purified laminin receptor (98) to screen a A phage — based human umbilical vein
endothelial cell (HUVEC) cDNA library. By using this strategy they isolated a set of six
partial cDNAs, all of which contained the sequence corresponding to the oligopeptide
sequenced before. While these cDNA fragments did not represent a complete cDNA for
the receptor, the longest one comprised an uninterrupted reading frame which encoded
253 amino acids, while all six fragments covered the common C-terminal 155 amino
acids and terminated with a stop codon. The 3’-untranslated region varied in these clones.
When this incomplete cDNA was used as a probe in Northern blotting, it hybridized with
a ~1700 bp RNA, present in all cell lines tested. -Interestingly, the amount of RNA

detected on these Northern blots correlated with the metastatic potential of the cell line
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tested, and with the amount of laminin receptor protein present on the surface of the cells.
However, it was not until two years later that this observation was linked to the role of
this protein in metastasis. The first report linking this newly characterized laminin
receptor with tumor progression came in 1988, when an independent group identified the
laminin receptor cDNA when searching for genes that are differentially expressed in
colon carcinoma and normal gut tissue (208). A cDNA clone containing a partial laminin
receptor coding sequence hybridized With a single band of ~1200 bp in RNA extracts
from normal tissue and surgical gut carcinoma specimens. The signal was up to 9-fold
higher in carcinoma RNA extracts, compared to normal tissues. These results were later
confirmed by the serial analysis of gene expression (SAGE) analysis
(http://www.sagenet.org/Transcriptome/Table3.htm and http://www.sagenet.org/
cancer/CTCL-NC/Ctl-nc1.htm) When total RNA from twenty independent surgical
specimens was analyzed, all but one showed an increased level of the putative laminin
receptor RNA. Using this partial cDNA clone as a probe, the authors screened a cDNA
library produced from a colon carcinoma tissue and thus obtained a full-length cDNA for
the laminin receptor. It included a sequence identical to that previously described (199)
and contained an open reading frame coding 295 amino acids. Analysis of the primary
protein sequence revealed no signal sequence for entry into endoplasmic reticﬁlum and
no N-glycosylation signals. A hydropathy plot suggested the presence of hydrophobic
regions in the N-terminal part of the protein that may serve to anchor the protein to the
membrane. However, no canonical transmembrane domain was detected. The C-terminal

part of the deduced protein contained a strongly negatively charged region between



http://www.sagenet.org/Transcriptome/Table3
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residues 200 and 230 and a overall lack of positively charged residues after residue 225.
Thus, the C-terminal 70 aa fragment is extremely acidic, carrying 13 aspartic and
glutamic acid residues and not one basic amino acid. Also, the authors reported two
repeats of TEDWSAXP (264-271 and 273-280), two repeats of AAAXXA (91-96 and
216-221), three repeats of KEE (11-13, 212-214 and 224-226), two repeats of
(E/D)XXXEMD)XYXYK/R)XXX(E/D) (31-44 and 1'96-209), six repeats of
(E/D)(E/D)M and one palindromic sequence LMWWML (173-178). Interestingly, the
DWS sequence is found twice within the larger repeat mentioned above, and two more
times outside of this repeat. Also, there is a related TEW sequence seen in the vicinity of
the DWS repeats (284-287). An interesting fact is that the isolated cDNA only coded for
a protein with a deduced molecular weight of 32,817 Da, while the previously
characterized laminin receptor has an electrophoretic mobility corresponding to 68-72
kDa (199). This finding initially cast doubts on the identity of the protein isolated in
earlier work (98, 199) and the putative protein encoded by the isolated cDNA clone.
However, the epitopes that were recognized by antibodies directed against purified 67
kDa laminin receptor (200) are entirely present in the deduced protein sequence. It was
postulated that the 32 kD.a protein encoded by the deduced sequence undergoes a
i)osttranslational modification that results in the increase of molecular weight. Another
report, published by the same group that had first described the 67 kDa laminin receptor
on the surface of cancer cells in 1986, has presented evidence that this protein plays a
critical role in attachment and migration of melanoma cells on a laminin substrate. The

authors have found that a polyclonal antibody directed against a C-terminal peptide 270-
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290 (which contains 2 TEDWS repeats) significantly inhibited attachment of the A2058
human melanoma cells. Interestingly, the antibody generated against a synthetic peptide
corresponding to the another region, 165-184, later shown to be one of the major laminin
binding sites (32), did not inhibit cell attachment to the same degree as the antibody
against the more C-terminal peptide. It was also shown that antibodies against the
purified laminin receptor, as well as antibodies against synthetic peptides, were able to
inhibit migration of the A2058 cells in response to laminin (200). At the same time, a
specific laminin receptor with a molecular weight of approximately 70 kDa was
described on activated macrophages (80, 201). The authors proposed a link between the
increased production of laminin by more invasive cancer cells (106, 192) and the ability
of activated macrophages to recognize tumor cells, by virtué of the macrophage laminin
receptor, and kill them. In a different study, activated macrophages appeared also to
express elevated amounts of cell surface-bound laminin (202). These observations fit well
into an established paradigm that expressed laminin, being immobilized on the cell
surface through a surface-expressed laminin receptor, mediates cell attachment and
motility. However, there is no conclusive proof that the described laminin receptor on
macrophages is identical to that described in previously mentioned works. In fact, the
authors also mention that along with laminin, activated macrophages also express a
lectin-binding protein on their surface (202). Since there are several carbohydrate-binding
proteins of similar molecular weight (142), it remains unclear which protein was
identified as the laminin receptor on macrophages. In recent years, LBP was also

implicated in apical ectodermal ridge — mesoderm interaction during embryogenesis in
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chicken (77), spermatogenesis in mouse (64), and embryo implantation (191, 211). It was
also isolated from various cell types and tissues, including liver (2), muscle (97), platelets

(178) and kidney (159).

67 kDa LBP and cancer pathology

Upregulation of expression of LBP in cancerous tissues was well documented in
the early reports on this protein (see “the story of discovery” section). The function- -
blocking antibodies against LBP reduce the rate of experimental metastasis (134), cancer
cell attachment to laminin, and migration on laminin (98, 200). In addition, expression of
LBP correlates with angiogenesis, which is a prerequisite for metastasis, in both tumor
and normal organ development (115, 176). This subchapter deals with the implication of

the 67 kDa LBP in various forms of cancer.

Gut carcinoma

The positive correlation between expression of LBP and progression of colon
carcinoma (Dqke’s stage) was documented relatively early (39, 103). It was shown that
the LBP mRNA level is increased in the tumor tissue, compared to the adjacent normal
epithelium, in all but one of 21 cases studied, which is compatible with the similar results
from another group (208). More interestingly, the ratio of tumor:normal LBP mRNA
correlates well with the Duke’s stage. Three to ten times more LBP mRNA was found in

Duke’s D tumors (distant metastases present) than in normal tissue, while in Duke’s A
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(penetration limited to submucosa) tumors, the level of the LBP mRNA was barely
elevated at all. The authors presented evidence of a steady increase in the tumor:normal
LBP mRNA ratio spanning the entire range of Duke’s stages (A through D). Also, a
positive correlation between the number of primary tumors, as well as the presence of
distant metastases, and LBP expression was reported. An increased LBP mRNA
expression in colon adenocarcinomas was also documented by in sifu RNA hybridization
(23). A positive correlation between LBP expression at the protein level and Duke’s
stage was also documented (49). In a different work, increased expression of LBP mRNA
was found to be inversely correlated with the expression of another non-integrin laminin
receptor (termed 31kDa HLBP), which is homologous to the murine galactoside-binding
lectin (27). The biological significance of this finding is unclear. The expression of LBP
in colon cancers is not only upregulated at the transcriptional level, but also at the protein
level, as was demonstrated in a large-scale study involving over 300 samples of normal
tissues, polyps, carcinomas, and Ilymph node metastases (160). Using
immunohistochemical staining with a monoclonal anti-LBP antibody, it was shown that
the frequency of cells positive for LBP expression increases from normal tissues to
adenoma to carcinoma to lymph node metastases. Frequency of LBP expression was also
found to correlate with the stage of colorectal carcinomas. These results are compatible
with the earlier results of Cioce and coworkers (39), who demonstrated a positive
correlation between the 67 kDa LBP exp;'ession and Duke’s stage in colon carcinomas.
Interestingly, no correlation between immunoreactivity with the anti-LBP antibody and

histological grade was discovered in this work.
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Lung cancer

The LBP ¢cDNA was isolated from a cDNA library of two lung cancer cell lines
and was found to be more abundant in these cells than in a normal lung epithelium (163).
Cell surface expression of LBP was also demonstrated in eleven independent small cell
lung carcinoma cell lines and a direct correlation between the expfession level of 67 kDa
LBP and VLA-6 integrins was observed. Interestingly, the expression of LBP was found
to correlate with the presence of extracellular laminin in culture (140). Small cell lung
carcinomas also showed increased expression of LBP mRNA (162). In clinical studies,
the increased expression of the 67 kDa LBP in non-small cell lung carcinomas correlated
with nodal involvement, Ki-67 levels, and blood vessel penetration (61). Since all these
factors are negative prognostic factors, it can be envisioned that LBP expression also
correlates with poorer prognosis in these patients. Partial inhibition of LBP expression by
expression of antisense mRNA in murine lung cancer cell line results in lower
proliferation rate, weaker adhesion to laminip, substantial decrease of tumor mass, and
reduced number of metastases in recipient mice (161). These effects were attributed to
the lower neovascularization of LBP-diminished tumors (177). On the other hand,
expression of LBP correlates with the tumor infiltration by y& T-lymphocytes, which
mediate an antitumor immune response (60). These y6 tumor-infiltrating lymphocytes
(TILs) specifically kill tumor cells in a process that involves i;lteraction between a TIL

and 67 kDa LBP expressed on the tumor cell (59).
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Breast cancer

One of the first descriptions of LBP was made while studying attachment to
lafninin by two breas.t cancer cell lines (181), and soon LBP was idenﬁﬁed on breast
cancer cells in patienté (9, 125, 199). Numerous lines of eﬁdence link the 67 kDa LBP to
the progression of mammary carcinomas. So, while LBP‘ .is almost undetectable by
immunostaining in normal breast epithéiium, as well as in benign breast tumors, its
expression is markedly increased in carcinomas, both invasive and in sifu, and the
amount of LBP present correlates with the invasiveness of the tumor (29, 76, 110, 193)
a;nd. metastatic potential (122). The analysis of LBP expression in surgical specimens
suggests positive correlations with tumor size, lymph node involvement and negative
correlation with survival time after surgery (109). In primar}‘r breast tumors,
“overexpression of LBP also coﬁelates with the chance of local recurrence and lymph
nodal relapse within metachronous‘_ contralateral lesions (51). The prognostic value of
LBP correlates with laminin expression, as patients with breast carcinomas expressing
both laminin and LBP were shown to have the worst prognosis, while LBP- and laminin -
negative tumors appear to be the least dangerous (141). Interestingly, laminin was shown
to inhibit mitogenic action of estrogen on estrogen receptor (EsR) positive breast cancer
cells (203), which indicates that laminin expression may have either positive or negative
influence on tumor behavior, depending on other factors, such as LBP and EsR status. On

the contrary, in mammary carcinomas without lymph node involvement, LBP was shown

to have no prognostic value as far as survival and disease-free times are concerned, and
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positive correlation was observed with the histological grade in these tumors (131).
Additiqnally, in this set of patients, LBP expression correlated with estrogen receptor
expression, which is a positive prognostic factor. Expressioﬁ of LBP was found to be
upregulated in breast carcinomas compared to the adjacent normal epithelium and a
positive correlation was observed between the invasiveness of tumors and the LBP status
(49). In the cell culture model, LBP expression was found to be much higher in a more
invasive and aggressive subclone of the T47D breast carcinoma ceil line than in the less
invasive parental line (166). Contrary to the paradigm of LBP overexpression as a
negative prognostic factor in human cancers, some authors found positive correlation
between LBP expression and survival or no correlation at all (52, 108), although the
identity of the laminin receptor being detected in these studies and LBP is not proven.
While the independent prognostic valu;e of LBP expression remains controversial, some
authors have suggested a combination of expression of LBP and other mitogenic factors
as a good prognosticator (46). A correlation, although not statistically significant,
between LBP expression and tumor vascularization was observed in node-negative breast
cancers (14, 66), which is consistent with the observation that LBP expression correlates
with angiogenesis in a lung cancer experimental system (177).

LBP was shown to be identical to the independently characterized 37 kDa
oncofetal antigen of breast carcinomas, acquisition of which by tumor cells correlates
with increased invasiveness and suppression of cytotoxic antitumor immune response
(45, 152). It is surprising, however, that this protein was previously characterized as a 44

kDa glycoprotein (152), while the 67 kDa LBP does not contain any consensus
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glycosylation signals and experimental evidence suggests that this protein is not
glycosylated (94). |
Expression of LBP was found to be responsive to such breast cancer - relevant
mitogens as estradiol and progestins, and in case of estrogen, this effect is mediated by
cellular estrogen receptor (31, 166, 190). Interestingly, a positive correlation between
LBP expression and EsR status was observed in lymph node-negative breast carcinomas,
with 78% of LBP po‘sitive tumors being also positive for ER (131). Serial analysis of
gene expression (SAGE)’ data also indicate that expression LBP on mRNA level is
upregulated up to 5-fold three hours after estradiol treatment (37) (and

http://sciencepark.mdanderson.org/ggeg/).

Other cancers: thyroid, ovarian, cervical, gastric, nervous and lymphoid tissue

While the fole of LBP is best studied in the above mentioned types of cancer, its
expression was also found to correlate with negative prognosis and disease progression in.
thyroid cancers (10, 128), as well as cervical (1), gastric (49, 96), liver (148) and ovarian
(187) carcinomas. In case of cervical carcinomas, contradictory evidence emerged, with
one report suggesting lack of correlation between LBP expression and invasion (55).
Elévated expression of LBP on mRNA level was also described for pancreatic carcinoma
(75). LBP was found on a small subset of high g;rade B cells in lymphomas, both
Hodgkin’s and non-Hodgkin’s, and on approximately 30% of anaplastic large cell

lymphomas, of both T- and B-cell origins (25). Relevance of LBP expression in
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lymphomas was never elucidated. LBP was found to be differentially expressed on the
mRNA level in chronic leukemia, with suppression in the chronic phase and upregulation
in the acute phase (50). Interestingly, in this work authors observed a very prominent 5.5
kbp mRNA species in addition to the previously described 1.2 kbp mRNA (103, 199,
208), and the amounts of the 5.5 kbp and 1.2-1.7 kbp mRNAs seemed to be inversely
proportional. In the neuroblastoma cell culture model is was shown that differentiation of
these cells is accompanied by the decreased expression of LBP, which indicates that this

protein may represent a prognostic marker in progression of neuroblastoma (19).

Phylogenetic relationships of the LBP

(19982

LBP is a member of the family of ribosomal S2p proteins, where “p” denotes
homology to prokaryotic S2 proteins to avoid terminological confusion. Homology
between LBP and S2p ribosomal protein is limited to the N-terminal two-thirds of the
sequence. Mammalian LBP is almost 30% identical to the bacterial S2p in this region.
Unlike the N-terminal domain, which is very well conserved in all species studied, the C-
terminal domain, which is responsible for laminin binding in higher eukaryotes, is highly
divergent. Some conservation of this domain is observed in multicellular organisms
which express laminin, while in single-cell organisms this domain can differ a lot from
species to species. The distinct separation of functions between the N-terminal domain,

which is homologous to S2p proteins, and C-terminal domain, which contains features
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necessary for laminin binding, has promptgd resedrchers to hypothesize that LBP of
higher eukaryotes has evolved by addition of a novel laminin-binding domain to the S2p
progenitor and conservation of the laminin-binding determinants in this domain, such as
“peptide G” (see below) (3). The homology between LBP and ribosomal proteins spans
residues 1-185 (see figure 4.1). The exact boundaries of the homologous region do not
match the intron-exon structure of the gene (85), although an attempt was made to limit
the novel laminin-binding domain to exons 5 and 6, which start at position 209 (41)
(Positions are given according to the human LBP sequence (163, 199)). There are several
proteins that are analogous in function, but not homologous to LBP (116, 117) (and
references therein). These include 110 kDa and 180 kDa laminin binding proteins
isolated from membranes of neuroblastoma cells (79, 91) and a 30 kDa laminin binding
glycoprotein from peripheral nerve membranes (157). There is also a variety of
oligosaccharide-binding laminin feceptors, such as the 67 kDa elastin/laminin binding
"protein which apparently biﬂds carbohydrates on these ECM proteins (73, 118, 119, 142),
14 kDa LBP isolated from human melanoma cells (30), and 50 kDa and 18 kDa galectin-.
like i)roteins from porcine neutrophils (89). In other species, apparently unrelated laminin
receptors were shown to be present on the surface of C. albicans (69, 205) and 4. niger

(185) cells and in a variety of bacteria (99, 133, 186, 194). ,'
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Translational regulation

Expression of LBP is thought to be under translational control. It was noticed that .
the amount of expressed protein may not correiate with the amouht of' the mRNA present
in the cell (95). LBP mRNA was found within RNP particles typical of the “cryptic”
(neither translated nor degraded) mRNA and has sequence features in the 5°’-UTR

characteristic of the RNAs that are under translational control (105, 206).

Dimerization and cell surface expression

The mRNA for LBP detected in normal and.cancer cells is 1.2-1.7 kbp long (103,
199, 208), and the deduced open reading frame codes for a polypeptide with the expected
molecular weight of 32 kDa. However, the major surface-expressed protein
corresponding to this mRNA has an apparent electrophoretic mobility of 67 kDa (76,
107), and this molecular weight has been later confirmed by mass spectrometry (94). In
the cytoplasm, however, this protein is present predominantly in the low molecular
weight form, with an electrophoretic mobility corresponding to 37 kDa. The presence of
the 37 kDa form in the cytoplasm wa; demonstrated by immunoblotting (22, 200).
According to flow cytometry data, there is approximately 80 times more LBP in the
cytoplasm than there is on the cell surface (94). Interestingly, some monoclonal and
polyclonal antibodies raised against defined peptides recognized éither 37 kDa or 67 kDa

forms (21, 32, 146, 200), indicating that a structural rearrangement possibly accompanies
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formation of the 67 kDa form. Also of interest, the set of eight monoclonal antibodies
raised against recombinant monomeric LBP do recognize the 67 kDa LBP in Western
blots, but fail to react with LBP on the cell surface, hidicating that non-conformational
epitopes exposed in denatured protein and in monomeric LBP may be inaccessible in the
membrane-associated 67 kDa protein (21). The ¢cDNA for LBP produced the 32 kDa
protein in an in vitro translation system, and this was found to be immunologically
related to the 67 kDa protein isolated from tissue (146). The hypothesis of precursor-
product relationship between 32 kDa and 67 kDa forms was further supported by the
pulse-chase experiments, in which radioactivity incorporated into pulse-labeled 32 kDa
LBP was traced to the 67 kDa LBP (28). However, it remains unclear whether 67 kDa
LBP is a homo- or heterodimer (121). The amino acid composition of the 67 kDa LBP
closely matches that of the deduced 32 kDa protein (94), which speaks in favor of the
homodimer hypothesis. However, other authors have reported the presence of a lectin
epitope with in the 67 kDa LBP, and the recognition of this protein by the antibodies
specific for galectin-3 (22). Interestingly, expression of galectin-3 and LBP was found to
be inversely regulated in trophoblastic tissue and this expreésion pattern correlated with
the trophoblast invasion (18). The samé 'observatic;n was made for cancer cells (188). In a
different study, downregulation'of galectin-3 expression was found to correlate with the
acquisition of the invasive metastatic phenotype of human breast carcinoma (34) and it
was found to be of little importance for the interaction between cancer cells and laminin

(189).
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The 67 kDa LBP carries covalently associated fatty acid residues of palmitate,
stearate and oleate (94). Dimer formation is inhibited by the inhibition of fatty acid
synthesis (22), which indicates that acylation of the precursor(s) is necessary for the
dimer formation. Boiling of 67 kDa LBP in 1M B-mercaptoethanol for two hours did not
cause separation of the dimer, which indicated that dimerization occurs by a mechanism
other than disulfide formation (94) (and this dissertation, chapter. 3).

Monomeric LBP also binds laminin (64, 169) (and this dissertation, chapter 3),
although with an affinity much less than that of the 67 kDa protein (my unpublished
observations), and is present on the cell surface (67, 68). Apparently, cell surface
expression does not require dimerization of LBP, but may favor it, since in other studies,
. the 67 kDa form was the preddminant one in membrane fractions (see “Story of
Discovery” section).

LBP is not only expressed on the cell surface, but is also shed into the
extracellular medium. The shedding is stimulated by lactose, and apparently does not
involve proteolytic cleavage, since the released protein has the same molecular weight as
the affinity-isolated LBP (87). The shed LBP is able to re-bind cell membrane (87) and
Iélminin—l (173). Drugs "that inhibit the ER-Golgi traffic do not affect the shedding of -
LBP, indicating that the appearance of LBP in the medium is due to shedding rather than
active secretion (87). The function of the shed LBP in the extracellular medium is
unclear. The results discussed in chapter. 3 of this dissertation may provide a clue to its

role in the ECM.
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LBP and a6 integrins

Integrins, heterodimeric transmembrane ECM receptors, play important role in
cancer cell adhesion and migration. For some integrins, the role in metastasis is well
documented and prognostic significance is attributed to some (78). Expression of the océ
integrins in breast carcinoma inversely correlates with the survival time (63) and directly
correlates with the invasiveness of breast carcinoma (5). Expression of a6pl integrin
positively affects tumorgenicity and metastatic poten"cial of breast cancer cells (198). In a
cell culture model system, MDA-MB-435 variant clones which were found to be more
tumorigenic and metastatic in mice expressed higher amounts of o6 than less metastatic
variants (130). a6p1 is the only a6 integrin in these cells _and knocking out its function
resulted in substaﬁtial loss of laminin adhesion and motiﬁty, and an impaired ability to
penetrate recbnstitufed basement membrane (165). The special role of a6 integrins was
noticed for prostate cancer (48, 143), colorectal carcinoma (36), heapatocafcinoma (13,
26, 135, 184), fibrosarcoma (204), pancreatic carcinoma (195) and melanoma (132, 155).
Experimental evidence obtained for human leukocytes suggests that avid laminin binding
depends on co-expression of VLA-6 (a6p1) and 67 kDa LBP in these cells (24). In
pancreatic adenocarcinoma, expression of both o6 integrin and LBP is upregulated,
indicating that both molecules may be involved in the progression of this type of cancer
(75). Similar coordinated expression of these two proteins was also documented for non-
small cell lung carcinoma (140). Physical association of LBP and a6f1 integrin was

demonstrated by immunostaining (153) and by co-immunoprecipitation of the two
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proteins (4). The two laminin receptors were found in the same cytoplasmic particles in
resting cells and were transported to the cell surface upon exposure of cells to laminin. It
was alsol shown in a different study that exposure of cancer cells to laminin leads to the
increased synchronous expression of both a:6 and LBP, and downregulation of the a6 by
transfection with antisense RNA led to a synchronous decrease in LBP expression (4).
Expression of 0.6 cDNA in CHO cells leads to concomitant overexpression of LBP and

increased shedding of the latter (173).

Interaction with Jaminin

Laminins are one of the major components of the basement membranes and
connective tissue. Multiple laminin isoforms have been isolated from different sources.
The predominant laminin isoform found in baéement membranes of mammals is referred
to as laminin-1. All laminins consist of three chains coded o, B and y, arranged in a
characteristic cruciforrﬁ shape (12, 183). Laminin-1 is an important constituent of the
extracellular matrix, which is involved in multiple interactions with other components of
the ECM, such as nidogen (112, 113), heparan sulfate proteoglycan (90, 112), heparin
(170, 175), collagen IV (147), and agrin (57). Laminin-1 is involved in the interaction
with cellular receptors through its protein components and associated carbohydrates, and

mediates adhesion, spreading and migration of both normal and cancerous cells, as well
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Interestingly, two of these sites were also identified as heparan sulfate-binding
sites on laminin (globular domain on the long arm of a1 chain, and the intersection of the
cross) (170), A third heparin sulfate-binding region was located in the globular domain of
the short arm of the B1 chain, near the LBP-binding site (40), (171). In a different study,
the a3 fragment of laminin, which comprises the short arms of the a1, B1 and y1 chains;
was shown to retain most of the cell—birldmg activity of laminin (181).

While the peptide sequences that mediate LBP binding at these sites were not
characterized, one peptide from the laminin-1 B1 chain was shown to specifically interact
with LBP. This peptide CDPGYIGSR, is also referred to as “peptide 117, according to
the nomegclature of peptides tested in one of the first reports on this subject (83). The
peptide is derived from the proximal part of the short arm of the B1 chain, located
approximately three-fifth of the distance between the crossection of short arms and the
middle globular domain of the B1 chain. Most of its activity is attributed to the YIGSR
sequence (71). This pentapeptide mediates attachment of endothelial cells and displaces
LBP off a laminin affinity column (71), as does the full peptide 11 (70). Similar, but less
pronounced effects on cell attachment were observed for hepatocytes, although in this
case another laminin peptide ﬁom the al chain globular domain was shown to be the
preferred cell binding site (44). This was also the case for a mouse trophoblast outgrowth,
where the E8 fragment of laminin, which contains the long arm, was shown to support
trophoblast sprouting (6). YIGSR also supports migratory behavior of the mesenchymal
cells of sea urchin gastrulae (47). YIGSR supports attachment of not only eukaryotic

cells, but also some pathogenic bacteria (102, 167), which may indicate that these
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pathogens utilize molecular mechanisms for the attachment to host ECM similar to that
of mammalian cells.

The YIGSR peptide was found to inhibit the formation of metastatic tumors in
mice when coinjected with melanoma cells and reduces the rate of penetration of

- reconstituted basement membrane in in vifro invasion assays (83). It also reduced the rate
of secondary colony formation in a system employing leukemic cells (207). This peptide
not only inhibits metastatic tumor formation, but also supports cell attachment and
spreading (111, 144), and cell attachment to this peptide is inhibited by the anti-LBP
antibodies (111). Radiolabeled YIGSR has been successfully used for detection of
metastatic tumors in mice. Injected iodinated peptide was found to bind preferentially to
the membrane of a subset of metastatic cells, allowing their visualization on
microradioautographs (92).

Possibly due to the ability of peptide 11 and YIGSR to support mobility and
capillary formation by endothelial cells (72), this peptide also possesses antiangiogenic
properties. It inhibited angiogenesis in chick chorioallantoic membrane vascularization
assays (158) and inhibited angiogenesis of solid tumors (123, 158).

Crosslinking experiments demonstrated that YIGSR binds two proteins, one of
which is though to be the 67 kDa LBP, and another yet unidentified 116 kDa protein,
which possesses a much lower affinity for the peptide. Binding of YIGSR to
neuroblastoma cells is accompanied by tyrosine phosphorylation of at least two cellular

proteins, which indicates that 67 kDa LBP may act in outside-in signaling (20).
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Many research groups have sought to increase the antimetastatic potential of the
YIGSR peptide by using various polymer constructs. The major rationale is to increase its
half-life in blood by making it less susceptible to proteolytic cleavage. To this end, plain
polymeric peptide containing multiple copies of the active sequence (138, 156), as well
as peptide conjugated to polyethyleneglycol (86, 101, 210), a polystyrene derivative
(129), and chitosan (137) were tested and found to have higher biological activity than
the monomeric peptide.

Several studies aimed at elucidating the role of particular amino acid residues in
YIGSR peptide demonstrated that the R and Y are absolutely required for the biological
activity, and even a conservative R>K substitution is not tolerated (71, 83, 126, 168,
172), while I can be sﬁbstituted for. any other hydrophobic residue (M, L, F) without loss
of activity (101). Alanine scan substitution analysis of peptide 11, however, demonstrated
that an I> A mutation leads to loss of activity in metastasis inhibition assays, and also
showed the importance of the C and D residues (172). Interestingly, a peptide derived
from murine EGF with sequence CVIGYSGDRC also binds LBP and inhibits attachment
of cancer cells to laminin-1 to the same extent as peptide 11 (136). This indicates that
common residues (Y5, G7 and R9 in peptide 11) are most important for these activities,
consistent with the data from other groups (71, 83, 172). Both peptide 11 and the EGF33-
42 peptide are found in structurally similar domains of the respective proteins (laminin-
type EGF-like repeat in laminin and C-loop in EGF) (11,' 100, 174). Cyclic peptide 11
(with an added C-terminal C) is far more active in inhibiting the YIGSR-mediated cell

adhesion than the linear peptide (102). This observation is consistent with the NMR




30

solution structure of the free peptidell, \lvhjch was shown to favor a bent backbone
conformation, while less active G*> A analog remains linear (139, 172).

Three sites on LBP that are responsible for interaction with laminin-1 were
characterized. One is the region called “peptide G”, corresponding to positions 161-180
in the mammalian LBP. This peptide specifically binds laminin in vitro and elutes LBP
from a 1@m-1 affinity column (32). Peptide G also inhibits cancer cell attachment to
laminin-1 and to endothelial cell monolayers (33). At the same time, pretreatment of
' laminin-1 with peptide G increases laminin binding tlo cancer cells and also makes this
binding more stable. Cancer cells treated with peptide G are also stimulated to produce
more endogenous laminin-1 (104). These effects, however, appear to be mediated
through heparan sulfate moieties associated with laminin-1 (74). Peptide G binds heparan
sulfate and its binding to laminin-1 is inhibited by an excess of free heparan sulfate.
Binding of peptide G to laminin-1 is not affected by the YIGSR peptide (74).

Another site on LBP implicated in laminin binding is the peptide 205-229. This
peptide is strongly negatively charged, binds laminin-1 in a YIGSR-inhibitable manner,
and modulates the tumor metastasis rate in mice and basement membrane invasion in
vitro (95).

The third region of LBP involved in i111teraction with laminin-1 is located in the
distal C-terminal part of fhe protein containing five copies of the DWS and TEWS
repeats. Antibodies raised against a larger peptide which includes these repeats partially

inhibit cell attachment to laminin (200), as did an excess of free peptide containing the
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consensus DWS repeat (88). All three regions were mapped using phage display library

screening (88) (see chapter 2 of this dissertation).

Ribosomal function

As was mentioned above, LBP has extensive homology with the S2p famil-y of
ribosomal proteins. Proteins with sequence homologous or identical to the N-terminal
part of LBP are found to be components of the small subunit and found in polysomes in
a variety of orgaﬁisms (8, 53, 56, 62, 65, 93, 120, 127; 154). LBP is found in polysomes
as ;1 monomer, and repression of protein synthesis results in loss of LBP homologues
from ribosomal particles, which may indicate its role as an elongation factor (8).
Apparently it is dimerization and possible structural change that accompany dimerization
that confer to LBP its laminin receptor function. A more detailed analysis. of ribosomal

function of LBP is given in the introduction section of chapter 4 of this dissertation.

LBP as viral and PrP receptor

Besides acting as laminin receptor, 67 kDa LBP also functions as a cell surface
receptor for Sindbis virus, a member of the alphavirus family with very a broad spectrum

of hosts, ranging from insects to mammals (196).
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By utilizing a yeast two-hybrid system, Rieger and coworkers have demonstrated
that 37 kDa LBP specifically interacts with prion protein PrP° and they have confirmed
this interaction in insect and mammalian cells. Accumulation of PrP* in rodent organs
correlated well with accumulation of 37 kDa LBP (150). Later, the same group
demonstrated that the LBP acts as a surface receptor for the PrP and mediates its
internalization. The presence of the 37 kDa form of LBP on the cell membrane was
demonstrated by Western blotting of membrane fractions of two different mammalian
cell lines. It is not clear whether 67 kDa LBP acts as a PrP receptor, but the role of the 37
kDa monomer in this interaction was very well documented by colocalization of LBP and
PrP on the surface of mammalian cells, increased PrP binding to cells overexpressing
LBP and by GST pull-down assays (68). Surprisingly, mutational analysis indicated that
the same sequence in LBP that is involved in laminin binding (“peptide G”) is -
. respor;sible for the direct interaction with the prion protein. In addition to this sequence,
another yet unidentified epitope on LBP is involved in heparan sulfate — mediated PrP
binding'(81). We, and others, have previously demonstrated the involvement of heparan
sulfate in the interaction of LBP with laminin-1 (74, 88). We have also shown the
potential involvement of the 205-229 region of LBP in héparan sulfate binding, in
addition to that of the previously characterized 161-180 peptide (88). It remains to be
elucidated whether the 205-229 peptide is involved in the interaction with PrP in

mammalian cells.
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Gene organization

There are no reports of LBP knockouts, either in cell culture or in animal models.
This, along with the documented ribosomal function of this protein, tight translational
regulation, and significant conservation of a large portion of the protein sequence, leads
to the hypothesis that the LBP gene is required for cell viability. The presence of multiplé
copies of this gene in the genome adds validity to this theory. The mouse genome was
shown to have 5-7 copies of the LBP gene, of which at least three are transcriptionally
active and produce complete mRNAs (58). In the human genome the nuﬁlber of copies of
the LBP gene was reported to be 26+2, with at le_ast 19 of those bearing‘features of
processed pseudogenes, such as lack of introns, presence of remnants of polyA tails, and
numerous genetic lesions, in some cases leading to premature termination of the ORF
(84, 164). In another report, the nﬁmber of genomic copies of LBP coding sequence was
estimated as 16 for human and 21 for mouse (15). Three cDNAs were isolated from the
human HUVEC c¢DNA library, which suggests the presence of more than one functional
LBP gene in humaﬁs (15, 16). The multiple copies of the LBP gene have most likely
arisen through retrotransposition events. This notion is supported by the‘ following
observations: a) only one LBP gene is present in the chicken genome, and
reﬁotragsposition is found much more often in mammals than in birds (197); b) by the
comigration of the bands hybridizing with the 5’ and 3’ probes on the mammalian
genomic Southern blots, which indicates lack of interspersion with introns; ¢) the spread

of the LBP pseudogenes throughout the genome in mammals (15). At least one
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characterized pseudogene located on the X chromosome has the 18 bp direct repeats on
either end, indicating its retroviral origin (149). Active LBP genes from the chicken (42)
and human (85) genomes were isolated and characterized. The genes contain seven
exons and six introns located in identical or very close (1 amino acid) positions, and
have similar promoter features. Promoters of both genes lack consensus TATA or CAAT
boxes, but both contain multiple spl binding sites, AP1 bindiﬁg site(s), a cyclic AMP
response element, and glucocorticoid response element half-sites. In addition, the chicken
LBP gene promioter contains enhancer binding protein (C/EBP) binding sites and
enhancer core elements previously described for SV40. It should be noted that the
promoter region of the chicken gene V\.’aS sequenced as far as -1500 bp, while the human
promoter was sequenced for about -500 bp from the start. An AP1 binding site in the
promoter is known to confer responsiveness to a variety of oncogenes, mitogens, growth
factors and tumor promoters. Interestingly, TNF-o, and IFN-y both repress the p1“omoter
activity of the human LBP gene, possibly through the sequestration of AP1, inhibiting its
transcriptional activity (43, 124). The biological role of the glucocorticoid response
elements (GRE) in the promoters of both chicken and human LBPs is not clear. These
sites do not represent complete palindromic responsive elements for the nuclear
receptors, and are very dissimilar from the canonical estrogen response element (ERE) or

progesterone response element (PRE).
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GRE-1 in human LBP promoter: CCTGTTAAACTG (inverted)
GGACAATTTGAC
GRE-2 in human LBP promoter: ACGTCATTTCCTGC (half-site)
) TGCAGTAAAGGACG
AGGTCANNNTGACCT -consensus ERE
A comparison of the putative glucocorticoid response elements in the human LBP
promoter (85) and the canonical estrogen responsive element is given above. One site is
mmverted with respect to the canonical sequence, is incomplete and has two substitutions.
The second GRE is actually a half-site, and has one substitution. LBP expression is
regulated by estrogen and progestin (31, 37, 166, 190) (and our unpublished data), but
whether this effect is mediated directly by estrogen or progesterone receptors
transactivating LBP gene expression, or whether the effect is mediated by secondary
factors, remains to be elucidated. The absence of a TATA box, presence of multiple spl
binding sites, the location of a cap site within the pyrimidine rich tract, and the very short

first exon (located in the 5°-UTR in these genes) are all characteristic of housekeeping

genes, including those coding for ribosomal proteins (85).

Statement of thesis

In this dissertation project I will investigate the interaction between LBP and
laminin-1 mediated through the peptide 11 sequence. I will utilize phage display peptide
library screening in order to elucidate the functional relationship between two major

laminin-interacting sites in LBP, namely, peptide G and the 205-229 region, and how
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these two regions contribute to Jaminin binding. I will also investigate the possible role of -

shed LBP in the extracellular medium. This will involve characterization of the
sulthydryl oxidase activity of the LBP in vitro. Finally, I will address the possible role of
LBP in protein synthesis by modeling the ribosome-binding domain of LBP and
attempting to predict its location on the ribosome and interactions with tRNA and other

proteins.
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CHAPTER 2

PHAGE DISPLAY MAPPING FOR PEPTIDE 11 SENSITIVE SEQUENCES

BINDING TO LAMININ-1

Abstract

We utilizéd a 9-mer random phage displéy library to identify sequences which
bind to laminin-1 and elute with heparan sulfate or peptide 11. Laminin-1 derivatized
plates were used for biépanning. Three consecutive rounds of low pH elutions were
carried out, followed by three rounds of specific elutions, each consisting of a heparan
sulfate elution followed by a peptide 11 (CDPGYIGSR) elution. The random sequence
inserts were sequenced for phage populations eluted at low pH, by heparanlsulfate and by
* peptide 11. Specifically eluted phage populations exhibited three classes of mimotopes
for different regions in the cDNA derived amino acid sequence of the 67 kDa laminin
binding protein (LBP). These regions were 1) a palindromic sequence known as peptide
G, 2) a predicted helical domain corresponding to LBP residues 205-229, and 3) TEDWS
-containing C-terminal repeats. All elution conditions also yielded phage with putative
heparin binding sequences. We modeled the LBP??? domain, which is strongly
predicted to have a helical secondary structure, and determined that this region likely

possesses heparin -binding characteristics located to one side of the helix, while the
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opposite side appears to contain a hydrophobic patch where peptide 11 could bind. Using
ELISA plate assays, we demonstrated that peptide 11 and heparan sulfate individually
bound to synthetic LBP*>2%° peptide. We also demonstrated that the QPATEDWSA
peptide could inhibit tumor cell adhesion to laminin-1. These data support the proposal
that the 67 kDa LBP can bind the B-1 laminin chain at the peptide 11 region, and suggest
that heparan sulfate is a likely alternate ligand for the binding interactions. Our results
also confirm previous data (73) suggesting that the most C-terminal region of the LBP,
which contains the TEDWS repeats, is involved in cell adhesion to laminin-1, and we

specifically implicate the repeat sequence in that activity.

Introduction

Many clinical studies on solid tumors show a sltrong positive correlation of high
expression of the 67 kDa LBP with poor prognosis (9-11, 17, 48, 57, 58, 68, 70, 71). The
67 kDa LBP was originally described as “the laminin receptor”, but, with the subsequent
description of laminin binding integrin receptors, the apparent common intracellular
trafficking (54) and co-overexpression of the LBP and the a6B1 integrin in some solid
tuinors (22) , as well as a demonstrated association of the 67 kDa LBP with the o634
integrin (2), it is now considered much more likely that the LBP modulates cell:basement
membrane adhesion rather than mediating it. The fact that the LBf’ is shed from tumor

cells in culture in large amounts proportional to the invasive potential of the cells (30,
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63), and subsequently binds laminin-1 containing matrix substrates (63), is most
consistent with an activity modifying cell:extracellular matrix interactions. The cDNA
sequence of the LBP can only code for a non-glycosylated protein of about half the mass
of that observed for the mature membfanel and shed forms of the LBP. While the mature
protein has been shown to be lipid acylated (4, 36), studies by this lab (36) and others (7)
have failed to produce any evidence for N— or O - linked glycosylation. There is
experimental evidence that the high molecular weight mature form of the protein
represents a dimer, but no conclusive evidence, as yet, demonstrating either a homo- or a
hetero- dimer (36, 43, 51). The LBP ¢cDNA sequence shares a very high homology with
the S2 ribosomal class of proteins, so much so that the existence of functions for the LBP
outside of those associated with ribosomal activities has been questioned by some
investigators (26). However, a detailed study of the evolutionary genomics of the 67 kDa
LBP, revealed that a unique evolution of the protein occurred in the C-terminal domain in
parallel with the appearance of laminin and laminin -like molecules (1). The subsequent
very high conservation of this domain has the hallmark of the acquisition of a new and
important function for the protein (1). Therefore, the most likely scenario is that the
modern protein is multifunctional, having a role as a ribosomal protein (16), and also
having acquired a more recent function as a laminin binding protein (1). An interesting
hypothesis is that the evolution 6f extracellular matrix binding activity could have
occurred via a chaperone function for laminins (1). Two peptides derived from the C-
terminal doﬁlain sequence, LBP residues 205-229 (37) and LBP residues 161-180

(peptide G) (41), have been shown to bind to laminin-1. In the case of peptide G, there is
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evidence that laminin-1 binding may be mediéted via heparin or heparan sulfate (21).
Potential involvement of heparin/heparan sulfate in laminin-1 binding by t'he LBp205-22
peptide, however, has not been evaluated to date.

Laminin-1 is one of the major components of basement membranes (33). It is a
large glycoprotein molecule (MW ~ 800 kDa), consisting of tflree polypeptide chains (al,
B1 and y1), arranged in a characferistic cruciform shape. It contains multiple sites for
polymerization, interaction with other components of baseﬁent membrane, such as
collagen IV, nidogen and heparan sulfate proteoglycan (32, 49), as well as numerous cell
adhesion molecules, such as integrins (6, 60) and non-integrin laminin receptors,
including the 67 kDa laminin binding protein (LBP) (75). Laminin-1 also contains
numerous heparan sulfate/heparin binding sites (23, 46, 65).

The peptide 11 sequence, CDPGYIGSR, which is found in the LE (laminin
epidermal growth factor like) repeat region of the short arm of the f1 laminin chain, was
described as the ligand binding sequence for the 67 kDa LBP shortly after the initial
descriptions of that protein (19, 28, 52). The proposed ligand function was deduced from
the ability of the synthetic peptide to alter or mimic laminin-1 mediated cellular activities
(27, 4:2). Associated with these activities were the ability to block tumor cell invasion of
basement membrane, the ability to greatly reduce tumor lung colonization (28, 37), and
the ability to block tumor angiogenesis (56). Anti-LBP antibodies have also been shown
to interfere with cell spreading on immobilized YIGSR (42). However, compelling proof
of interaction of the 67 kDa LBP with laminin-1 at this site is still lacking. Indeed, rotary

shadowing experiments appear to show a predominance of binding by the 67 kDa LBP to
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the long arm of laminin-1 just below the intersection of the cross (6). This is a short
distance from the peptide 11 sequence in the short arm of the B1 chain. Since the 67 kDa
LBP has been shown to bind to laminin-1 via hebarin or heparan sulfate (21), and since
purified laminin-1 retains some heparan sulfate bound to it (21), the 67 kDa LBP is likely
to be able to associate with isolated laminin-1 at more than one site via the residual
laminin-bound glycosaminoglycan (GAG) moieties. Synthetic peptide 11, and its C-
terminal YIGSR peptide, are currently being actively evaluated by several groups,
including us, as potential anti-cancer drug leads (38, 39, 44, 62). Should the peptide 11 -
containing domgin of laminin-1 fail to interact in a major way with the 67 kDa LBP, then
it would be essential to describe alternative amino acid sequences with which peptide 11
does show a significant interaction.

The current study uses phage display mapping to derive information about ligand
binding interactions at the peptide 11 site in laminin-1. Since this sequence comprises
only about 0.1% of the total length of the three chains of laminin-1, it was obvious that
specific elution with free peptide 11 would be needed to enrich for phage whose binding
to laminin-1 occurred in this region. Several experiments have been reported in which

~successful elution was performed using specific competition elution conditions instead of
extreme pH (18, 47, 72). Our experimental design utilized three initial rounds of
selection for phage exhibiting any type of binding affinity for laminin-1. This was
accomplished with low pH elution which does not put any qualitative constraints on the
nature of the binding. By initially eliminating all phage which failed to bind to laminin-

1, we felt that this would favor the statistical likelihood of eventually isolating phage
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which bound to the peptide 11 -containing LE repeat region.

In order to assess the biological relevance of the phage LBP mimotope sequences,
we evaluated the ability of phage displaying LBP mimotopes to bind to isolated laminin-
1. We also synthesized a peptide with the LBP homologous sequence of a repeatedly
isolated mimotope, aan tested its ability to inhibit cell adhesion to laminin-1. The nature
of ligand interactions at the LBP**?? domain was probed using 1) a photoactivatable
crossiinking analog of peptide 11 (63) to assess the ability of peptide 11 to bind directly
to the synthetic LBP***?? helix peptide, and 2.) using a sequence specific antibody for
the LBP*%>?% helix peptide (37) to evaluate the ability of synthetic LBP?*>?% peptide to

bind to isolated heparan sulfate.

Materials and Methods

Cell lines and tissue culture conditions

The highly invasive and metastatic murine melanoma cell line, B16BL6 (50), was
obtained from the Mason Research Institute, Worcester, MA. ‘The B16BL6 cells were
propagated in RPMI 1640 medium (Sigma) supplemented with 10% fetal bovine serum
(Gibco), 5 pg/mi insulin and cover antibiotics. The DG44 variant of the CHO (Chinese
hamster ovary) cell line was kindly provided by Dr. L. Chasin of Columbia University.

These cells are double mutants for the dihydrofolate reductase gene, and are used for
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methotrexate amplification of expression systems previously introduced along with a dhfr
expression vector. Wild type cells were propagated in aMEM medium (Sigma)
containing 10% fetal bovine serum, hypoxanthine and thymidine_&, Spg/ml insulin and
cover antibiotics. Generation of the DG44CHO a6f1 cells which overexpress the human
06 and B1 integrin chains is fully described in Starkey et al., 1999. Since these cells are
methotrexate amplified for G418 -selectable expression vectors, they are propagated in
oMEM containing 60 pM methotrexate and 400 pg/ml G418 as well as 10% dialyzed
fetal bovine serum, 5 pg/ml insulin and cover antibiotics. Both the DG44CHO and the

DG44CHOa6[31 cell lines are highly invasive and metastatic in SCID mice.

The 9-mer random sequence phage display library '

The J404 random sequence phage display library was generously donated by its
creator, Dr. Jim Burritt, Montana State University. The library was constructed by
insertion of 27 bp synthetic o]igonucleoﬁdes coding for random amino acids at the amino
terminus of the minor phage coat protein III (3). The chemical diversity of the library is
estimated to be 5.7 x 10%. The library was provided as primary unamplified stock.
Unmodified M13 phage was used as the wild type in our experiments. J404 is.expressed
in the phage diéplay vector, M13KBst, a filamentous M13 bacteriophage carrying a gene
for kanamycin resistance. The bacteriophage was bropagated in K91 E. coli cells, and

plaque assays were used to titrate the phage.
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Reagents used in the biopanning and ELISA assays

Mouse EHS laminin-1 was purchased from Gibco Life Technologies (Grand
Island, NY). Bovine kidney heparan sulfate was purchased from Sigma Chemical Co.
(St. Louis, MO), an(i heparan sulfate from bovine lens capsule was isolated by us as
described in (53). Peptide 11 (CDPGYIGSR) was synthesized at the Montana State
University peptide synthesis facility on a Milligen 9050 automated peptide synthesizer
using standard Fmoc chemistry with an amide carboxy terminus using PAL resin. The
peptide was purified to homogeneity using a C18 reverse phase HPLC column (Vydac,
Hesperia, CA), and the molecular weight verified using électrospray mass spectrometry.
Peptide QPATEDWSA was purchased from Commonwealth Biotechnologies
(Richmond, VA), and peptidle LBP**?** (RDPEEIEKEEQAAAEKAVTKEEFQG),
laminin-1 peptide AFSTLEGRPSAY, scrambled peptide 11 (SRYDGGICP) and
scrambled QPATEDWSA (WAQADSTPE) were purchased from Macromolecular
Resources (Ft. Collins, CO). As described in (63), we synthesized an ultraviolet light
photoactivatable crosslinker based on the peptide 11 sequence by replacing the tyrosine
" in the peptide 11 ligand with 4-benzoyl-L-phenylalanine. We also added a biotinylated
lysine at the — terminus of the peptide, and included three glycines as a spacer between
the biotinylated residue and the peptide 11 sequence to facilitate avidin binding. Bovine
serum albumin (BSA, heat shock fraction IV) was purchased from Boehringer Mannheim
(Indianapolis, MN). Glycine was purchased from Gibco Life Technologies, and Tris was

purchased from Bio-Rad (Hercules, CA). All other chemicals were from Sigma
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Chemicals Co. (St. Louis, MO). For biopanniné 60mm Falcon® bacteriological Petri
dishes (Becton Dickinson, Franklin Lakes, NJ) were used. Immulon® 2HB 96 well
plates used for direct phage binding ﬁssay were from Dynex Technologies, Inc.
(Chantilly, VA). Positively charged Primaria® and standard Falcon® tissue culture
(Becton Dickinson, Franklin Lakes, NJ) microtiter plates were used for the direct peptide

interaction ELISA assays as indicated elsewhere.

Screening of the phage display peptide library

Screening of the phage display peptide library for peptide inserts exhibiting
binding affinity for laminin-1 was based on standard protocols described elsewhere (61).
One hundred pg of mouse laminin-1 in 2 ml of 0.1M NaHCO; buffer was adsorbed to the
surface of a 60mm polystyrene Petri plate (Falcon®) during an incubation of 10 hours at
+4°C in a humidity chamber with constant agitation. The plates were then blocked by
incubation with 5 mg/ml dialyzed BSA (heat shock fraction IV, Boehringer Mannhein,
MO) in 0.1M NaHCOj; buffer, before being washed seven times with 2 ml TTBS (Tris
buffered saline containing 0.5% Tween-20). For the first round of selection, an aliquot of
the phage display library representing 5x10'* phage was added to the plate. In
consecutive rounds, aliquots of 30 to 50 pl of amplified phage (~10'° PFU/ ul) from the
previous round were used. The aliquots of amplified phage were added in TTBS, and

unbound phage were removed with seven washes of 2 ml TTBS. Bound phage were
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eluted using 0.1IM HCl-glycine, pH = 2.2, for 5 minutes with agitation. Eluted phage
were immediately transferred to a fresh tube, and the solution was neutralized by addition
of IM Tris. Eluted phage were amplified and re-panned on inﬁnobilized laminin-1. This
procedure was repeated three times. In rounds 4, 5 and 6, we applied two consecutive
specific elutions at neutral pH. These consisted of an elution with 700pug/ml mixture of
heparan sulfates (50:50 by weight) from bovine kidney and bovine lens capsule in TBS,
followed by an elution using 5mM peptide 11 in TBS. The combined specific selection
cycle was repeated two more times, to give a total of . six rounds of phage selection and
amplification. We tested a variety of inorganic buffers to achieve the maximal stringency
of washing, and determined that Dulbecco’s TPBS (phosphate buffered saline containing
0.5% Tween-20) was the most effective. Therefore, Dulbecco’s TPBS was used for the
washes in rounds 4, 5 and 6. Eluted phages were amplified in E. coli K-91, and titets of
phage were monitored using a standard plaque forming assay. Phage elutions using an
irrelevant laminin-1 bioactive peptide, AFSTLEGRPSAY, and scrambled peptide 11,

SRYDGGICP, were used to assess the specificity of peptide 11 eluted sequences.

ELISA assay for direct binding of phage to laminin-1

The wells of a 96-well tissue culture plate were incubated with 100pl of a 25
pg/ml laminin-1 in 0.1 M NaHCO; buffer for 6 hours at room temperature, followed by 3

hours of incubation at 37°C. The wells were then blocked by incubation with 150ul of
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1% BSA in PBS for 12 hours. Phage stocks were titered immediately prior to use. Before
adding these to the plate, the phage were diluted in PBS, and then 10'°, 10° and 10° pfu in
100pl were added per well. Phage were allowed to bind for 10 hours at room
temperature. Unbound phage were removed and the plates were washed 6 times in
PBS/0.1% Tween-20. Rabbit anti-M13 antiserum was generously provided by Dr.
Algirdas Jesaitis, Montana State University. The IgG fraction wz;ls purified using
immobilized protein A columns (Pierce, Rockford, IL), and was diluted in PBS/1% BSA.
The working antibody dilution was determined empirically. One hundred pl of diluted
anti-M13 antibody was loaded per well and allowed to react for 4 - 6 hours at room
temperature. The plates were then rinsed as described above. Goat anti-rabbit IgG (H+L
chain) alkaline phosphatase conjugated antibody (Bio-Rad) was diluted 1:1000 in
PBS/1% BSA, and 100 pl was loaded per well and allowed to react for 4 - 6 hours at
room temperature. Then plates were again washed as described above. One hundred pl
of enzyme substrate solution (0.5 mg/ml disodium p-nitrophenyl phosphate (Sigma) in
9.8% diethanolamine, 0.5mM MgCl,) was added per well, and absorbance readings at
405 nm were taken at several time points from 5 minutes to 2 hours. The effectiveness of
binding was determined by taking the ratio of the averages of absorbencies in replicate
wells for the phage being tested and for wild-type phage in 10'° pfu/well dilution.
Specificity of binding was determined by comparing the “phage/wt” ratios for wells

coated with laminin and wells without laminin.
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- Direct binding and crosslinking of the photoactivatable peptide 11 analog to LBP?°522

eptide

Positively charged 96-well Primaria® plates were treated with 100 pl of the
LBP**?% gynthetic peptide per well at dilutions of 0.5 mg/ml, 0.25 mg/ml, 0.125 mg/ml
and 0.0625 mg/ml in Dulbecco’s’s phosphate buffered saline '(PBS). Four replicates
were used per dilution. The microwell plate was then incubated overnight at 4°C. After
this, the peptide -containing solution was removed from the \.Nells', 150 pl of PBS
containing 1% BSA was added to block the plate, and the plate was incubated at room
temperature for a further 2 hours. The blocking solution was then removed, and the plate
washed three times with PBS. For the assay, 80 pl of the photoactivatable peptide 11
analog (63), freshly dissolved at a concentration of 0.167 mg/ml in PBS, was added per
well. The plate was then subjected to a 2 minute irradiation with 350 nm long wave U.V.
light (black light) as described in (63) to crosslink the peptide 11 analog to any binding
sites. The analog -containing solution was then removed and the plate wa‘shed three
times with PBS. One hundred pl of a 1:1000 dilution of avidin neutralite (Molecular
Probes, Eugene, OR) in PBS was then added to each well, and the plate was incubated at
room temperature for one hour. After the avidin neutralite solution was removed, the
plate was washed six times with PBS and 100 pl of a 1:1000 dilution of biotinylated
alkaline phosphatase (Bio-Rad) in PBS was added per well. The plate was then

incubated for one hour at room temperature. Following removal of the biotinylated
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alkaline phosphatase and six washes with PBS, 100 pl of p-n.itrophenyl phosphate
chromogenic substrate was added. The quantity of peptide 11, analog which bound and
crosslinked to the LBP*%2% peptide was assessed using an ELISA plate reader
measuring light absorption at 405 nm. Absorption from wells treated .with BSA but no
LBP?**>?% peptide was subtracted from the final readings. Three individual assays were

conducted, and each gave similar results.

Heparan sulfate binding assay

Positively charged 96-well Primaria® microtiter plates were coated with heparan
sulfate in inc.reasing concentrations in PBS, pH = 7.0, and incubated for 3 hours at room
temperature. The residual heparan sulfate solution was then removed, the wells were
rinsed 3 times with PBS and blocked with 1% gelatin (Bio-Rad, ACS grade) in PBS for 3
hours at room temperature. The gelatin solution was then removed, wells washed 7 times
and 100 pl of the LBP?*?? peptide in PBS (0.5 mg/ml) was loaded per well. The
peptide was allowed to bind for 15 hours at room temperature. The wells were then
washed multiple times with PBS, and binding of the peptide to heparan sulfate was

P2%22% rabbit antibodies (37) followed by alkaline phosphatase- -

detected using anti-LB
conjugated goat anti-rabbit IgG (H+L chain) (Bio-Rad) (1:1000) in PBS. Chromogenic
reaction with p-nitrophenyl phosphate was monitored by absorption at 405 nm. To assess

the specificity of LBP?9>2% peptide binding to heparan sulfate, an irrelevant peptide from
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the protein kinase Cp; sequence, H-C-(STYTANPEFVIANV-OH) (Calbiochem, San
Diego, CA) was used in place of the LBPZO‘S'229 peptide in this assay. A rabbit antibody
specific for this peptide (Calbiochem) was used in place of our rabbit anti-LBP?9>%?°

antibody, and then the assay was developed as indicated above.

Cell adhesion inhibition assay

Ninety-six well microtiter plates (Falcon®) were coated with 100ul laminin-1 (50
pg/ml in Dulbecco’s’s PBS) and incubated for 3 hours at 37 °C. The wells were then
blocked by addition of 6% BSA solution to give a final concentration of 3% BSA, and
were incubated for 15 hours at +4 °C. The wells were briefly rinsed with Dulbecco’s’s
PBS immediately before use. Monodispersed suspensions of cells were obtained using
minimal trypsin exposure. 10* cells were loaded per well in serum-free, protein—ﬁ'eé
medium with or without the QPATEDWSA peptide (100 pg/ml) and were incubated in a
tissue culture incubator at 37 °C. After set time intervals, unattached cells were removed,
the wells were washed twice with serum-free, and fresh medium was added. After the
end of the adhesion period, medium in all wells was replaced with fresh medium
containing MTT (0.25 mg/ml) and incubation was continued for 3 hours. The medium
was then removed and the MTT metabolite was dissolved in DMSO. Absorbency
readings were taken at 580 nm using a microtiter plate reader. Sequence specificity for

bioactivity of the QPATEDWSA peptide was evaluated by substituting a peptide with
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scrambled sequence, WAQADSTPE, in the adhesion assay.

Computer-based modeling of a potential 3D structure for the LBp?05-22° peptide

A model for the LBpP*%2% region was built in an a-helical backbone
conformation using the program, InsightIl (MSI, Inc.). The initial structure was then
energy minimized using the “steepest descents” then “conjugate gradients” algorithms in
Discover (MSI, Inc.). Since the total energy of the structure was still relativel;ll high and
had not converged well, a moiecular dynamics simulation was carried out using the
Discover software package. The CVFF forcefield was employed for 200 ps of molecular
dynamics with steps of 1 fs-at 300 K. Charges and cross terms were omitted from the
potentials and harmonic bond stretching potentials were used. The lowest energy
structure was then further energy minimized using “steepest descents” followe(i‘ by
“conjugate gradients” algorithms to give a final structure exhibiting a forty-fold reduction
in total energy compared to the initial structure. This was considered to be a reasonable

potential structure for the peptide.
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Results

Phage clones which bound to laminin-1 via peptide 11 sensitive mechanisms were
obtained, but heparan sulfate binding phage clones could not be eliminated from the

selected population

The bacteriophage display peptide library, J404 (12), was screened for phage that
selectively bound laminin-1 at the peptide 11, CDPGYIGSR, sequence. Our
experimental design utilized multiple initial rounds of selection for phage with any type
of affinity for laminin-1. These rounds were followed by specific elutions of laminin-1 -
bound phage with excess heparan sulfate then excess peptide 11. Titers of phage were
obtained for all washes and eluates, providing information on the relative efficiency of
heparan sulfate and peptide 11 elutions. Titers from the elution rounds 4, 5 and 6 showed
that we succeeded in obtaining an enrichment for phage preferentially eluted by peptide
11. By round 5, peptide 11 eluted phage were significantly more numerous than the
mock buffer (ITBS) eluted phage, and this effect was maintained in round 6 (Table 2.1).

The relative titers for elutions using heparan sulfate compared to the subsequent peptide
11 elutions are interesting because they stabilize by round 5. In the first round of the
double specific selection (round 4), we found that the titer of phage in the heparan sulfate
elution was 10.1 times higher than that in the peptide 11 elution. However, in round 5,
this ratio decreased to 5.3, and in the sixth round was found to be essentially unchanged

at 5.7 (Table 2.1).
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The proportional decrease in the numbers of phage which were eluted by heparan
sulphate in the fifth round indicated that we had succeeded in reducing the contribution of
heparan sulfate binding phage to the specifically eluted populations. However, in later
rounds, we did not see.any further relative decrease in the numbers of heparan sulfate -
binding phage. Therefore, some fraction of the heparan sulfate sensitive binding

appeared to be linked to peptide 11 sensitive binding.

. Round4 | Round 5 | Round 6
% phage eluted by heparan sulfate 91 84 85
% phage eluted by peptide 11 9 16 15
% phage specific for peptide 11° 1.2 18.5 42.3

Tlters were derived from standard plaque forming assays using E.Coli K-91.
*Calculated by subtracting the % phage eluted by TBS under identical conditions.

Table 2.1. Comparisons of the numbers' of phage specifically eluted from

laminin-1 by heparan sulfate and by peptide 11 in the last three
rounds of selection

To evaluate the overall specificity of the peptide 11 eluted phage sequences,
starting with the low pH eluted phage population, three rounds of sequential heparan
sulfate/peptide elutions were carried out using 1) scrambled peptide 11 (SRYDGGICP)
and 2) an unrelated bioacﬁve laminin-1 peptide, AFSTLEGRPSAY (66). For both of
these control.peptides, the contribution of heparan sulfate -binding phage to the final

specific elution populations was very much smaller than was the case for the peptide 11
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experiments. This finding supports specificity of the proposed link between heparan

sulfate sensitive and peptide 11 sensitive phage binding.

Sequence analysis of specifically eluted phage reveals inserts with similarities for three
re,qioné of the 67 kDa LBP

We sequenced the recombinant inserts of 27 randomly picked phage clones eluted
by heparan sulfate, as well as 66 phage clones eluted by peptide 11. Thirty eight of the
peptide 11 eluted phage clones were from round 6, and 28 were from earlier rounds. In
addition, we sequenced the inserts from 20 phage clones eluted by low pH during the
initial three non-specific elutions, as well as inserts from 42 phage clones eluted by the
irrelevant Jaminin-1 peptide and 41 phage clones eluted by scrambled peptide 11. The
only informative sequences from the low pH eluted phage were five clones bearing
inserts with two positively and no negatively charged residues (data not shown). Three
of these sequences also contained tryptophan residues (data not shown). Heparan
sulfate/hepariﬁ binding motifs are often characterized by an enrichment in basic amino
acids juxta positioned to tryptophan residues (5, 20), and we concluded that these
sequences likely represented heparan sulfate -binding peptides. Considering the fact that
laminin-1 has numerous heparin/ﬁeparan sulfate binding sites, and isolated laminin-1 still
has some residual glycosaminoglycan associated with it (21), recovery of potential

heparin/heparan sulfate -binding sequences from the non-specific elutions was expected.
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GMKAVR I0G
GKAMLDRAS
SHATVKAAV

Sequence Sequences from phage eluted | Sequences eluted by heparan
homology” by peptide 11' 4 sulfate’

with:

LBPp>%5-2% RDPEEIEKEEQAAAEKAVTKEEFQG RDPEEIEK EEQAAAEKAVTKEEFQG

DRTANQVAA
DRTAMOVAA
VVSKI SEAG
GGSVAFRAG

LBP - Peptide G

IPCNNKGAHSVGLMWWMLAREVLRMR

I PCNNKGAHSVGLMWWMLAREVLRMR

KPWWRTINTA (6) GPGAWWGSA
WHRTMWWWP (8)
PWWWMTRHW®
LBP - C-terminal QPATEDWS QPATEDWS
DWS containing '
repeats QN TD WLGNL (3) None
Putative heparin HARSHYPWY SKMHRNSWEF
binding KWKWPDRPK AKIPAGRDR
sequences’ SLEHRAFRN KMNKGVVNP
GKLNLGGYK
KMNKGVVNP

! Residues contributing to the homology are shown in bold and underlined.
2 Residues showing homology with the mimotopes are underlined.

3 Previous sequence in reverse order.
* Positively charged residues in putative heparin binding peptides are shown in bold.
> Number of multiple isolations are shown in parentheses.

Table 2.2. Sample mimotopes and putative heparin binding sequences obtained from
phage specifically eluted from laminin-1 by peptide 11 or by heparan sulfate.

Table 2.2. shows informative phage sequences which were obtained from the
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specific elutions with peptide 11 and heparan sulfate. Phage clones carrying sequences
mimicking three different regions of the 67 kDa LBP sequence were obtained. These

regions are: the LBP?052%°

putative helical domain, the LBP peptide G domain and the C-
terminal DWS -containing repeats. Since antibodies have been independently raised to
synthetic peptides containing the sequences of all three LBP regions (37, 73), the random
phage displayed sequences which mimic these antigenic sequences can be classified as
mimotopes. Amongst the sequenced inserts of the phage clones eluted by peptide 11 in
" round 6, we found six independent isolates containing inserts coding for the sequence,
KPWWRTNA, which shows a homology with the sequence of peptide G. Three
individual isolates of phage carrying identical inserts coding for the sequence,
QNTDWLGNL, were also identified from the round 6 peptide 11 elution. This sequence
is reminiscent of the sequences of DWS -containing repeats which are found in the C-
terminal portion of the 67 kDa LBP. The LBP peptide G region and the LBP**?%
domain have both been previously shown to be involved in binding to laminin-1, while
-an antibody, raised to ‘nhe C-terminal LBP region containing the DWS repeats, modified
cellular interactions with laminin-1. Our phage display results suggested that the DWS
contaming repeats could themselves bind to laminin-1. 'Heparan sulfate eluted numerous,
phage clones carrying sequences reminiscent of heparin/heparan sulfate -binding domains
found in other proteins (5, 20) (Table 2.2). As indicated earlier, this was to be expected.
Surprisingly, hoWever, peptide 11 was also quite efficient at eluting phage canying these
inserts, even in round 6 when the elution pattern had apparently stabilized. This suggests

that some peptide 11 and heparan sulfate binding phage are interdependent in their
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binding to laminin-1. No phage insert sequences mimicking any LBP sequence domains
were obtained with the irrelevant laminin-1 peptide, AFSTLEGRPSAY, while only .f;1
single sequence mimicking part of the LBP?*>** domain was obtained with scrambled
peptide 11, SRYDGGICP. We Wére not surprised to obtain this mimic since a scrambled
YIGSR sequence peptide has previously been shown to retain 'some, albeit much reduced,

activity in other experiments (74).

BLAST searches for similarities to phage ILBP mimotope and putative heparin -binding

sequences support specific relationships to the LBP sequence

BLAST searches were run against the Owl composite sequence database (218,197
sequences) for all of the phage insert sequences shown in Table 2.2 to look for sequence

P?%522 mimotope sequences eluted by

matches in other proteins. None of the phage LB
peptide 11 were found in identical form in'the database, and no more than three poor
matches in other prbteins were found for any of these sequences. No matches were found
for one of the phage LBP**??° mimotope sequences eluted by heparan sulfate. | The
other two yielded poor sequence matches in two and seven proteins respectively.
Somewhat better matches were found for phage mimotopes of the LBP peptide G
domain. Two modest and nine poor sequence matches were found for the

WHRTMWWWP peptide eluted by peptide 11, and two modest and four poor sequence

matches were found for the GPGAWWGSA peptide eluted by heparan sulfate. Only four
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poor sequence matches were found for the QNTDWLGNL peptide, a Mimotope for the
LBP DWS containing repeats. No matches at all were found for two of the putative
heparin binding sequences, and between two and nine poor sequence matches were
obtained for the remaining six phage sequences. In all cases, the proteins in which the
limited sequence matches were found were of very diverse functions. Overall, the very
limited pattern of “match” sequences obtained in the Blast searches confirm the likely

specificity of the phage sequence mimotopes for the LBP sequence.

Phage clones carrying LBP mimotopes re-bind directly to laminin-1

In order to confirm the binding specificity of phage populations specifically
eluted from laminin-1, we chose six such phage clones and compared their abilities to
bind to laminin-1 with the wild type phage population in an ELISA plate assay. The
phage clones from the specific elutions were chosen to represent phage carrying insert
sequences mimicking each of the three regions for which LBP mimotopes were obtained
(Table 2.2). As shown in Figure 2.1, all clones that were tested displayed significantly
higher affinity for laminin-1 than the wild-type phage. These data suggest that all three
regions of the LBP identified by the existence of mimotopes in the peptide library may
play a role in binding to laminin-1, and that each of them may be independently capable

of binding.
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bind and crosslink synthetic LBP2%?% peptide in an ELISA assay, as described in
Materials and. Methods... In.our previous studies (63),. we..demonstrated the.exquisite.
specificity of the peptide 11 -based photoprobe. Using a Western protocol, we showed
that, of the very large number of proteins present in an NP-40 detergent extract of tumor
. -cell-membranes,-only-one-was-biotinylated by this reagent. -The biotinylated protein was
of the correct molecular weight for the LBP. Figure 2.2 shows the dose dependent

P205-229.pﬁptide.

crosslinking of the peptide 11 analog to the LB
We repeated this assay three times, and, in each case, maximal crosslinking was

- obtained close to the LBP**?* peptide concentration shown in Figure 2.2,. with
crosslinking decreasing appreciably at higher concentrations. We have examined the
LBPZOS"Z?S)_/.pe_pIide using_circular ,_dichroism_,(_C.Dk) spectroscopy -and _two _dimensional
proton NMR spectroscopy. At modest concentrations, the peptide exhibits a C.D.
spectrum consistent with predominantly alpha helical structure (data' ‘not- shown).
However, at the higher concentrations needed for NMR spectroscopy, the NMR spectrum
_suggested significant aggregation of the peptide (data not_shown). _Such aggregation
might be expected from the highly charged nature of the peptide, and it would also be
expected to interfere with binding interactions to other ligands. We feel that the decrease

P205-229

in apparent ligand binding at higher LB peptide concentrations in the ELISA assay

is probably due to .aggregation of the LBP**?% peptide. Nevertheless, at favorable

concentrations, the peptide 11 analog clearly bound and crosslinked to the LBP**%%

peptide in a dose dependent and reproducible manner.
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a strong o-helical signal by C.D. (data not shown). When a helical wheel plot of the
relevant sequence was evaluated, we found that three positively charged Lys residues
occurred on one side of the helix (Figure 2.3). Negatively charged Glu residues flank two
of the Lys residues in the helical conformation (Figure 2.3). By examining the linear
sequence and the helical wheel plot, we could not readily anticipate the likely relationship
of the three positively charged Lys sidechains to each other, and to the sidechains of the
negatively charged Glu residues. We, therefore, modeled the three-dimensional structure
using thé InsightIl and Discover programs (MSI). After running a molecular dynamics
experiment and conducting energy minimization on the resultant structures, as described
in Materials and Methods, we evaluated the final low energy structure as an example of a
possible conformation for this domain of the 67 kDa LBP. Opposite sides of this
potential structure are shown in Figure 2.4. Overall, the structure exhibited a helical
backbone bent into a shallow comma shape (data not shown). Figure 2.4, panel A shows
the putative heparin/heparan sulfate -binding side of the helix. From this type of
modeling, we were able to deduce that the sidechains of the three positively charged Lys
residues discussed above are likely to project together in a longitudinal linear array down
one face of the helix. Negatively charged sidechains flank this linear érray. We
concluded that this side of the helix probably could bind heparin or heparan sulfate.
However, the closeness of the negatively charged residues would likely reduce the
avidity of binding, and could provide for conformationally dependent binding. The other
side of the helix (Figure 2.4, panel B)‘shows a relative paucity of positivély charged

residue sidechains. Towards the C-terminus, there exists a hydrophobic patch including a
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This experiment was repeated twice with similar results, and indicates that synthetic
LBP20%2% peptide can bind isolated heparan sulfate as is predicted by the phage display

- experiments and modeling studies reported in this manuscript.

Synthetic QPATEDWSA peptide inhibits cell adhesion to laminin-1

In the course of sequencing of the recombinant inserts of the 38 phage specifically
eluted by peptide 11 in round 6, we observed a sequence QNTDWLGNL in 3 individual
isolates (Table 2.2). This peptide exhibits a sequence similarity to the TEDWS sequence
which is repeated with minor variations five times within the most C-terminal domain of
the LBP. To determine the biological relevance of this sequence, we synthesized aﬂ
peptide derived from the LBP with the sequénce of the third repeat, QPATEDWSA, and
tested its ability to interfere with cell adhesion to laminin-1.

Laminin-1 was coated on the wells of a 96-well tissue culture plate as described
in Materials and Methods, and the QPATEDWSA peptide was used at a concentration of
100 pg/ml. Cell attachment was measured at several time points from 5 to 120 minutes
after cell addition using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide) metabolite to quantitate adherent cells. Three tumor cell lines were assayed.
B16BL6 mouse melanoma cells were used as a representative highly invasive and
metastatic cell line, and DG44CHOWt and DG44CHO06B1 as chinese hamster ovary cell

variants exhibiting modest and high co-expression of the 67 kDa LBP and the a6B1
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The scrambled peptide, WAQADSTPE did not inhibit binding of DG44CHOwt

cells to laminin-1 (Figure 2.6), supporting the importance of the QPATEDWSA sequence
to bioactivity of the peptide.

DG44CHO cells attach more slowly to laminin-1 than do B16BL6 cells.
Therefore, the 30 minute time point for DG44CHO cells is roughly equivalent to the 15
minute time point which is shown for BI6BL6 cells. The synthetic peptide had no
apparent effect of the attachment of DG44CHOa681 cells (Figure 2.6). Since these cells
express much more 67 kDa LBP and a6pB1 integrin receptor than the DG44CHOwt cells
(63), the simplest explanation for their lack of sensitivity to the effects of the
QPATEDWSA peptide, is that the amount of peptide present was insufficient to affect

the large number of laminin binding proteins expressed by these cells. These results

support a direct interaction of the QPATEDWSA peptide with cellular laminin-1 binding -

proteins, but does notindicate whether the 67 kDa LBP or the a6p1 integrin is involved.

Discussion

Screening of random sequence phage display peptide libraries is a powerful
technique which allows for mapping of the regions on a protein surface which are
involved in protein-protein interactions (12, 29, 69). Since it was first described in 1990

(14, 59), it has rapidly become a tool of choice for investigators seeking to identify
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interfacial sequences between proteins (12, 29) and for epitope mapping (15, 25, 55, 67).
Phage display experiments have been used in a variety of systems, including mapping of
protein-protein interactions involved in cell adhesioﬁ (24, 34, 35, 45, 55, 72). Our
preliminary data indicated that populations of phage eluted by peptide 11 immediately
after the non-specific el‘utién rounds expressed inserts which were dominated by
sequences containing tryptophans, aromatic and positively charged residues. |
Heparan/heparin -binding motifs are often characterized by enrichment in ‘basic amino
acids juxta positioned to tryptophan residues (5, 21), and it appeared likely that these
sequences reprgsented heparin-binding peptides. By employing serial specific elutions,
consisting of heparan sulfate followed by peptide 11 elutions, we managed to eliminate a
subpopulation of phage whose binding to laminin-1 is dependent on GAG. In this way,
we largely overcame the predominance of putative heparin -binding phage recovered
from elution with peptide 11. Putative heparin -binding phage dominated the early
rounds of elution from laminin-1, to the extent that in the ﬁrét round of specific selection
91% of the total eluted phage were recovered in the heparan sulfate fraction. Further
selection with peptide 11 eluﬁon resulted in a significant reduction of phage in the
heparan sulfate eluate. However, a heparan sulfate labile population persisted in the later
rounds suggesting that peptide 11 itself could destabilize binding of this class of phage.
Additional studies will be needed to ascertain if these particular phage clones bind to one
or more sites on isolated laminin-1 and its residual associated GAG.

The majority of displayed peptide sequences from phage eluted with heparan

sulfate in round six revealed multiple short stretches of linear homology with the R
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G** region of the LBP. As indicated earlier, this region probably is of alpha-helical
conformation. Therefore, we analyzed the sequences of these phage inserts both from the
point of view of linear sequence homology, and for mimicking spatial epitopes formed by
residues three or four apart in the primary sequence, a spacing which would place them
adjacent in a helical fold. This analysis revealed additional sites of homology, mostly
based on localization of charged residues (data not shown).

Of the sequenced inserts from the phage eluted by peptide 11 in round six, we
found one insert, KPWWRTNA, with a homology to the palindromic sequence within
LBP peptide G. We also found a number of sequences with homology to the R**-G**°
region of LBP. Amongst these, some phage displayed linear sequence homology (Table
2.2), while others appeared to be mimicking the spatial distribution of charged residues
on the surface of the presumed alpha helix structure of this region (data not shown). The
sequence, QNTDWLGNL, was found in three independent isolates. This sequence is
reminiscent of the DWS -cdntaim'ng repeats which are found in the C-terminal portion (;f
the LBP. Although an antibody raised to a 20 residue long LBP peptide containing a
single DWS repeat has been shown to disrupt cell binding t§ laminin-1 (73), no
bioactivity had been ascribed to the repeat sequence itself. In the current report, we show
that a peptide consisting of only this sequence does reduce the rate of cell binding to
laminin-1 (Figure 2.6), so the repeat sequence is likely responsible for bioactivity of this
region.

All residues involved in protein:protein interactions need not be mimicked by a

single recombinant phage insert. The primary limitation is the size of the insert in the
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phage display peptide library that is utilized. It has been reported that some interacting
surfaces simply cannot be adequately mapped using libraries with short (6 residues long)
inserts, while libraries with longer (12-20 residues) inserts produce reliable mapping (64).
In the current project, we used a library with 9-mer inserts, which carries some limitation
on the size of epitope that can be mimicked by a single phage. We observed stretches of
homology covering, at best, five continuous residues. Further, the sequences that we did
obt'ain fell into the class of mimotopes. Amongst the phage that mimic the LBP**>2%
region most homology is found with the region comprised by the K*°AVT?® residues.
Interestingly, this same quadruplet is mimicked both by phage eluted by peptide 11 and
by phage eluted by heparan sulfate. While heparan sulfate did elute some phage with
putative heparin binding characteristics, none of these had any linear sequence homology
with the LBP*®?® | It is not clear vs}hy numerous sequences with homology to the
LBP?*>?%° were found in the heparan sulfate eluate from round six. It is possible that
excess free heparan sulfate might interact with the heparin binding site in the proximal
globular domain on the laminin B1 chain, causing a structural change in the LE repeats
where the peptide 11 sequence is located. Such a conformational change might result in
release of phage bound to the LE repeat through LBP**?% _like sequences.

Pl region (peptide G).

We obtained mimotopes for part of the LB
Interestingly, these mimotopes were seen in inserts from phage isolated from both
peptide 11 and heparan sulfate eluates. As indicated earlier, we expected to see

sequences with similarities to peptide G in the heparan sulfate eluates. Their presence in

phage from the peptide 11 eluates was not expected, especially since peptide G was
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previously shown to interact with laminin-1 in a YIGSR - independent manner (8). One
possible explanation for this apparent discrepancy with our phage display ﬁndings could
result from effects which peptide G is suspected to have on the conformation of laminin-1

(41). These conformational changes have been proposed to explain the fact that pre-

treatment of laminin with peptide G in solution increases its binding to the cell surface,

probably by exposing conditional receptor binding sites within laminin-1 (41). Elution of

LBP?*>?% _ Jike sequences from the peptide 11 - containing site on laminin-1 could cause
conformational changes in the near‘/by heparan sulfate binding domain of the laminin B1
chain. However, ligand photo-crosslinking and site-directed mutagengsis experiments
will be needed to determine if one or more binding sites in laminin-1 are involved in
binding by the phage‘ clones examined in the current study. |

The phage display mapping reported in this manuscript strongly suggests that

P?522 regjon. To test how these observations can be

' peptide 11 interacts with the LB
accommodated by the likely structure of this region, we performed computer simulated
modeling experiments of this region. As shown in Figure 2.4, panel A, hydrophobic
stretches 2 AAA?® and ' AVT?? contribute residues to a hydroi)hobic pocket on the
surface of the a-helix. The aromatic F**” sidechain also faces into this pocket. On the —
terminal side, this pocket is flanked by K*'?, and on the C- terminal end by 22E, Peptide
11, CDPGYIGSR, contains a negatively charged residue in the second position and a C-
terminal positively charged residue. Both charged residues are required for bioactivity

(62) and may contribute to ligand binding. Therefore, it is possible that LBP residues

K*? and E* provide electrostatic attraction for peptide 11. The binding could be further
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stabilized by stacking of the aryl rings of peptide 11 Y’ and LBP F*?’. Our hypothesis .

that LBP?*?%° ig indeed a binding site for peptide 11 is supported by these simulations,
and by the results of our ELISA experiment showing direct binding of the peptide 11

photo-crosslinking analog with the LBP**>?%

peptide (Figure 2.2).

As indicated in the results section, the opposite side of the LBP?*?% helix
demonstrates some features expected in a heparin - binding domain. A primary
requirement for a “canonical” heparin binding site is significant enrichment in basic
amino acids, and the binding domain is frequently helical in conformation (5). The basic
amino acids appear on the same side of the helix, forming a positively charged surface
(5). As shown in Figure 2.4, panel A, K*'?, K**° and K*** face the same side of the helix
to form a linear array of positive charges. Therefore, this side of the LBP?*?% helix
could, theoretically, bind heparin or heparan sulfate. Our ELISA assay confirmed that

P?%*2% could bind to immobilized heparan sulfate. From prévious reports

synthetic LB
(21) we know that the binding of LBP to laminin via peptide G is mediated by heparan

sulfate. Hence the presence of potential heparan sulfate binding domain on the “reverse”

side of the LBP?*?% helix may also be biologically relevant.
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.Overall, the results presented in this manuscript indicate that binding of the 67
kDa LBP to laminin-1 is likely to be more complex than was previously thought.
Heparan sulfaté is probably an important alternative ligand, interacting not only with the
peptide G sequence but also with LBP?®??°. Based on the fact that peptide 11 can elute
mimotopes of sequences found in the cDNA for the LBP, the peptide 11 sequence in
laminin-1 would appear to be a binding site for the LBP. This has been questioned based
on the results of rotary shadowing experiments where the dominant site for binding was
shown to be on the long arm of laminin-1 at a short distance from the peptide 11 site (6).
In this earlier éxperiment, the fact that the LBP might exhibit binding to more than one
site on this very large molecule was not fully considered. Indeed, the several heparin -
binding sites present in laminin-1 make it likely that an isolated protein with heparin -
binding characteristics would bind to multiple sites, albeit perhaps with different
affinities. The most conyincing argument for the importance of the peptide 11 sequence
is the bioactivity of the synthetic peptide in inhibiting cellular activities dependent on
interaction with laminin-1. If this sequence did not interact with the 67 kDa LBP, it
would be necessary to postulate the involvement of another peptide 11 binding protein(s).
Our own studies have shown that a phofo-crosslinking peptide 11 analog only reacts with
one detergent -extractable membrane protein with a mass appropriate for the 67 kDa LBP
(63). However, although this finding and the evidence pr;asented in 1;he current
manuscript strongly supports interaction of the 67 kDa LBP with ’_[he peptide 11 -
containing region of laminin-1, other approaches including additiohal analytical

crosslinking experiments will need to be pursued to conclusively prove this.
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. CHAPTER 3

EVIDENCE FOR SULFHYDRYLOXIDASE ACTIVITY OF LBP

Introduction

This chapter will discuss the findings that implicate LBP in the modulation of the
redox status of thiols and disulfides in substrate proteins and peptides. This activity
places LBP in ‘a functional relationship with a well characterized family of
dithiol/sulthydryl oxidoreductases. The best studied subset of this diverse family
encompasses the proteins with homology to thioredoxin, of Whichleukaryotic protein
disulfide isomerase is a classical example. LBP is not a member 6f this family. It has no
sequence similarity with these proteins and lacks the organization of the active site
characteristic of this family. However, LBP possesses some activities similar to PDI and
related proteins. Therefore, this introduction will focus primarily on the biology and
chemistry of proteins in the PDI family, for lack‘of closer analogs. While LBP and PDI
are probably very different in many respects, thorough description of the biochemistry of
PDI and telated proteins is certainly needed to understand the biochemistry of LBP: The
term “i’DI” is used interchangeably to define a particular protein of endoplasmic
reticulum (for instance, PDI1, EC 5.3.4.1), as well as any protein which performs

disulfide isomerization, depending on the context. .
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Basic mechanism of PDI %}_.Pction

Role of acfjye site oysipines Maintenance of the redox state of pratain thiols is

ipstrumental to cell viability. Disulfide bonds can be viewed as natural constraints of the
conformational entropy of a polypeptide, which help to mainfain its conformation and to
define its allgp}ve terfiary aqfl quaternary structure. Disulfide formation can happen
concomitanﬁy ,With Igolypeptiéie synthesis, as well as post-translationally (32). Disulfide
formation, however, is a statistical process, guided in part by the thermodynamic viability
of the resulting structure. Incorrect disulfide formation does occur, and it takes a catalyst-
dependent rearrangement of disulfides to reach the final active conformation. For
instance, in RNase or hirudin, early folding intermediates are dominated by random
disulfides, which need to be rearranged in order for maturation to proceed (19) (57) (14).
Oxidative folding and rearrangement of incorrectly formed disulfides is the primary
function of a class of enzymes ‘collectively called ;thiol/disulﬁde oxidoreductases. This
family includes protein disulfide isomerase (PDI), thioredoxin, DsbA, B, C, D, G and
many other enzymes. The catalytic properties of the enzymes of this farily may be very
different. For instance, thioredoxin has a tendency to reduce disulfide bonds under
physiological conditions, while DsbA of E. coli, on the contrary, has a very strong
oxidative potential. Eukaryotic PDI performs both disulfide bond breaking and making
equally well, depending on the substrate it is presented with, Most of these enzymes are
characterized by the presence of a CXXC motif'in the active site. The two cysteines are

involved in catalysis of disulfide bond formation, reduction and rearrangement (76). The

classical mammalian PDI of the endoplasmic reticulum consists of two domains with
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similar tertiary structure, each of which contains the CGHC active site. These domains,
however, are non-equivalent. It was shown that C-terminal active site possesses a lower
Kea than the N-terminal one (0.24 min™ vs. 0.72 min™), and its inactivation has no effect
on the k., of the protein. It was also shown that N-terminal active site has lower
sﬁbstrate (reduced and denatured RNaseA) binding affinity (K, of 29uM vs. 7.1uM for
the C-terminal domain), and its loss does not affect the overall K,, of the protein (65).
Notably, a mutant with all four active cysteines removed still displays low, but detectable
PDI activity (0.5% of that of the vs}ild-type). Redox properties of CXXC active sites in
PDI and related proteins are de:[ermined in large part by the internal residues flanked by
' the two active cysteines. Consistent with this notion, the oxidative potential of DsbA, a
potent dithiol oxidizer of E. coli, depends in large part on the two residues flanked by
cysteines 1n the active site. Replacement of the CPHC active site sequence with CPPC
results in a change of oxidation constant (measured as the equilibrium constant in the
reaction of reduction of glutathione) from 0.12 mM to 0.2M, that is, effectively reversing
the oxidative potential (35). Generally, the dipeptide sequence between the cysteines in
the. active site determines the Kok of the protein in this family. Replacement of this
dipeptide in a protein with a dipeptide from another protein in this family results in a
redox potential for the chimera close to that of the protein from which the dipeptide
sequence originated (64). In the current model, the intermediate residues within the active
site influence the pKa of the N-terminal cysteine, which is involved in the formation of
intermolecular disulfide intermediates with the substrate (see below). The pKa of this

cysteine correlates well with the redox potential of the protein (35).
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It was shown that thioredoxin, whose active sites have the CGPC configuration,
possesses a lower redox potential (-270mV) than PDI (CGHC, -190mV) (63) (58).
Replacement of proline with histidine in the active site of E. coli th,ioredokin (P34H),
making it mimic the sequence of active sites of PDI, results in an increase of the redox
potential by approximately 35 mV, which accounts for about half of the difference in
redox potentials between thioredoxin and PDI. Similarly, the P34H mutation of
thioredoxin results in substantial (10-fold) increase of dithioloxidase activity, accounting
for about half of the difference in such activity between thioredoxin and PDI (64).
Interestingly, this mutation also confers disulfide isomerization activity, which is almost
non-detectable in wild type thioredoxin. Therefore, it is apparent that the catalytic
properties of CXXC-containing enzymes depend, in part, on the sequence of the active
site, and in part on other factors, such as protein conformation, substrate binding affinity
and microenvironment in the vicinity of the active site. For example, it has been
demonstrated that replacement of a distant cis-proline P151 in DsbA, which has its active
site at residues 30-33, by alanine, results in more than 50% loss of activity in an in vivo
oxidative folding assay (13). The absence of the cis backbone configuration changes the
microenvironment of the active site énd affects its conformation, although does not affect
the pKa of the active site C30.

Studies of some proteins of the PDI family involved in oxidative folding provide
a valuable insight into the roles of the two CXXC cysteines in catalysis. PDI, a resident
protein of endoplasmic reticulum plays a role similar to that performed by DsbA in the

periplasm of E. coli, namely, assisting in oxidative folding of newly synthesized proteins.
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The N- and C- terminal cysteines in the active site appear to. play different roles in
catalysis. Replacement of the N-terminal cysteine by serine in PDI destroys both
sulthydryl oxidase and disulfide rearrangement activities in the absence of a glutathione
redox buffer, while removai of the C-terminal cysteine sélectively destroys the ability of
PDI to catalyze de novo disulfide formation, while preserving low, but measurable

isomerase activity (approximétely 10% of that of the wild-type) (107).

Mechanism of catalysis Based on the current evidence (108), it is most likely
that PDI does not ~guide a protein into a specific structure. Rather, it catalyzes the
formation of intramolecular disulfides and rearrangement of “incorrect” disulfides by
scanning for them, breaking, isomerizing, and repeating this cycle until the correct
conformation is found. Most likely, the formation of “correct” disulfides is gauged by
the reactivity of substrate disulfide with a substrate cysteine éuﬂlydryl. The isomerization
begins by attack of the deprotonated thiol of reduced PDI on the disulfide of the substrate
with the formation of intermolecular mixed disulfide and a deprotonated thiol within the
substrate. This step is reversible. In the next step, the substrate thiol should find a
disulfide within the same molecule of substrate and react with it, forming a new disulfide
within the substrate and releasing reduce/d PDI. Therefore, release of PDI from the
intermolecular complex is entirely dependent on the reactivity of the substrate thiol
formed in the first step of the reaction. If the formed substrate thiol is slow to react for

reasons of thermodynamic or spatial (conformational) hindrance, the PDI would be

trapped in a covalent complex with the misfolded substrate. The second, C-terminal
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cysteine in the active site serves to rescue the PDI from such complexes by donating its
proton to the substrate, thus breaking the intermolecular bond and releasing oxidized PDI
and partially reduced substrate. The C-terminal cysteine can be viewed as a molecular
clock, which provides a certain time period for the propagation of a disulfide
rearrangement within the substrate and than rescues the oxidized PDI if such a
rearrangement does not succeed (108). Conversely, in case of oxidation catalysis, the
same general mechanism applies, except that in this case thiol of the substrate attacks the
active site disulfide in PDI, forming a covalent intermolecular intermediate with the N-
terminal cysteine of the PDI. The C-terminal cysteine than accepts the proton from the
substrate and transfers it to the N-terminal cysteine, thus releasing reduced PDI from the
complex. Consistent with this model, addition of glutathione redox buffer rescues the
gctivity of PDI mutants that have a C-terminal active cysteine replaced by a serine (109)

(108).

Structural organization of the catalytic domain All known proteins that

modulate the redox status of thiols and disulfides through the classical CXXC active site
possess the same structural motif, referred to as a thioredoxin fold. This fold, represented
in figure 3.1, is characterized by at least four (sometimes five) beta-stands, all but one of
which are parallel, and at least three (sometimes four) alpha helices, two of which are
located on one side of the beta-sheet, and another on the opposite side, the latter roughly

perpendicular to the direction of the beta-strands (68).
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of the catalytic domain. Structures of these proteins may be quire variable, depending on

the presence of cofactor and the arrangement of catalytically active cysteines.

Substrate recognition It is not immediately clear how thioredoxin and related

enzymes recognize their respective targets. Experiments in which peptides and misfolded

proteins were chemically crosslinked to recombinant PDI consisting of various

combinations of a, b, a', b". and ¢ domains, demonstrated that b' domain of PDI is

indispensable for substrate binding. This domain is sufficient for binding of small
peptides, such as D-somatostatin, but binding of larger substrates, such as scrambled
RNaseA or bovine pancreatic trypsin inhibitor fragment 4-31 requires the presence of
other domains, especially a' (56). As was mentioned before, “b” domains possess the
same thioredoxin fold as do “a” domains, but lack the CXXC active site. While the
binding of peptides by the b' domain is independent of the presence of cysteines in the
.substrate or in the b' domain itself (55), cysteine-containing peptides bind to the PDI
more avidly than cysteine-less ones. This indicates the formation of intermolecular
disulfide intermediates with the involvement of catalytic a and a' domains. No complete
structure of the mammalian PDI is available at this time, although structures of some
individual domains have been solved. It is therefore unknown how catglytic and non-
catalytic domains are arranged in space to provide for synchronized binding and
catalysis. Some clue to the topology of the binding site of proteins with a thioredoxin fold
can be derived from the studies of thioredoxin itself A recent X-ray structure of

thioredoxin in complex with the substrate peptide shows the binding of the substrate in
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two opposing loops is increased by approximately 10% in the oxidized state compared to
the reduced state. Only the reduced form of thioredoxin or C=> S mutants are able to bind
T7 DNA polymerase, but not oxidized thioredoxin. This implies that, while cysteines are
not immediately involved in the interaction with the core polymerase, the conformational
change in the binding cleft between reduced and oxidized states, however subtle, is
substantial enough to allow discrimination of substrates. Since the experimental evidence
for conformational change during catalysis and substrate recognition exists only for
thioredoxin, it is difficult to judge whether the same mechanism exists for all members of
the family, or is specific for thioredoxin only. However, taking into account conservation
of tertiary structure and active site configuration, it seems possible to cautiously
extrapolate the concept of substrate discrimination by thioredoxin to other members of

this family.

Chaperone and antichaperone activities of PDI ~ PDI does not only forms and

rearranges disulfides, but also acts as a chaperc;ne in vivo in the endoplasmic reticulum
and in vifro in cell-free assays. It has been shown that PDI in the ER of intestinal
epithelial cells works aé a redox-dependent chaperone to unfold the cholera toxin (CT)
Al subunit, after it has been released from the accompanying B subunits. In the reduced
state PDI binds the CT Al, trapping it in the ER, while in oxidized state it releases it,
allowing the retrograde transport to cytosol, where the biological target of CT Al is

localized (104). PDI also functions as a quality control chaperone in the endoplasmic




1 1'9
reticulum, binding and discriminating properly folded secretory proteins from misfolded
ones, and directing the latter to retrograde translocation to the cytoplasm, while the
former are directed to the Golgi (33). In addition to chaperone activity, under certéin
conditions in vitro, PDI catalyses the formation of large insoluble disulfide-crosslinked
complexes which include terminally misfolded substrate protein and PDI. This behavior
~is referred to as antichaperone activity and depends on the relative concentrations of PDI
and the substrafe proteip (82). Interestingly, another chaperone of the ER, BiP, also
displays the antichaperone activity if presented with excessive amount of denatured
lysozyme in vitro and is incorporated into insoluble aggregates in competition with PDI
(81). Unlike PDI, which is a redox-dependent chaperone, the chaperone activity of BiP is
driven by the hydrolysis of ATP. While chaperone/disulfide isomerase activity of PDI
involves intact active site cysteines, antichaperone activity does not involve formatio_n of
mixed disulfide intermediates, since a mutant PDI variant with all four active site
cysteines mutated exhibits the same antichaperone activity as fhe wild-type (83).
Antichaperone activity is manifested under certain conditions, namiely, at concentrations
of substrate (reduced and denatured lysozyme) about 10 times higher than. the
concentration of PDI on a molar basis. Normal chaperone activity is exhibited when -
lower or higher substrate:PDI ratios are utilized (82). This “schizophrenic” (82) behavior
of PDI explains a number of earlier observations, such as the necessity for a relatively
high concentration of PDI in the ER (on the order éf mM) and transient accumulation of
disulfide-crosslinked aggregates in the ER during expression of disulfide-rich proteins

(21) (67). This may also represent a mechanism of quality control, which results in ER
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retention of misfolded secretory proteins. It is interesting that aggregates formed in vitro
are very stable and need to be treated with urea to dissociate, while similar aggregates
formed in the ER i vivo (in response to DTT treatment of cells) can be salvaged and

correctly folded when DTT is washed out (102) (10):

Other functions of PDI-related proteins

Modulation of cell-ECM interactions PDI not only acts as an ER chaperone,

but is also secreted into the extracellular space and associates with the cell membrane. It
has been shown that cell surface expressed PDI is involved in the disulfide exchange in
the Ca®* binding loops and C-terminal globular domain of thrombospondin. This
disulfide shuffling leads to a structural rearrangement in the thrombospondin molecule
that results in the exposure of a cryptic RGD domain. This sequence is the recognition
site for a number of integrin receptors. Treatment of isolated thrombospondin with
purified human PDI results in increased RGD-dependent adhesion of bovine aortic
endotheﬁal cells to thrombospondin (44). PDI-catalyzed rearrangement of disulfides in
thrombosopondin-1 also alters its binding to neutrophil cathepsin D (45).

PDI is expressed on the surface of both resting (27).and activated (15) platelets
and is released in the extracellular medium by platelets upon activation (17). It is
suggested fhat plasma PDI, whicfl is immunologically identical to platelet PDI, is
involved in the formation of disulfide-crosslinked vitronectin-thrombin-antithrombin

complexes (29). PDI is also involved in platelet aggregation by acting on the disulfides
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of GPIIalllb fibrinogen receptor complex, converting it into a fibrinogen-binding state

(28).

Shedding of surface-expressed proteins Surface expressed PDIs may also be

involved in the regulation of shedding of other proteins into the extracellular medium. A
PDI expressed on human leukocytes was implicated in the regulation of proteolytic I-
selectip shedding. Treatment of cells with an arsenic modifier of proximal thiols or
bacitracin, a known inhibitor of PDI, induces L-selectin shedding by leukocytes (5).
Treatment with thiol oxidiziﬁg agents leads to the same effect. Inhibition of shedding
increases leukocyte recruitment to the inflamed tissue (36). Cell surface PDI is also
apparently involved in the release of the thyrotropin receptor ectodomain from the
surface of thyroid follicle cells. The mature surface receptor consists of two subunits,
linked by a disulfide, only one of which (B) is membrane-spanning. The release of the o

subunit is inhibited by bacitracin and anti-PDI antibddies (18) (74).

Nitrositol transfer In addition to platelets and thyroid endothelial cells, PDI has

been found on the surface of several other ée]l types, including pancreatic exocrine cells
(which also shed PDI into acinar lumen) (2), B lymphocytes (59) and magakaryocytes
(16). Cell surface — expressed PDI has been implicated by several groups in the catalysis
of transmembrane transfer of nitric oxide (NO). NO is a free radical signal molecule with
a wide range of physiological effects, including Hregulation of platelet function, blood

pressure control, and lymphocyte activation. One of the primary targets of NO is soluble
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guanylyl cyclase, which is activated by NO. For a long time it was thought that NO
penetrates the plasma membrane of effector éells by passive diffusion. However, it must
first be released from the S-nitrositols, a diverse set of carrier complexes, which serve as
a serum reservoir of NO. Recent data implicate PDI in the release of NO from such
complexes. Partial inhibition of PDI surface expression by overexpression of antisense
PDI ¢cDNA in human erythroleukemia cells results in a 2.5-fold decrease in the synthesis
of cGMP, but not cAMP, indicating a decreasé of NO concentration within the cell. PDI
is also able to abstract NO from S-nitrositols and bind NO in the molar ratio
PDI:NO=1:2. PDI is also able to catalyze the reaction of transnitrosylation and so attach
NO to free thiols or hydroxyls in other i)iologiqal molecules (114). It has also been
shown, using a fluorescent probe, that PDI on the surface of lung fibroblasts and
umbilical vein endothelial cells catalyses the denitrosylation of BSA-NO (one of the
common NO carrier complexes in serum), and that NO is transferred inside the cell in the
form of NO3, where it nitrosylates cytoplasmic targets (86). Therefore, PDI or related
proteins on the cell surface do not only modulate the thiol redox state, but also are

involved in other physiological responses, such as regulation of NO signaling.

Transcription and replication control Recently, a chloroplast PDI was

implicated in the regulation of gene expression. In this system, an excited electron from
photosystem II is transferred to ferredoxin and to ferredoxin/thioredoxin reductase, which
then reduces chloroplast PDI. This, in turn, reduces a disulfide pair in the transcription

factor cPABP, thereby activating it. cPABP specifically activates the pshbA4 gene, which

4
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codes for the photosynthetic reaction center protein D1. Iﬁ the absence of: illumination,
¢PDI is phosphorylated, which leads to “locking in” the oxidized state and reversal of
cPABP activation. (54) (24).

Another thiol/disulfide oxidoreductase, thioredoxin, is involved in replication of
T7 DNA. E. coli thioredoxin associates with T7 DNA polymerase, conferring high
processivity to this otherwise inactive enzyme. Only reduced thioredoxin acts a
processivity factor; oxidized thioredoxin or thioredoxin with alkylated cysteines are
defective in association with the T7 DNA polymerase (46) (1). Both cysteines, however,
- can be mutated without loss of this function, which indicates that disulfide formation is
not involved in the maintenance of processivity (46). Mutation complementation analysis
showed that thioredoxin binds the putative polymerization domain and the putative 3'-to-
5' exonucleolytic domain of T7 DNA polymerase (37). Insertion of the thioredoxin
binding domain of T7 DNA polymerase into E. coli DNA polymerase I, which possesses
very low p;ocessivity, conferres processivity comparable to that of T7 DNA polymerase
(4). It is unclear what the molecular mechanism of thioredoxin function in the

polymerase complex is. Thioredoxin and T7 DNA polymerase associate in 1:1

’

stoichiometric ratio, and one and probably both active site cysteines of thioredoxin stay
reduced and solvent-exposed, since their alkylation is possible within the complex.
Polymerase DNA substrates alter the accessibility of thioredoxin sulfhydryls, making
them more protected from alkylation (1). So far, this is the only reported case of

sulthydryl/thiol modulators being intimately involved in DNA synthesis.
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Other members of the family. FAD-containing proteins

Some thiol/disulfide oxidoreductases perform catalysis in a different manner from
PDI, thioredoxin or Dsb proteins. These enzymes carry a FAD moiety in the active site
and belong to the pyridine nucleotide-disulfide oxidoreductase family of enzymes (112).
The well characterized members of this family include lipoamide dehydrogenase
(EC.1.8.1.4), glutathione reductase (EC. 1.6.4.2), thioredoxin reductase (EC. 1.6.4.5),
cystine reductase (EC. 1.6.4.1), sulfhydryl oxidase from Aspergillus niger. With a few
exceptions (including sulfhydryl oxidase), all enzymes in this family catalyze electron
transfer between NAD(P)(H) and disulfide/dithiol. Some of enzymes in this class lack the
canonical CXXC motif seen in “classic” thiol/disulfide oxidoreductases, but all possess
two active cysteine residues which are involved in catalysis. Some proteins that utilize
FAD as a cofactor, however, have the CXXC motif with redox-active cysteines, involved
in catalysis (42) (40) (43). These enzymes include a sulthydryl oxidase isolated from the
hen egg white of and numerous homologues of Quiescm Q6, a protein involved in growth
regulation and fibroblast quiescence in organisms as diverse as humans and C. elegans.
Sulfhydryl oxidase of hen egg white does not utilize NAD(P)(H) as a source of redox
equivalents in catalysis. Oxidation of DTT by this enzyme is accompanied by generation

of hydrogen peroxide in aerobic solution, suggesting oxygen as an acceptor of protons

(A1).
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Dithiol-disulfide oxidoreductases that lack the CXXC motif

Some proteins that demonstrate protein disulfide isomerase activity lack the
canonical CXXC motif and do not utilize FAD as a cofactor. An example of such type of
thiol/disuiﬁde oxidoreductases is elongation factor EF-Tu of E. coli (87). This protein is
active in oxidative refolding of reduced and' denatured RNaseA, refolding of scrambled
oxidized denatured RNaseA, and in catalyzing reduction of insulin in the presence of
DTT. However, EF-Tu does not have a canonical CXXC motif. Instead, it has three
cysteine residues, one of which is solvent-exposed, the second of which can be titrated in
the absence of GTP (EF-Tu is a GTPase), and the third of which is buried. The biological
relevance of the PDI activities demonstrated in vitro remains unclear. Another example is
the yeast protein Euglp. This protein is homologous to the yeast PDI and appears to have
the same domain organization (100). But the active site sequence CXXC of PDI is
replaced by CXXS in Euglp. However, mutants of Euglp, with both CXXS active sites
replaced by CXXC, demonstrate much higher activity in RNase oxidation and disulfide
isomerization than the wild-type Euglp (78). The latter is active in these assays, but not
nearly as active as the CXXS->CXXC mutants. The wild-type protein is inactive in
catalysis of insulin reduction. As can predicted from the basic mechanism of catalysis by
a thioredoxin-like PDI, catalysis only requires the more N-terminal cysteine, while the
second cysteine is not required for disulfide isomerization, especially in the presence of _
glutathione redox buffer. PDI mutants with CGHS active sites retain about half of the
disulfide isomerization activity of the wild-type enzyme, but are almost devoid of the

dithiol oxidase activity. In addition, such mutants tend to get trapped in intermolecular
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disulfide complexes with the substrate (109). Sulfhydryl oxidation, however, requires the
presence of both active site cysteines in PDI, at least in the absence of oxidized form of
glutathione, GSSG. Also, in case of E. coli protein DsbA, a potent sulfhydryl oxidase, the
C-terminal active site cysteine is dispensable for oxidation of DTT and protein substrates
in the presence of GSSG. About half of the activity of the wild-type DsbA is retained by
these mutants (113). The two proteins that lack the CXXC configuration of the active
site (EF-Tu and Euglp), are active in the oxidation of the reduced RNaseA and disulfide
rearrangement in the presence of GSSG. It is not clear whether the catalysis by these
enzymes would occur without GSSG. This would shed light on the mechanism of
catalysis, since if two cysteines are involved, sulthydryl oxidation catalysis is likely to be

observed, even in the absence of GSSG.

Materials and methods

RNase refolding assays

Denatured and reduced RNaseA (drRNaseA) was iprepa'red as described in (12)
(79). Bovine pancreatic RNaseA (Boehringer Mannheim-Roche) was dissolved in 3 mL
of water at 20 mg/mL and dialyzed against 256 mL of 6M Guandinium chloride/0.15M
DTT/0.1M Tris-HCl pH 8.6 overnight at room temperature. Reduced and denatured
RNaseA (rdRNaseA) was then purified by gel filtration on Sephadex G25 equilibrated in

0.1% acetic acid. Column parameters were: height: 30 cm, bed volume: 75 mL, flow rate:
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7 ml/min. All solutions were treated with diethylpyrocarbonate (DEPC) and autoclaved,
all glassware was autoclaved and baked at 200°C overnight to minimize RNase

contamination. Purified rdRNaseA was lyophilized, dissolved in degassed 0.1% acetic

acid and the solution was sparged with argon. rdRNaseA was aliquoted and stored at - -

80°C. The RNaseA renaturation assays were performed according to the method of Crook

et al. (20) with modifications (12). Briefly, 30 uM rdRNaseA was diluted into 0.1M Tris-

HCV1mM EDTA pH 7.4 and mixed with the protein being tested for the chaperone
activity. Refolding mixes were incubated at room temperature. At time points indicated,
aliquots of the refolding mixture were tested for RNaseA activity by mixing with 0.1
mg/mL 2°:3’°cCMP (Sigma) in 0.1M Tris-HCV/0.1M NaCl pH 7.5. RNaseA activity was
determined by the rate of conversion of 2’:3’§CMP into 2°CMP as monitored by the

increase of absorbance at 284 nm.

Insulin reduction assays

The ability of LBP to catalyze the DTT-driven reduction of insulin was tested
according to the procedure of Holmgren (38). Proteins being tested for this activity were
mixed with 0.13 M human recombinant insulin (Boehringer Mannheim/Roche) in 50 mM
potassium phoéphate pH 7.4 in the presence of 0.3 mM DTT. Insulin reduction was

determined by precipitation of separated B chains turbidimetrically at _640 nm.
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LBP cloning and expression

Hamster LBP ¢DNA was a gift of Dr. J. H. Strauss. The coding sequence was
amplified using the following primers containing 5’ extensions with incorporated BamHI
restriction endonuciease recognition sequences:

LBP-BamHI-FOR-2: 5’-TTAGGATCCCATGTCCGGAGCCCTTG

LBP-BamHI-REV: 5°-TTAGGATCCAGTCAGGACCACTCAGTGGTG

Amplification reactions were carried out in 50 pul volumes with: 1X GeneAmp PCR

buffer 1 (PE Applied Biosystems), 1.5 mM MgCl,, 100 nM primers, 200 uM dNTPs, 2.5
U Taq polymerase, and 0.1 ng template per reaction. PCR parameters wefe: 5 min at
94°C, followed by 3 cycles of 1 min at 94°C, 1 min at 40°C, 1 min at 72°C, followed by
27 cycles of 1 min at 94°C, 1 min at 45°C, 1 min at 72°C, followed by 1 cycle of 7 min at
72°C. Amplified product was purified using a PCR purification kit (Qiagen) and treated
with BamHI endonuclease (New England Biolabs). pET15b vector (Novagen) was
linearized with BamHI and dephosphorylated using calf intestinal alkaline phosphatase
(Promega). Linearized dephosphorylated vector was resolved on a 0.8% agarose gel,
retrieved ﬁ“om the gel and purified using the PCR purification kit. The LBP PCR product
was also purified using the same kit. LBP ¢cDNA insert and vector were mixed in 1:10
molar ratio and ligated overnight at 14°C with 3 Weiss units of T4 DNA ligase
(Promega). Ligation products were ethanol precipitated, washed with 70% ethaﬁol,
dissolved in 10 pL ddH,O and transformed into ToplOF’ E. coli (Invitrogen) by

electroporation. Transformants were plated on LB agar medium supplemenfed with 60
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pg/mL ampicillm. Plasmid DNA from selected clones was isolated using modified
alkaline lysis procedure. of Birnboim and Doly (7). Orientation of the insert was
determined by Sacl restriction digest, and clones tﬁat carried the LBP insert in the correct
orientation were kept. Plasmid DNA from the selected clones was sequenced using T7
promoter and T7 terminator primers to ensure the integrity of the vector-insert junctions.
The expression construct was transformed into the C-41(DE3) expression host (110),
which is a modified version of the BL21(DE3)pLysS strain (Invitrogen). Cells were
grown overnight 1n 3 mL cultures and transferred in the morning into 250-500 mL of
LB/ApéO and grown at 37°C with intensive aeratioﬂ. Expression of LBP was induced at
ODsp00.3-0.6 by addition of isopropyl-B-D-thiogalactopyranoside (IPTG) to 1mM final
concentration. Pilot expression indicated that maximum expression was achieved at 7

hours after induction (figure 3.3).

Purification of recombinant L BP

After expression, cells .vs‘/ere harvested by centrifugation, and recombinant LBP
(rLBP) was purified under native or denaturing conditions on either Talon (Clontech) or
Ni-NTA (Qiagen) metal affinity matrices. Cells were resuspended in 1/10 of the culture
volume of t}fe lysis and binding buffer and incubated at room temperature for 30 min. If
purification under denaturing conditions was to be performed, cells were treated with
lysozyme pﬁor to lysis. Cells were lysed either by sonication or by hydraulic mechanical

disruption (“French press”). In the latter case, chromosomal DNA was sheared by
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forceful passing of the lysate through a 27-gauge syringe needle. The lysate was
centrifuged for 20 min at 10000 rpm in a Sorvall S-34 rotor. Cleared lysate was then
mixed with 1-2 mL bed volume of the metal affinity resin and allowed to bind for 1 hour
(Talon) or 3 hours to overnight (Ni-NTA) with mixing. The resin was loaded in columns,
washed until the absorbance at 280 nm decreased to baseline and then bound proteins
were eluted (see table 3.1 for buffer compositions). Eluted matefial was dialyzed against
several changes of cPBS pH 7.5/10 mM B-mercaptoethanol (BME) (2 L) with decreasing
concentrations of urea (6M, 4M, 2M, 1M) for at least 48 hours at 4°C to allow slow
renaturation of the protein and to avoid aggregation. The polyhistidine tag was removed
by treatment with biotinylated thrombin (Novagen), allowing 1U of thrombin per 1 mg of
protein for 20 hours at room temperature. Biotinylated thrombin was removed by
incubation with streptavidin agarose followed by centrifugation. Any recombinant protein
that retained the polyhistidine tag was removed by re-purification on the metal affinity
column under denaturing conditions. The -ﬂow-through fraction was collected and
dialyzed as described above. In the final step, BME was dialyzed out against at least 5

changes of ¢cPBS pH 7.5, 2 L each.
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Talon (immobilized cobalt) Ni-NTA (immobilized ﬁickel)
Native Denaturing . . Denaturing
Buffer conditions** conditions Native conditions** conditions
6MGuCl 50mM NaH2PO4 8M urea
. 50 mMNa,HPO, 10mM Tris HCI1 100mM NaH,PO,
{jiﬁsgnand 0.5M NaCl go&wﬁaéfmm 300mM NaCl 10mM Tris HCI
g pH 8.0 H 2.0 10mM BME 100mM NaCl***
pEL 8. pH 8.0 pH 8.0
8M Urea 50mM NaH,PO, 8 M urea
50 mMNa,HPO, 20mM Na,HPO 10mM Tris HC1 100mM NaH,PO,
Wash 0.5 MNacCl 0.5 M Naél 4 | 300mM NaCt 10mM Tris HC1
pH 8.0 H 70 10mM BME 100 mM NaCl*#**
pr . pH 8.0 pH 8.0
50mM NaH,PO,
) 8 M urea
8M Urea . 10mM Tris HC1
Elution gosm&ANNaHZPm 20mM NaH,PO, | 300mM NaCl 100mM Nak,PO,
M . aCl 10 mM Tris HCI
1 0.5 M NaCl 10mM BME ¥
pH 5.0 .. 100 mM NaCl1*
pH 5.0 250mM imidazole H4.0 ‘
pH 8.0 P4,
8 M urea
20mM Na,HPO, | 3M Urea 100mM NaH,PO,
20mM Na,HPO, .
Elution 0.5M NaCl 0.5M NaCl 10 mM Tris HCI
* 100mM . N/A 100 mM NaCJ***
2 .. 100mM .
imidazole L. 200 mM
imidazole .,
pH 8.0 H 8.0 imidazole
pHL S pH 8.0

Table 3.1. Buffers used for rLBP purification.
*. Elution buffers 1 and 2 were used interchangeably.

**. CHAPS was added in some purifications to decrease aggregation of rLBP
ik, 500 mM NaCl was used in some purifications. See the Results section.

10 mM B-mercaptoethanol can be added to all buffers to decrease aggregation

of rTLBP

Purification of shed LBP

Cells (DG44CHO modified to overexpress a6pl integrin, which leads to

ovexpression of LBP, or MCF7 or NIH OVCAR-3) were grown in 25 cm? flasks until

approximately 60% confluent, at which point the medium was replaced and fresh serum-.

free medium was added. Incubation continued for additional 48 hours. The conditioned
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medium was removed and sterile filtered. Conditioﬁed medium was passed 5 times
through a laminin;afﬁnity column (laminm;l immobilized on cyanogene bromide-
activated sepharose) (2 mL bed volume, flow rate 2 mL/min). The column was washed
with cPBS until absorbance at 280 nm reached the baseline, and captured LBP was eluted
either by cPBS supplemented with 1 M NaCl or ¢cPBS pH 2.0. Eluted LBP was dialyzed

against ddH,O and lyophilized.

Site-directed mutagenesis

For site-directed mutagenesis of cysteines within rLBP, two pairs of primers were
synthesized, one pair for each cysteine. Primer sequences are shown below (5°=> 3°):
C148A-FOR: CGTCAACCTGCCCACCATTGCTCTGGCTAACACAGACTCTCCTCTGCGCTACG
C148A-REV: CGTAGCGCAGAGGAGAGTCTGTGTTAGCCAGAGCAATGGTGGGCAGGTTGACG
C163A-FOR: GCGCTACGTGGACATTGCCATCCCGGCCAACAACAAGGGAGCTCACTCAGTGG
C163A-REV: CCACTGAGTGAGCTCCCTTGTTGTTGGCCGGGATGGCAATGTCCACGTAGCGC

Primers are complimentary to the LBP sequence, except for the bases shown in
bold and underlined. These bases mismatch with the LBP sequence, leading to mutation
of the codons coding for C148 and C163. Primers were PAGE-purified. Each cysteine
was mutated separately. For creation of the double mutant, the C163A mutation was
introduced into the previously obtained C148 A mutant. PCR was performed with pairs of
mutagenic primers specific for each cysteine. LBP cDNA cloned into pET15b vector and

propagated in a Dam-positive strain of E. coli was used as a template. Amplification
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reactions were carried oﬁt in 50 pl volumes with: 1X Pfy turbo buffer (Strafagene), 2.5
mM MgSOs, 10-50 ng of template DNA, 6.25 pMol of each mutagenic primer, 200 uM
dNTPs, 2.5 U Pfu turbo. PCR parameters were: 5 min at 94°C, followed by 16 cycles of
30 sec at 94°C, 1 min at 55°C, 14 min at 68°C, followed by 1 cycle of 2 min at 4°C. After
PCR, 10U of restriction endonuclease Dpnl was added to the PCR product and incubated
1 hr to overnight at 37°C. Dpnl discriminates between methylated/hemimethylated sites
and non-methylated sites and introduces cuts-only in methylated sites, thus removing the
surviving parental DNA or parental/amplified heteroduplexes and leaving homoduplexes
of newly synthesized mutated strands intact. After Dpnl digestion, DNA was ethanol
precipitated, washed with 70% ethanol, dissolved in 10 uL of ddH20 and transformed
into Topl0F” E. coli by electroporation. Presence of mut;ltions and the integrity of the
LBP coding sequence were verified by sequencing from two external and two internal

primers.

Laminin binding assays

Ninety-six well microtiter plates (Immulon 4HB, Dynex), were coated rLBPs (0.1
mg/mL in cPBS) for 3 hours at room temperature. Plates were blocked with 5% non-fat
dry milk, and exposed fo laminin-.l (Sigma) (50‘ ug/mL). The plates were developed
using polyclonal rabbit anti-laminin antibodies and goat anti-rabbit IgG conjugated to
alkaline phosphatase (Bio Rad). Laminin binding was determined by optical density at

425 nm.
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Results

Expression and purification of rI.BP and sL.BP

Figure 3.3 shows a time course of expression of wild—type polyhis-tahgged rLBP
in CD41(DE3) cells. At 7 hours after induction, expressed LBP amounts to about half of
the total cellular protein. As was previously reported (94), LBP displays an anomalous
electrophoretic mobility on SDS PAGE. While the deduced molecular weight of the
protein is 34 kDa with the polyhistidine tag, the expressed protein migrates at apparent
molecular weight of 45 kDa. Figure 3.4 demonstrates the results of purification of rLBP.
The protein was purified to an apparent >90% homogeneity as evidenced by Coomiassie
Blue staining. Overloading of the gel reveals additional minor bands in the purified rLBP
fraction. Most of them, if not all, are degradation products of the rLBP, as evidenced by a
proportionate mobility shift after thrombin cleavage (data not shown). The polyhistidine
tag was successfully removed by thrombin cleavage and the protein was re-purified. The
time course of thrombin cleavage is shown in figure 3.5. The reactions shown on this
figure were run in 200 pL, with the concentration of LBP at 0.12 mg/mL. As
demonstrated in this figure, nearly 100% cleavage can be achieved in 8 hours.
Performing the cleavage in a larger volume, however, required longer incubation times to

achieve ~ 90% cleavage (data not shown).
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