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Abstract

Structural and Biochemical Studies of Neutrophil Gelatinase-associated Lipocalin: A

Protein Involved in Immune Defense Against Microbial Pathogens

by David Henry Goetz

Chair Person of the Supervisory Committee: Affiliate Assistant Professor Roland K.
Strong, Department of Immunology, Associate Member Fred Hutchinson Cancer

Research Center

Human neutrophil gelatinase-associated lipocalin was discovered a decade ago as
a protein secreted in response to inflammatory stimuli. NGAL was originally described as
a component of a disulphide linked heterodimer with gelatinase-B isolated from specific
granules secreted by neutrophils. NGAL expression patterns suggested that it plays a role
in many processes including cell-growth, apoptosis, cell-differentiation, neoplasia, and
defense against bacterial infection. Sequence analysis suggested that NGAL was a
member of the lipocalin structural family. The lipocalins are characterized by an eight-
stranded B-barrel, which forms a cup-shaped -generally lipophilic- binding site referred to
as the calyx. NGAL was first proposed to function by binding small bacterial
hydrophobic chemotactic peptides. However, biochemical data in support of this
hypothesis has been difficuit to obtain. The aim of my thesis project has been to use
structural and biochemical techniques to determine the function of NGAL. My crystal
structures of baculovirus-expressed monomer and disulphide-linked homodimer NGAL
suggested that NGAL does not in fact bind hydrophobic chemotactic peptides.
Subsequently, I serendipitously discovered that NGAL co-purifies with a bacterial
chromophore when expressed heterologously in E. coli XL1-Blue. The remainder of my
thesis project has been to characterize this chromophore and study its possible

relationship to NGAL'’s in vivo function. I identified the bacterial chromophore as



enterobactin and showed that the ligand tightly associates with the NGAL calyx.
Enterobactin is a member of a class of iron-binding small molecules known as
siderophores that are secreted by microorganisms for the purpose of scavenging iron. My
subsequent crystal structure of the NGAL :enterobactin complex revealed that the binding
mode exhibits some unique properties. First, NGAL appears to have a binding site that is
not only capable of tightly associating with enterobactin but also other larger
siderophores. Second, NGAL appears to primarily recognize the catecholate moieties of
enterobactin through unique hybrid cation-n/ionic interactions. These data suggest that
NGAL may be part of a general mechanism of the innate immune system for inhibiting

bacterial catecholate-siderophore-mediated iron-scavenging in a mammalian host.
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Chapter 1: Introduction to Neutrophil Gelatinase-associated Lipocalin

Neutrophils

The focus of this thesis is on structural and biochemical characterization of the
human protein neutrophil gelatinase-associated lipocalin (NGAL). NGAL was first
described as a protein secreted by polynuclear effector cells of the innate immune system

known as neutrophils. Neutrophils are the most common leukocyte in the blood and bone

marrow comprising up to 48% of all white cells in the blood of normal individuals!.
After the physical barriers of the skin and mucosal layers, neutrophils are the first line of
defense against infection by microorganisms. Neutrophils function by chemotaxing
towards sites of infection and inflammation; directly killing invading microorganism by
phagocytosis, formation of reactive oxidants, and release of bactericidal and bacteristatic
peptides; and secreting a number of inflammatory mediators to modulate the activity of
other components of the immune system. Inability to maintain normal levels of
circulating active neutrophils leads to increased susceptibility to infection by gram-

negative bacteria. At levels below 1000 circulating neutrophils per ul of blood, there is an

inverse relationship between neutrophil count and risk of bacterial infection2.

Neutrophils are derived from the myeloid lineage, and so neutrophil precursors
are found in the bone marrow3. Neutrophils mature from myelocytes to metamyelocytes,

to immature, or band, neutrophils and finally to segmented (mature) neutrophils$. Mature
neutrophils leave the marrow, circulate through the blood, and periodically loosely attach
to the vascular endothelium. Once attached, neutrophils either, detach and return to the
circulating blood, or extravasate across the endothelial layer into the surrounding tissues.
This decision is mediated by a number of both soluble and membrane bound

inflammatory signaling molecules. Neutrophils spend an average of 6 to 10 hours in the

blood before entering extravascular tissues or body cavities>.
One hallmark of infections by gram-negative bacteria such as E. coli is a brief
decrease in the level of circulating neutrophils, a condition referred to as neutropenia.

This brief neutropenia is usually followed by a marked increase in the number of
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circulating neutrophils (neutrophilia). In healthy patients, neutrophilia is accompanied

by an increase in the proliferation and maturation of neutrophils in the bone marrow
throughout the course of infection. Resolution of the infection is associated with a retum
to normal levels of neutrophil production. In cases of severe infection and/or patients
with pre-existing bone marrow deficiencies, the kinetics of the proliferation and
maturation of neutrophils may be too slow keep up with the death of neutrophils
occurring extravascularly. This situation quickly leads to a reduction in the pool of
proliferating neutrophil precursors and uitimately a deficiency of phagocytic cells at the
sites of infection. The prognosis under such a condition is generally poor.

In order to fend off pathogens, neutrophils must be able to migrate to the site of
invasion. Neutrophil migration first begins with loose attachment to vascular endothelial
cells. This attachment is loose enough to allow the flow of blood through the vessel to
roll the neutrophil over the surface of the endothelial cells. This attachment is mediated

by the binding of P type selectins on the surface of neutrophils and L type selectins on

endothelial cells to their corresponding carbohydrate ligands on the opposite cell6. After
the initial attachment, neutrophils flatten out, and attach more strongly to the endothelial

cells’. This step is mediated by the binding of activated B; integrins on the surface of the

neutrophil to intercellular adhesion molecules (ICAMs) on the endothelial cells8. The
activation of B, integrin is mediated by pro-inflammatory signals originating from the
endothelial cells, such as platelet-activating factor (PAF), interleukin-8 (IL-8), histamine,
and leukotriene-B, (LTB4) 7. Following attachment, neutrophils migrate between the
endothelial cells into the extravascular tissues through interaction with platelet-
endothelial cell adhesion molecule 18.

Neutrophils must next chemotax towards the specific site of infection after
extravasation. This process is mediated by interaction with a number of signaling
molecules known as chemotaxins9. These chemotaxins include LTB4, the complement
cleavage fragment C5a, and the tri-peptide N-formyl-methionine-leucine-phenylalanine
(fMLF) 10, Human neutrophils possess approximately 50,000 fMLF receptors on their

cell surfacel |. Binding of fMLF results in elongation and polarization of the neutrophil”.



Polarized neutrophils have a large ruffled leading edge with a high concentration of
fMLF receptors and a narrow trailing edge with a low concentration of receptors.
Following polarization, neutrophils crawl over the surface substrate, to which they are
loosely attached, along a chemotactic gradient.

When a neutrophil contacts an invading pathogen, the pathogen is ingested and
the killing cascade begins. During phagocytosis, neutrophil granules fuse to the
membrane of the phagocytic vesicle as well as the cytoplasmic membrane. As a result of
fusion, granule contents are released into the phagosome and the extracellular matrix.
Neutrophil granules are large proteinaceous bodies first identified by microscopy, which
contain an array of proteins involved in host defense against microbes. There are three
distinct types of granules: azurophil or primary granules, secondary or specific granules,
and tertiary granules|2. All three types release their contents into the phagosome, but
only specific granules are released extracellularly!3. The identification of granules as
primary, secondary, and tertiary is somewhat arbitrary as there is overlap in both protein
content and kinetics of release. However, primary granules are considered those that

contain myeloperoxidase. Secondary granules are identified by the specific marker
lactoferrin, a protein that functions to bind iron with high affinity |4. Tertiary granules are

poorly characterized, but are noted for their gelatinase content! 5.

Granular fusion and release of contents into the phagosome initiates a process
called the respiratory burst or oxidative killing!6. This process leads to the formation of
reactive oxidants toxic to the invading pathogen. The initial step is the oxidation of
reduced nicotinamide adenine dinucleotide phosphate (NADPH) to NADP by a
membrane bound enzyme in the phagosome! 7. The product of this reaction is the
superoxide anion O,-". 02" can form hydrogen peroxide (H20-) either spontaneously or
through the activity of the enzyme superoxide dismutase 18,19, Myeloperoxidase then
converts H>0; into HOCI; H>O: also spontaneously converts into the hydroxyl radical
OH: in the presence of iron20. H,0, OH-, and HOCI are all potent bactericidal chemicals.
in addition to proteins involved in oxidative bacterial killing, primary granules also



contain small cationic polypeptides called defensins2!, which form pores in the

bacterial cell membrane, and lysozyme, which degrades bacterial cell walls22.
Isolation Identification and Primary Structure of NGAL

NGAL was first discovered over a decade ago as a disulphide linked component

of a 125 kilodalton (kDa) gelatinase-B containing complex isolated from human

neutrophils23. Treibel et al. purified gelatinase-B from neutrophils on gelatin sepharose
and eluted NGAL with a reducing buffer. The protein was identified by tryptic digestion

and N-terminal sequencing. Subsequently, NGAL was identified as a protein released

from the granules of phorbol myristate acetate (PMA) stimulated neutrophil524. NGAL
was described as a 25 kDA protein exocytosed by stimulated neutrophils that cross reacts

with polyclonal antibodies raised against gelatinase-B. PMA selectively induces the
release of specific neutrophil granules25. NGAL was later purified as a 45 kDa

disulphide linked homodimer isolated from specific granules26. Xu er al. named the
protein they isolated human neutrohil lipocalin (HNL) and reported that stimulated
neutrophils exocytose approximately 290 fg of NGAL/HNL per cell or 51% of total
NGAL stores. Thus NGAL was identified as a principal component of specific granules
where it exists in three forms: a monomer, a disulphide linked homodimer, and a
disulphide linked heterodimer with gelatinase-B. Approximately 10% of NGAL in
neutrophils exists as the monomer form, 50% as the homodimer and 50% in complex
with gelatinase-B. Of the NGAL in complex with gelatinase-B, 50% is actually in a
ternary complex with tissue inihibitor of protease 127. Epithelial cells do not express
gelatinase-B, and thus there is no heterodimer in NGAL secreted from epithelia.

NGAL is a 178 amino acid protein with one N-linked glycosylation site at N65.
Treatment of NGAL with glycolytic enzymes results in a 20 kDa protein, which agrees
with the calculated mass24. The sequence of NGAL shows a high degree of homology
with the mouse protein 24p3 (62% identical) and the rat protein a;-microglobulin related

protein (63.5% identical). The rat and mouse homologues had previously been shown to



be members of a structural family known as lipocalins28. Thus NGAL was named

neutrophil gelatinase-associated lipocalin.

NGAL Homologues

az-microglobulin related protein was first reported in rats as a fortuitously

isolated cDNA with % 52 identity to az-microglobulin/ major urinary protein29.
Subsequently, the messenger RNA was found to be 12-fold overexpressed in neu induced

mammary tumors compared to ras or chemically induced tumors and the protein was
named neu-related lipocalin (NRL) 30, The neu oncogene is unique in that it is a much

more potent inducer of mammary tumors than ras3!; Although many genes were
overexpressed in both ras and neu induced tumors, only NRL showed a significantly
higher expression level by differential hybridization in neu induced tumors over ras
induced tumors. These data suggest a role for NRL, and thus NGAL, in the regulation of
oncogenesis and cell proliferation.

The mouse homologue of NGAL, 24p3,was first described as a gene induced to

14-fold overexpression by the SV40 virus in mouse kidney cells arrested in Gg32. Go
arrested kidney cells infected with SV40 undergo a mitotic host reaction and begin to
divide rapidly. These data suggest that 24p3, and thus NGAL, may be involved in the
regulation of cell proliferation. Indeed, 24p3 has been found to be expressed in response

to a number of different mitogenic signals including the glucocortocoid dexamethasone
and retinoic acid33. Other researchers described the same protein as a superinducible
protein isolated from 3T3 cells stimulated with fibroblast growth factor and named it
SIP2434. Subsequently, the mouse protein was also named utrerocalin because it is
highly expressed in the luminal fluid and epithelia of the uterus during parturition35v36.
24p3 is induced to secretion in mouse macrophages by exposure to inflammatory signals
such as lipopolysaccharide37. Macrophages and neutrophils play complementary roles in

extravascular tissue during invasion by microorganisms. The data by Meheus et al.

suggest that 24p3 and NGAL share functional as well as sequence homology in that they
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both are implicated in host defense against bacterial pathogens. More recently, ectopic

recombinant 24p3 has been shown to induce apoptosis in several T-cell lines under IL-3

withdrawal. 38

Tissue Distribution of NGAL 24p3 and NRL

The precise localization of mMRNA expression, and protein secretion often

provides valuable clues about the function of a gene. It has been proposed that NGAL is a

scavenger of bacterial products at sites of inflammation39. This hypothesis suggests that
NGAL may act by binding to and sequestering inflammatory signals of bacterial origin
from the rest of the immune system; thus, down-regulating the immune response. In order
for NGAL to function by binding to inflammatory signals of bacterial origin, it must be
secreted from cells exposed to microorganisms. Similarly, if NGAL plays a role in cell
proliferation, or carcinogenesis, it should be expressed in cells undergoing such a
transformation.

Originally, NGAL mRNA expression was tested in fifty physiologically normal

human adult tissues by dot-blot hybridization40. The results showed a high level of gene
expression in bone marrow, but not in circulating blood cells. These data confirm earlier

observations that neutrophils express and package NGAL into granules during

development in the bone marrow at the myelocyte and metamyelocyte stage 3. Thus
NGAL is not expressed by mature neutrophils, rather it is expressed during development,
stored in granules, and secreted by mature neutrophils in response to inflammatory
signals. Significant mMRNA expression levels were also found in the uterus, prostate,
salivary gland, stomach, appendix, colon, trachea, and lung. Furthermore, NGAL
expression was induced in bronchial epithelia and alveoli during inflammation (Cowland
et al. manuscript submitted). These data support the idea that NGAL is involved in host
defense against microorganisms; since all tissues that show NGAL expression are either
directly exposed to microorganisms, or excrete to organs which are exposed.

Enhanced expression of NGAL is detected in the colon epithelia of patients with

inflammatory bowel disease and neoplasia39. Similarly, although normal ovarian ceils



express little NGAL, ovarian cancer cells exhibit high NGAL expression4!. NGAL is
also constitutively expressed and secreted by A549 cells, a cell line derived from a
human alveolar cell carcinoma (Cowland et al. manuscript submitted). These results
indicate that NGAL may play a role in carcinogenesis and the regulation of cell
proliferation. With few exceptions, the mRNA expression patterns of 24p3 and NRL
mirror those of NGAL. Furthermore, some of the expression patterns observed for 24p3
and NRL in mice and rats have not been looked for in human tissues and may exist there
as well. This is particularly the case for developing embryos. In rats, NRL expression is
seen in a variety of developing tissues including: growth plate cartilage, prehypertrophic
chondrocytes, skeletal muscle fibers, and the myocardium of the developing heart42,
Analysis of NGAL protein levels largely agree with the mRNA expression level

studies43. NGAL was reported in the tissues of the lung, stomach, small intestine,
pancreas, kidney, prostate gland, and thymus. Friedl et al. also showed that NGAL and
NRL protein expression were very similar with the exception of the pancreas and kidney.

The presence of NGAL in rat neutrophils has not yet been investigated.

Lipocalin Structure and Function

NGAL and its homologues 24p3 and NRL are members of the structural family of

proteins known as lipocalins28. The lipocalins comprise an extremely large family of
proteins exhibiting a great array of functional variation. Nevertheless, certain common

functional, structural, and sequence motifs are conserved. Lipocalins are small, single

domain, secreted proteins which bind smalil, generally hydrophobic molecules44. The
overall fold of a lipocalin is an eight-stranded continuously hydrogen-bonded B-barrel,
the interior of which forms a cup shaped binding pocket referred to as a calyx(Figure 1)

45, The strands of the barrel are all linked by +1 connections, the simplest B-sheet
topology. The loops that connect the B-strands are typical B-hairpin loops, except the loop
between strands | and 2, designated loop A. Typically, loop A is a large Q2 loop that tends
to fold back over the binding pocket and form a lid over the interior of the calyx.
Between the last two strands there is a conserved a-helix.



The so-called kernel lipocalins, of which NGAL is a member, share three

characteristic conserved sequence motifs46. Sequences within the three motifs are almost
invariant throughout the kernel lipocalins; however the sequence of NGAL does in fact
differ quite substantially in these regions. The first motif (FQDNQFQGKWYVVGL)
consists of an N-terminal 3,0-helix which packs against a conserved helix in strand 1. The
second motif (LVRVVSTNYNQHAMVFFK) consists of strands six and seven and the
short linking loop between them. The final motif (YFKITLYGRTK) consists of the C-
terminus of strand eight and the loop that connects to the conserved a-helix (LH) as well

as residues in the N-terminal half of the helix. For readers wishing a more comprehensive

review of lipocalin struture and function please refer to the following reviews46.47,

Proposed Function of NGAL and Supporting Biochemical Data

NGAL'’s classification as a lipocalin, its exocytosis by neutrophils in response to
inflammatory stimuli, and its expression in tissues exposed to microorganisms suggested
that NGAL might bind to a small hydrophobic inflammatory signal either from bacteria
or secreted by the host in response to bacterial infection. A number of possible ligands

have been proposed in the literature. These include PAF, LTB4, IL-8, fatty acids, and
fMLF48.

Prior to the first identification of NGAL26:49, the protein was actually partially

purified and characterized as a 24 kDa component of specific granules exocytosed by
neutrophils in response to PMA or fMLF that binds to fMLF 50; however, the protein was

not actually identified as NGAL until much later> |, Both groups used a
heterobifunctional compound sulfosuccinimidyl 2-(p-azidosalicylamido)ethyl-1-3°-
dithiopropionate (SASD) (Figure 2) to radiolabel fMLF and look for proteins isolated
from neutrophils which bound to the labeled compound fMLF-SASD. Sengelov et al.
reported an equilibrium dissociation constant (Kq4) of 1.4x10”7 M for the labeled
NGAL:fMLF-SASD complex determined by measurement of free and bound label at
equilibrium, and a K4 of 5x10° M for the unlabeled NGAL:fMLF complex determined
by competition of labeled ligand binding with unlabeled ligand. Several factors including



the greater affinity of NGAL for fMLF-SASD over fMLF indicated that NGAL was
actually interacting with the SASD label. Furthermore, Sengelov er al. showed that
NGAL exhibited no preference for fMLF over the non-formylated peptide Met-Leu-Phe,
which does not have any affect on neutrophil chemotaxis or inflammatory response.

Later, researchers reported similarly weak binding for 24p3 to fMLF by fluorescence

quenching with a reported K4 of 2x10° M52, However, the tryptophan fluorescence
quenching experiments used a large concentration of tryptophanamide as the solvent for
the stock fMLF solution. It is quite likely that the measured interaction between NGAL
and ligand was between NGAL and tryptophanamide since later fluorescence
experiments using other solvents failed to show any concentration dependant
fluorescence quenching. The most reliable estimates to date indicate an extremely weak
affinity for NGAL to fMLF. These estimates are based on corrected retention times of the
proposed ligands through an immobilized NGAL column matrix. The technique relies on
the fact that the interaction is so weak that k. is large enough and k., small enough to

allow rapid movement of the ligand through the matrix. The best estimate of the affinity

of NGAL for fMLF is a K4 of 1.1x10” M48_ This affinity is extremely low, and suggests
that perhaps NGAL is not involved in binding to fMLF. Bratt et al. reported similarly
weak affinities for the other proposed NGAL ligands PAF (K4=3.9x10°M) and LTB4
(Kg=2.3x10"M).

X-ray Crystallography

X-ray crystallography is a powerful tool for determining detailed structural
information of biological macromolecules at atomic resolution. The following sections
provide an overview of the theory and practice behind macromolecular X-ray
crystallography. This is not a complete description of all aspects of modern
crystallographic techniques. For a more thorough review of modern crystallographic
theory and methods, the reader is invited to consult the following sources>3,54,

When a molecule is irradiated with high-energy photons (X-rays), the electrons in

the molecule are accelerated by collisions with the incident radiation. The electrons then
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re-emit this radiation. Crystallography primarily deals with the special case of elastic

collisions, which result in an emitted photon with a uniform change of phase and an
identical wavelength with respect to the incident photon.

To describe the scattering from any object, it is necessary to describe the electron
density (usually electrons per A®) as a function of position (p(t)). If we consider incident
photons of wavelength A, then the path difference between X-rays scattered by electrons
at the origin and at any given point r is given by equation (1)7 e (k — ko)where ky is the

wave vector describing the incident radiation, k describes the scattered radiation and

|ko| = % . The phase difference between scattered and incident radiation is given by

equation (2) 2=ir @ (k — ko). Thus, the scattered wave of a volume dr is given by equation
(3) p(r)e™ " drwhere s is the scattering vector k-ko. Integration over the entire volume of
the molecule provides an equation to describe the scattering of the whole molecule. This

is called the structure factor equation F(s)= jp(rkz’""’dr.

F{(s) is a Fourier transform of the electron density distribution p(r). One extremely

useful property of any Fourier transform is that its inverse is also true; viz.,

plr)=4 I F(s)e™™ " dswhere A is a constant to put electron density on an absolute scale.

Therefore, if we can experimentally measure all photons scattered by an irradiated object
(F{(s)), then calculation of the inverse Fourier transform of F(s) would yield the electron-

density distribution of the object, and thus its atomic structure. Unfortunately,

F(s)=|F(s)e"* where |F(s) is the amplitude of the structure factor and ¢ is the phase.

While [F(s) can be readily measured, the phase information is lost during that

measurement. The inability to measure this phase is called the phase problem.

In a crystal with unit cell axes a, b, and ¢, electron density (p(r)) is a three
dimensional periodic function of position with translational periods a, b, and c. The
crystal lattice acts as a three dimensional diffraction grating in which scattered X-rays are
subject to constructive and destructive interference. In order for measurable diffraction to
occur as a result of constructive interference, the path difference between photons

striking adjacent periodic elements in the crystal must be an integral number of the
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wavelength A. Bragg’s law, equation (4) sin(0 )= % where 2(0) is the angle through

which the photons are scattered, describes the values which satisfy this condition

simultaneously in all three dimensions. The structure factor equation for a crystal then

N
becomes F(h k[)= D f(s)e™*" "= where f; is the atomic structure factor and h, k, |

n=l

are the reciprocal lattice constants.

The value d in equation (4) is a measure of the detail of the information content
from a given measurement. For large scattering angles, d is correspondingly small and
the level of detail measured is high. The minimum value of d used to determine a
particular structure is termed the resolution of that structure. As the resolution of the
observed data increases, so does the accuracy of the resultant structure. The resolution of
the observed data is a function of the internal order of the crystal, the strength and quality
of the incident radiation, and the size of the crystal.

Macromolecular crystal structures are not perfect for several reasons: the atomic
model generally only describes a static structure with isotropic thermal motion, low
resolution characteristics of the crystal such as bulk solvent are difficult to model
accurately, and phases cannot be measured only estimated. For these reasons, there will
always be a measurable difference between the observed amplitudes of the structure
factors F,»s (Fo) and the stucture factor amplitudes calculated from the atomic model by
an inverse Fourier transform F,. (Fc). This difference is called the crystallographic R-
ZI Fobs ~ Feard
T

difference between F,,s and F4., while low R-values denote a small difference. In

factor and is given in equation (§) R= . High R-values denote a large

practice, R-values below about 0.25 are considered acceptable for medium resolution
macromolecular protein crystal structures.

The difference between F,5s and F,c can be exploited for computational
refinement of the coordinates and thermal properties of the atomic model. Many different
refinement strategies have been reported. The strategies in common use today, however,
can be generalized by an expression of the form ®=a, + a,... where the terms g;

correspond to different variables to be minimized. For example, g, could be of the form
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of equation (6) Q = Z w(hkl) {Fob.t(hkl’ - Idka(hkl]}zwhere w is a weighting factor

hil
for the reliability of F,s,(hkl) and k is a scale factor. Similarly @, could be an equation
describing the known range of values for bond-lengths and bond-angles within amino
acids determined from previously solved high-resolution crystal structures. The final
equation @ is then minimized by least squares or maximum likelihood methods.

One interesting feature of the refinement of atomic positions is that large values

of | Fate — Fuaid that arise from local errors in atomic positions can be minimized by shifts

distant from the actual site of error. Therefore, while IFoln - F calc' and the R-factor get
smaller, the model in fact gets worse. This problem has necessitated the use of an R

value33. The Ryee is calculated exactly like the R-factor except that a subset of around
one-thousand F,,, that were measured and not used in refinement are utilized for the
calculation. Thus, R represents an independent validation of the accuracy of the atomic
model. To minimize confusion, the R-factor that is calculated from the remaining Fs,,

which are refined against, is often referred to as the Ruork.
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Figure 1: Ribbon Diagram of the Kernel Lipocalin Mouse Major Urinary Protein (MUP).
Strands are denoted by thick sheets capped with arrows, helices are denoted by thin sheets,
coils by thin tubes, and the ligand hydroxy-methyl-heptanone is depicted in cpk colored by
atom type: red for oxygen and biack for carbon. The strands that form the B-barrel are
numbered 1 - 8, and the loops between them are labeled LA - LG.
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Figure 2: Structure of the Heterobifunctional Crosslinking Agent SASD. Note the P-
Azidosalicylamido functional group on the left.
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Chapter 2: The Structure of Neutrophil Gelatinase-associated Lipocalin

Structure Determination of Monomer and Dimer NGAL

NGAL was expressed, purified and crystallized as previously described>6.
Briefly, NGAL was expressed and purified from Sf9 insect cells using the BaculoGold
baculovirus based expression system (Pharmingen). Protein was expressed and purified
by antibody affinity chromatography in the laboratory of Niels Borregaard, followed by
gel filtration to resolve dimer and monomer forms in our lab. The monomer form of
NGAL was treated with iodoacetamide to carboxymethylate free sulfhydryl groups and
maintain the monomeric state of the protein. The use of traditional reducing agents such
as dithiothreitol (DTT) instead of iodoacetamide was precluded by the fact that such
reducing agents are rather easily oxidized and degrade during long-term storage.

NGAL homodimer crystals were grown by vapor diffusion at 22°. The reservoir
solution was 20% polyethylene glycol 8000, {00mM sodium acetate pH 4.5, and 15%
glycerol. The protein solution was 20mg/ml NGAL homodimer in a 25mM neutral pH
buffer. The drop was setup as a one to one mixture of protein and reservoir solution, and
crystals appeared within one week. NGAL homodimer crystallized in spacegroup P4,2,2
with unit cell edges a=b=54.29A, and c=122.0A and half of a dimer in the asymmetric
unit. NGAL monomer crystals were grown by vapor diffusion from a solution of
10mg/ml protein in 25mM neutral pH buffer against a reservoir of 2M ammonium
sulfate, and 10% glycerol. Monomer crystal quality was improved by the addition of 5-
10mM dithiothreitol in the protein drop.

The dimer structure was determined using estimated phases from single
isomorphous replacement and anomalous scattering. The isomorphous derivative was
obtained by a 24 h soak in a solution of 20% polyethylene glycol 8000, 100mM sodium
acetate pH 4.5, 15% glycerol, and ImM di-m-iodobis(ethylenediamine)-diplatinum(ll)
nitrate (PIP). Data were collected at 100 K on a Rigaku R-axis 4c image plate, and

processed with DENZO and SCALEPACK?37. Heavy atom sites were found by manual

inspection of difference Pattersons. Heavy atom parameters were refined in SHARP38,
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The resulting phases were extended from 3.9 A to 2.5 A by solvent flattening in

SHARP via the solomon>? routine. The initial electron density map showed obvious
solvent/macromolecule boundaries and secondary structural elements. However, the
precise strand connectivity and placement was very ambiguous. Furthermore, many of

the loop regions contained no interpretable electron density. The final model was

obtained by iterative model building using XtalView60 and refinement with CNS6!.

The structure of the monomer was determined by molecular replacement using a

partially refined structure of the dimer as a search model in the program EPMR62. Two
solutions were found (designated monmer A and monomer B) yielding a final R-factor
after rigid body minimization of 35.8%. Non-crystallographic restraints were not applied
during refinement because R values were consistently lower in the absence of
restraints. The monomer structures were completed by iterative cycles of manual building
and computational refinement. Intermediate structures were manually compared against
sigmaa63 weighted 2F-F, Fo-Fc, and composite simulated annealing omit maps. The
geometry of the models was evaluated with the procheck®4 package. Residues 1- 3 in the
dimer and monomer B and residues 1-4 in monomer A are disordered. The following
additional residues were modeled as alanines due to the poor quality of the local electron
density: T-4, E-61, K-62, R-72, K-73, K-74, K-98 in the dimer structure; and T-4 in
monomer B. Data collection and refinement parameters for the monomer and dimer

structures of baculovirus expressed NGAL can be found in Table I.

Table 1: Data Collection and Refinement Statistics for Baculoviral NGAL

Data Set Dimer PIP Monomer
Data Collection

Resolution (A) 24 2.85 2.5
Unique Reflections 6872 4509 25147
Redundancy 6.43 6.39 4.2
Completeness (%) 88.1 (38.7) 90.2(49.7) 87.9(60.0)
/ol 204(5.2) 17.1Q2.2) 43.8 (7.6)
Roym (%) 52(109) 5.6(10.9) 5.2 (25.5)
Isomorphous Difference 18

(%)

Phasing power (centrics) 2.28
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Table 1 Continued

Phasing power (acentrics) 2.73

Figure of merit (to 3.9 A ;%) 64.6

Refinement

Resolution (A) 20-2.4 20-2.6
Protein atoms 1392 21861
Solvent atoms 74 133
Carbohydrate atoms 39 42
Ligand atoms 12 10
Ruork (%) 21.6 28.1
Reree (%0) 28.5 29.3
Geometry (rmsd from ideal)

Bond length (A) 0.008 0.008
Bond angles (deg) 1.4 1.7
Ramachandran analysis

Residues in most favored 77 80.7
regions (%)

Residues in disallowed 0 0
regions

Numbers in parentheses indicate values for the highest resolution shell

Overall Structure of Neutrophil Gelatinase-associated Lipocalin

The crystal structure of dimeric human NGAL , crystallized at low ionic strength
in an acidic pH buffer, was determined at 2.4 A resolution. The crystal structure of the
monomer form of NGAL was determined at 2.6 A resolution at neutral pH in a high ionic
strength buffer. There is half a dimer in the asymmetric unit of the dimer crystals, and
two monomers in the asymmetric unit of the monomer crystals, yielding three
independent views of the NGAL structure. In spite of the large differences in salt
concentration and pH, the three NGAL structures are essentially identical. The overall
root mean squared deviation (rmsd) between the Ca’s of the three structures ranges from
0.24 A between monomer A and B to 0.71 A between monomer A and the dimer (Figure
3). NGAL exhibits a typical lipocalin fold, with the conserved eight-stranded B-barrel, a
short 3o-helix (residues 24-28) that packs against a conserved tryptophan (residue 31),
and a four-turn a-helix (residues 145-160). A ninth, three-residue B-strand (residues 165-
167) packs against strand 1. The N-terminus of NGAL, however, is more ordered that
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most lipocalin structures and folds back against the side of the barrel passing over the

sixth, seventh, and eighth B-strands (Figure 3).

The largest difference in the three NGAL structures lies at the N-termini, where
the first two ordered residues (4 and 5) of each independent structure have different
conformations, affected by different crystal packing environments. The largest backbone
difference in the remainder of the structure is at loop E, which moves by approximately 3
A at P101 from the dimer to the monomer structures. P101 lies at a crystal contact in the
dimer structure and comes within 4 A of the Cy of E147 of a neighboring molecule,
which may explain the large difference in backbone position. The next largest difference
is at loop C, which moves by 1.9 A at K74 between the dimer and monomers. Within the
calyx, L70, W79, and R81 are the only residues that show any significant conformational
change (Figure 4). L70 adopts three different rotomers. W79 is disordered and modeled
as alanine in the dimer structure, but not in the monomer structures. R81 either points
towards the bottom of the calyx in the dimer structure, or upward and towards the center

of the calyx in the monomer structures.

A search of the structures deposited in the protein databank via DALISS reveals
that NGAL is most closely related structurally to epididymal retinoic acid-binding protein
(ERBP) and mouse major urinary protein (MUP), and somewhat less closely related to B-
lactoglobulin (B-LG) and nitrophorin (NP). The Ca rmsd’s between NGAL and the
related structures are 1.9A, 2A, 2.5A, and 3.4A respectively. The largest differences
between NGAL and the other lipocalins lie at loops A and C. Loop A, rather than folding
back over the open end of the calyx as in ERBP and MUP, packs against the last strand,
which leads to a much wider calyx (Figures S and 6). Similarly, Loop C in ERBP folds
back over the mouth of the calyx, but does not in NGAL (Figure 6).

In all three structures of NGAL there is a clear indication of the disulphide bond
between C76 and C175 that is conserved amongst all known lipocalins. The remaining
cysteine C87 provides the thiol group responsible for the formation of homodimers and
heterodimers with gelatinase-B. The structure of the half dimer suggests that there may
not be any functional significance of the high molecular weight disulphide-linked forms
of NGAL. Formation of the disulphide bond does not occlude or affect the structure of
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the calyx. C87 lies in a hairpin turn between strands 4 and 5 and it is likely that this

allows a great deal of flexibility between the disulphide-linked proteins. There is no other
interaction between the two monomers of the dimer other than the disulphide bond. The
free cysteine in gelatinase-B (C449), to which NGAL disulphide-links, lies in what is
thought to be a long flexible loop between the matrixin and homopexin domains. Thus, it
is likely that the disulphide bond between NGAL and gelatinase-B has little affect on the
structure of either molecule. This, however, does not preclude the hypothesis that in vivo
NGAL homodimer acts as a cross-linking agent.

There is one ordered N-linked carbohydrate residue visible at N65 in the dimer
structure, with two ordered carbohydrate residues visible in monomer A, and one in
monomer B. There appears to be little interaction between the protein residues and the N-
linked carbohydrates. The carbohydrate substituents in all three structures lie on the
outside of the barrel and point away from the protein towards solvent. In both crystal
forms, however, the carbohydrates do point somewhat obliquely towards the calyx of
neighboring molecules. Gel-filtration experiments, however, did not demonstrate any
affinity between NGAL and several tested glycoproteins such as lectin and fetuin, nor do

NGAL monomers have any detectable affinity for each other.
Comparison of Crystal and NMR structures

The structure of NGAL was also solved in solution by nuclear magnetic

resonance spectroscopy (NMR) 66, Although both the NMR and crystal structures of
NGAL reveal the same basic fold, there are a number of key differences. As a whole, the
NMR structure differs little from the crystal structures although there is an overall rmsd
of 4 A on all common Ca’s between the regularized mean NMR structure and the crystal
structures (Figure 7). The N-terminal arm, up to residue 17 is the most divergent part of
the structures, extending away from the remainder of the protein in the NMR structure.
Excluding this arm from the comparison yields an rmsd of 3 A between the regularized
mean NMR structure and the crystal structures. Removal of the sections of the NMR
model lacking secondary structure, leads to an overall rmsd of 1.4 A between the crystal
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structures and the NMR model. The average rmsd between the 20 convergent NMR

structures (2.2 A on all backbone atoms) is larger than the deviations between the three
independent NGAL crystal structures by more than three-fold.

The NMR results suggest that the a-helix represents a rigid structural element
flexibly linked to the rest of the protein; and indeed, the a-helix lies in a considerably
different position as compared to the crystal structure (Figure 7). However, the crystal
structures all show identical conformations for the a-helix (Figure 3); furthermore, the
thermal parameters of the helix do not differ from those of the rest of the structure (Table
1). Finally, there is better agreement between the position of the a-helix in the NGAL
crystal structures and a-helices of the related lipocalins MUP and ERBP (Figures 5 and
6) than between the position of the a-helix in the NMR and crystal structures. These
differences are unlikely to reflect differences due to solution versus crystal environments
since very different crystallization conditions and crystal packing environments yield
essentially identical structures.

Loop C in the regularized NMR structure lies in an even more open configuration
than in the NGAL crystal structure with the Ca of K74 in the dimer structure 8.9 A closer
to the center of the calyx than the NMR model. This indicates that perhaps the calyx is
capable of opening even wider than the crystal structures suggest (Figure 7).

Molecules in the Calyx of the NGAL Crystal Structures

Late in the refinement process, unidentified Fourier objects (UFO’s) were found
in the NGAL calyx of all three structures that did not correspond to protein, ordered
solvent, or carbohydrate (Figure 8). In the dimer structure, n-capric acid (NCA) a fatty
acid with a nine carbon long tail was built into the electron density. Mass spectroscopy
measurements to confirm the identification of the copurified ligand have been

inconclusive. The electron density within the calyx, and especially near the NCA did not

appear to change regardless of whether the proposed ligand fMLF 51 was either soaked
into the crystal or co-crystallized. Although the NCA fits into the electron density (Figure
8), the fit is far from ideal, and it is likely that the molecule corresponding to the UFO is
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not actually a fatty acid. However the position of the putative fatty acid does provide

useful information with regard to the identity of the true NGAL ligand.

The carboxylate of the NCA hydrogen bonds to the side chains of Y52, K134, and
Y138 and lies in a pocket lined by the side chains of T54, Y56, R81, F123, and T136.
This pocket lies deep in the NGAL calyx (Figure 9). This pocket appears to be well
suited for binding to carboxylate functional groups and bears slight resemblance to the

carboxylate binding pocket found in fatty acid binding proteins67. However, as well as
the carboxylate functional group of the fatty acid fits into the “carboxylate pocket” of the
calyx of NGAL, the NCA molecule fails to fill the rest of the calyx (Figures 9 and 10).
Finally, the positively charged lysine and arginine residues lining the calyx fail to
complement the hydrophobic nature of the fatty acid tail.

Late in the refinement of the monomer crystal form of NGAL, another UFO was
discovered. This UFO was centered much higher up towards the mouth of the calyx, and
appeared to interact with the NC’s of K125, and K134 as well as the guanidinium group
of R81, and the Ne of W79. The shape of the UFO, the high concentration of ammonium
sulfate in that crystallization condition, and the charge of the interacting arginine and
lysine side chains led to the identification of the monomer UFO as a sulfate ion. The
presence of the ordered suifate ion appears to lead to a number of side chain movements
in the calyx that occur for both monomers in the asymmetric unit (Figure 4). First, W79
becomes ordered and orients towards the middle of the calyx such that the Ne points
toward the sulfate. Second, the side chain of R81 flips out of a hydrogen bond to the side
chain of S68 on the inner wall of the B-barrel, towards the center of the calyx to interact

with the sulfate ion.

Implications of Structure on Proposed Function

The binding pockets of most lipocalins are small and hydrophobic, suitable for
binding smail, hydrophobic ligands (Figure 10). The binding pocket of NGAL, however,
is unusually large and positively charged. This suggests that the actual ligand for NGAL

is in fact much larger than the usual lipocalin ligands such as retinoic acid, and negatively
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charged. The shape and charge characteristics that would complement the NGAL calyx

rule out any of the proposed ligands for NGAL.

The NCA and sulfate molecules found in the NGAL calyx provide clues to the
identity of the true NGAL ligand. First the location and charge of the sulfate ion, suggests
that the calyx of NGAL is uniquely suited to interact with negatively charged ligands.
Second, the position of the carboxylate functional group of the fatty acid suggests that
this pocket within the calyx is likely to bind carboxylate-like moieties. Finally, the large
areas within the calyx that both the sulfate and the fatty acid fail to fill suggest that the
ligand for NGAL is much larger than previously thought.
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Figure 3: The Crystal Structure of NGAL. Stereo view of the two monomer and one-half
dimer structures superposed and colored by chain: monomer A is biue, monomer B is red,
and the half dimer is purple. Loops C and E are labeled with a black triangle. The N-
terminus is colored yellow, and the C-terminus is colored green.
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Figure 4. Residues of the NGAL Calyx. Stereo diagram of all three structures superposed
with respect to their Ca positions. Atoms are colored according to type: oxygen atoms are
red, nitrogen atoms are blue, and carbon atoms are gray.
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Figure 5: Stereo View of MUP (green) Superposed onto NGAL Dimer (purple). Loop A is
labeled with a black triangle for both structures.

Figure 6: Stereo View of Epididymal Retinoic-acid Binding Protein (ERBP orange)
Superposed onto NGAL Dimer (purple). Loop C is labeled with a black triangle.



Figure 7: Stereo View of the Dimer Crystal Structure (purple) and the Regularized Mesn
NMR Structure (brown) Superposed. The N and C termini are colored as in Figure 3. Loop
C is labeled with a black triangle.

Figure 8: Stereo View of 2F ,-F o Electron Density in the Binding Pocket of the Dimer.
The fatty acid is labeled (NCA). This figure is in the same orientation as Figure 4.
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Figure 9: Orthogonal 4 A Thick Slices Through Molecular Surfaces of NGAL (red), ERBP
(orange), and MUP (green). The ligands in each case have been colored blue.
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Figure 10: Lipocalin Binding Sites. Molecular surfaces colored by electrostatic potential
(blue, paositive; red, negative) for NGAL, 8-LG, ERBP, and NP. The bound ligands are
shown as stick models: NCA in NGAL, palmitate in 8-LG, retinoic acid in ERBP, and heme
in NP. The ligand atoms are colored as in Figure 4.
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Chapter 3: The Ligand for Neutrophil Gelatinase-associated Lipocalin

Bacterial Expression Resuits and Initial Chromphore Characterization

To produce NGAL protein more easily and cheaply than was possible with the
baculovirus expression system for subsequent biochemical and structural studies, we

expressed NGAL heterologously in XL 1-Blue (stratagene) E. coli as a GST fusion
protein as previously described49. Briefly, the NGAL-GST fusion expression plasmid

was transfected into E. coli XL 1Blue and plated on selective media. Ampicillin resistant
colonies were picked and inoculated into liquid cultures, and incubated at 37°C with
shaking until mid-log phase. Cultures were induced at mid-log phase with ImM
isopropylthiogalactose. The fusion protein was purified on glutathione-sepharose
(Pharmacia) using the manufacturer’s recommended protocol. We found that NGAL co-
purified with a red chromophore characterized by U.V./ Vis absorption maxima at 334
and 498 nm (Figure i1). The protein was > 95% pure as judged by acrylamide gel
electrophoresis (data not shown). The NGAL:chromophore complex was found to be
stable over a wide range of pH, and in a mixture of 2% SDS and 8M urea for over 24
hours as assayed by gel-filtration chromatography. Positive-ion-mode electro-spray
ionization and matrix-assisted laser desorption mass spectroscopy, however, suggested
that the complex was not covalent (data not shown), but failed to provide an estimate for
the mass of the ligand. The complex was separable by boiling in 8M urea followed by
native acrylamide gel electrophoresis(data not shown). The migration of the chromophore
at the dye front in 20% acrylamide indicated a large negative charge to mass ratio for the
ligand. These data suggested that NGAL, a human protein, had acquired a negatively
charged bacterial ligand.

The NGAL :chromophore complex was crystallized as described previously for
monomeric NGAL36 and 3.4 A Cu-Ka diffraction data were collected. Previously

described monomer crystals contained two ordered monomers in the asymmetric unit;

however, in this case a crystal dehydration step in which the crystals were soaked in a
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saturated ammonium sulfate glycerol solution prior to data collection resuited in three

ordered molecules in the asymmetric unit (referred to as molecules A, B,and C) and a

1% reduction along the c-edge of the unit cell. The initial F,-F. electron density map
revealed a large peak of positive electron density in the calyx centered between the
guanidinium group of R87 and the Ne-atoms of K125 and K134. The location of the
electron density peak confirmed that the chromophore was indeed specifically associated
with the calyx of NGAL. The proximity of the electron density peak to positively charged
lysine and arginine residues suggested that the ligand was negatively charged.
Furthermore, a native anomalous difference electron density map revealed two significant
peaks: one peak, with a height of 5.7a, corresponded to the expected signal from the
single disulfide bond in NGAL; the other peak, with a height of 7.20, was centered in the
calyx at approximately the same position as the center of the F,-F. difference peak (
Figure 12A). The height of the anomalous peak in the calyx indicated the presence of a
heavy atom.

The identification of the heavy atom as iron was accomplished by graphite
furnace atomic absorption spectroscopy (AA) and X-ray fluorescence spectroscopy. The
molar ratio of iron to protein according to AA was variable among different protein
preparations yet never exceeded 1:1 (Figure 12B). This ratio and the presence of a single
large peak in the anomalous difference electron density map demonstrated that each
molecule of NGAL binds a single iron atom in its calyx. In addition, spectroscopic and
AA measurements demonstrated that >99% pure apo-NGAL can be prepared from E. coli
BL21 (Figures 11A, 11B, and 12B).

The Role of Iron in Homeostasis, Infection and Neoplasia

Iron is an essential nutrient for nearly all life. 68 It has long been noted that
supplementing iron to patients during bacterial infection increases the likelihood of a
negative clinical outcome69. To limit the growth of microorganisms in host tissues,

mammals utilize three proteins to minimize free iron: transferrin, lactoferrin, and ferritin.
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Transferrin transports iron to and from host cells. Transferrin binding sites for iron are

normally unsaturated leaving a capacity for binding of free iron70. Lactoferrin is a potent

bacteriostatic agent first discovered in milk that is released by neutrophils at sites of
inflammation!4. Once released, lactoferrin binds free iron and directly inhibits the
growth of microorganisms!4. Ferritins are the primary intracellular iron storage
proteins’ . Together these three proteins, along with specific cellular receptors and

regulatory proteins, keep the level of free iron in the body at approximately 102*M72,
The binding of iron to NGAL suggested that NGAL might function analogously
to lactoferrin as an acute antibacterial agent by limiting the availability of free iron.
However, both the large size and positive charge of the NGAL calyx, and the size of the
Fo-F. electron density feature in the calyx are wholly inconsistent with the identification
of the NGAL ligand as a positively charged iron(II) or iron(IlI) ion. Thus NGAL
prepared from XL1-Blue E. coli was most likely bound to a negatively charged iron-

containing molecule acquired from the bacteria in which it was expressed. Nitrophorin73
is a lipocalin which binds heme as a co-factor in its calyx and is a close structural
neighbor of NGAL. Therefore we considered whether NGAL might bind bacterial heme.
Comparison of the calyxes of Nitrophorin and NGAL (Figure 10), however, shows
marked differences with respect to shape and charge. Nitrophorin has a coin-slot shaped
calyx with a slightly negative surface potential suitable for binding planar heme
molecules. The tri-lobed NGAL calyx is both more bowl-shaped and positively charged,
suitable for binding non-planar, negatively charged molecules. These differences in the

calyxes suggested that the NGAL chromophore was not bacterial heme.

Siderophores

Bacteria have developed several mechanisms for obtaining iron from the large
reservoir of bound iron in the mammalian host. One of the most well-understood
mechanisms is the synthesis, secretion, and re-uptake of siderophores. Siderophores are

small molecules secreted by prokaryotic, eukaryotic, and archeal microorganisms that
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bind iron extremely tightly for the purpose of scavenging iron from the extracellular

environment. Siderophores bind iron orders of magnitude more tightly than lactoferrin or
transferrin and can out-compete the mammalian system for iron’4. E. coli synthesize
only two siderophores: the catecholate-siderophore enterobactin (Ent) 73 and the citrate-

siderophore aerobactin76, however, they are also capable of utilizing siderophores

produced by other microorganisms. Ent exhibits the tightest affinity for iron of any

known molecule with a K4 of 10*°M77. To facilitate uptake of these siderophores,
bacteria possess efficient, high-affinity outer membrane receptors such as the E. coli
receptor FepA78.

In general siderophores can be divided into two broad classes based on the
functional group used to chelate the iron. Catecholate siderophores like Ent utilize a 2,3-

dihydroxybenzene motif, while hydroxamate-siderophores use a hydroxamic acid motif

( . ). Because hydroxamate has a lower pKa than catecholate. hydroxamate based
siderophores are less susceptible to pH induced disassociation of the iron-siderophore
complex. Several pathogenic bacterium that are closely related to E. coli such as V.
cholera (synthesizes vibriobactin), and S. typhimurium (synthesizes enterobactin)
synthesize catecholate based siderophores that are at least qualitatively similar to
enterobactin from E. coli. Namely. they all utilize three catecholates positioned with near
perfect octahedral geometry to chelate iron. The differences between enterobactin and
vibriobactin for example lie at the linking groups used to join the catecholate moieties

together. For a general overview of siderophore structure and function please consult the

following reference74.

Identification and Characterization of NGAL Ligand

[n order to examine whether NGAL might bind a siderophore, apo-NGAL was
assayed for binding to ferric-aerobactin and ferric-Ent (FeEnt). Aerobactin was mixed

with apo-NGAL, dialyzed extensively, and assayed for binding by AA. No detectable
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binding was observed. FeEnt was mixed with apo-NGAL and assayed for binding by

ultrafiltration through a 10kD cutoff membrane. The flow-through was monitored
visually and spectroscopically. The results indicated a tight binding with an undetectable
free ligand concentration by U.V. absorbance. The NGAL:FeEnt complex was identical
to the NGAL :chromophore complex both visually and spectroscopically (Figures 11A
and 1 1B). On the basis of these data, the NGAL ligand was identified as enterobactin
(Figure 13).

The ability of NGAL to bind a bacterial siderophore suggested that NGAL is

either released by neutrophils at sites of infection and inflammation as a strategy to limit
the growth of microorganisms by interfering with the bacterial iron scavenging pathway,
or that it functions as a sensing mechanism to detect infection. However, it is unclear how
such a sensing mechanism would serve the host because NGAL is only secreted after the
neutrophil has already been signaled that there is a bacterial infection. This proposes a
much more direct anti-bacterial mechanism for NGAL than has been previously
suggested. For NGAL to effectively act as a growth inhibitor of £. coli by binding and
sequestering FeEnt from the enterobactin receptor FepA, it must have a comparable

affinity. The K4 of FepA for FeEnt has been measured by fluorescence spectroscopy at 50

nM 79and by filter-binding at 0.2 nM830, Tryptophan fluorescence quenching analysis of
NGAL in the presence of enterobactin yielded a K4 of 0.41+0.11nM at 20° C (Figure
14A).Briefly, the intrinsic tryptophan fluorescence of NGAL was monitored as a function
of the concentration subsaturation quantities of added ligand. The resulting datapoints
were fitted to an equation for a one-binding site model by non-linear regression. This
demonstrates that NGAL has a sufficient affinity to effectively neutralize the use of
enterobactin by pathogenic E. coli as an iron acquisition strategy by competing with

FepA for binding to FeEnt.
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A crystal structure of FeEnt has never been reported, presumably because the

rapid oxidative breakdown of the molecule into dihydroxybenzoylserine (DHBS) 81
(Figure 13B) precludes crystallization. NGAL appears to have a rather dramatic
protective effect on the breakdown of FeEnt in vitro. FeEnt was freshly prepared, a
portion was used to make the FeEnt complex with NGAL and a portion was reserved.
Breakdown of FeEnt was assayed in both solutions spectroscopically after one month to
look for degradation-induced red-shifting of the visible absorbance peak (data not
shown). No breakdown of the NGAL:FeEnt complex was observed, while free FeEnt
exhibited complete breakdown. Furthermore, ligand extracted from month-old
NGAL.:FeEnt complex was spectroscopically identical to freshly prepared FeEnt. These

results indicate that while iron bound to Ent in vivo is released by degradation of labile

bonds in the triserine-trilactone backbone82, the iron in the NGAL:FeEnt complex is

likely to be relatively unavailable.

The Structure of the NGAL:FerricEnterobactin Complex

In order to understand the structural basis of ligand specificity of NGAL for
FeEnt, we crystallized the NGAL:chromophore complex, collected synchrotron data to
improve resolution and data quality, and determined the structure. The resulting structure
at 2.4 A with three molecules in the asymmetric unit shows that NGAL interacts with the
catecholate moieties immediately surrounding the iron, and that the triserine-trilactone
backbone of enterobactin is not a major determinant of ligand specificity for NGAL
(Figures 15 and 16).

The NGAL:FeEnt structure is essentially identical to the previously described

NGAL crystal structures. The largest mainchain rmsd among all six protein molecules
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from the three crystal structures is 0.76 A. The largest Ca-Ca distance among all six

structures is 3.3 A for P101 between the structure of dimeric NGAL and molecule C of
this structure. P101 participates in a crystal contact in the dimer crystal, and lies at the tip
of an extended loop. The local difference at this residue is not propagated to other
residues within the loop. The second (K73, 2.7 A) and third (K46, 2.5 A) largest
differences also lie in loops and are distant from the calyx. The lack of conformational
changes between the three structures suggests that NGAL is quite rigid and does not
undergo notable conformational changes due to ligand binding, ionic strength of the
solvent, or pH.

The total buried surface area of FeEnt in the calyx ranges from 461 A? (62% of
the total surface area of the molecule) to 520 A? (70%) among the three protein
molecules in the asymmetric unit. The total surface area of the protein buried by the
ligand ranges from 364 A? (3.8%) to 414 A%(4.5%). The range in buried surface area is
due to the state of residue W79. In molecule B, which exhibits the lowest buried surface
area, the tryptophan is disordered and could be confidently modeled only as an alanine. In
previous crystal structures, this tryptophan was also disordered except when interacting
with a bound sulphate ion. Although NGAL buries approximately two-thirds of the FeEnt
molecule, large sections of the NGAL calyx remain unfilled by the ligand (Figure 15B).
This suggests that NGAL may also be capable of binding other larger siderophores, and
may represent a general mechanism for inhibiting the growth of catecholate-siderophore-
producing microorganisms.

FeEnt binds NGAL with each catecholate moiety in a distinct pocket of the
NGAL calyx (Figure 15A). Residues contacting the FeEnt ligand are shown in Figure
16A. With the exception of W79 and R81, the residues that interact with FeEnt are in
equivalent positions in all three molecules in the asymmetric unit (Figure 16B). W79
occupies the equivalent position at the boundary between Pockets 2 and 3 in molecules A
and C, but is disordered and modeled as an alanine in molecule B. The side chain of R81
adopts two different conformations among the three molecules in the asymmetric unit. In
molecules A and C, the side chain of R81 forms a hydrogen bond to Oy of S68, and helps

form the floor of Pocket 2. In molecule B, there is a 150° rotation around the %1 torsion
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angle. This movement orients the side chain such that it forms the boundary between

Pockets 2 and 3 and takes the place of the disordered W79 side chain.

NGAL makes the most extensive contacts with FeEnt in Pocket 1. In Pocket 1, the
catecholate lies sandwiched between the side chains of K134 and K125, under Y132 and
the loop formed by G38-141, rests on top of the side chains of Y106 and F123, and
interacts with the mainchain atoms of K124 and F133, which form the back wall of the
pocket. For the catecholate moiety in Pocket |, the carbonyl oxygen of the amide forms a
water-mediated hydrogen bond to the backbone nitrogens of N39 and A40 as well as the
Od1-atom of N39. Similarly, the O2-atom in Pocket |1 forms a hydrogen bond to the
hydroxyl of Y 106. The other pockets contact the enterobactin molecule much less
extensively (Figures 15A and 16A). Pocket 2 is defined by the Ne—-atom of K134, and the
side chains of Y52, L36, T54, S68, L70, W79 (molecules A and C), R81 (molecules A,
B, and C), and the hydroxyl of Y 106. Pocket 3 is defined by the side-chain of K125, the
guanidinium group of Arg 81 (molecules A and B), W49 (molecules A and C), and the
Y 100-L103 loop.

Some of the protein-ligand interactions seen in this structure are unique and have
not been previously reported. The Ne-atom of K125 lies within 4.3 A of the center of the
catecholate in Pocket | and 3.4 A of the center of the catecholate in Pocket 3 (Figure
16C). Similarly, the Ne-atom of K134 lies within 4.6 A of the catecholate ring in Pocket
| of the NGAL calyx and 3.3 A of the catecholate in Pocket 2. Finally, the CC-atom of
R8! in molecule B lies within 5.1 A and 5.3 A of the catecholate groups in Pockets 2 and
3 respectively. These distances are within the range observed for favorable protein-
cation-r interactions33.

Cation-rt interactions in proteins are an interaction between the positive charge of
lysine or arginine side-chains and the quadrupole moment associated with the delocalized

n-electrons of an aromatic functional group such as tryptophan, tyrosine or
phenylalanine84. Semi-empirical calculations using the small molecule crystal structure

of vanadium-enterobactin83 as a starting model for FeEnt demonstrate the highly
delocalized nature of the net negative charge (Figure 16D). Thus, the NGAL:FeEnt

interactions with lysine and arginine side chains are a hybrid between a simple ionic
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interaction and a cation-x interaction in that both interacting moieties have a net

charge. These interactions are similar to those seen in the binding of phosphotyrosine to

an SH2 domain86, which is also a complex in which an arginine and a lysine interact
with a negatively charged ligand. However, in that complex the actual aromatic ring
remains uncharged.

The structure of the hydroxamate-siderophore ferrichrome in compliex with

FhuA87 represents one of two other examples of an ordered siderophore-protein
complex. The binding pocket of FhuA and the calyx of NGAL both contain a number of
aromatic residues. The interactions mediated by the aromatic residues in the two
siderophore binding proteins are, however, different because of the neutral charge of the
FhuA ligand ferrichrome as compared with the negative charge of FeEnt. Nevertheless,

the aromatic residues of both FhuA and NGAL are involved in van der Waals interactions

with their ligands as well as tyrosine-hydroxyl-mediated hydrogen bonds88. FhuA,
however, cannot form cation-x interactions with its ligand because ferrichrome lacks

aromatic functional groups. This may explain the 244-fold lower affinity of FhuA for

ferrichrome89 compared to the affinity of NGAL for FeEnt.

The structure of the E. coli outermembrane receptor FecA in complex with ferric-

citrate has recently been published by Ferguson et al. 90. In their structure, there are a
number of positively charged residues which form hydrogen bonds and favorable ionic
interactions with the negatively charged ferric-citrate ligand. The binding pocket shares
superficial similarities with the calyx of NGAL due to the positive charges, however, the
spatial arrangement of the positively charged residues is quite different between the two
structures. There is no structural or sequence homology between the NGAL calyx and the
FecA binding site.

In the crystal structure of the FepA:FeEnt complex79 both the binding pocket and
the ligand are disordered. The authors conclude that a conformational change induced by
ligand binding must take place that is inhibited in the crystal. This is supported by the
fact that there are no regions in the FepA structure with apparent structural homology to
the NGAL calyx. However, like NGAL, the crystal structure and biochemical data have

implicated several positively charged and aromatic residues of FepA in the binding of
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FeEnt91. Therefore, it is likely that NGAL and FepA share similarities in the way in

which they recognize FeEnt.

After several rounds of model building and refinement, it was evident that the
triserine-trilactone backbone of the ligand was at least partially degraded as exhibited by
large negative Fo-F. difference peaks around the backbone atoms after refinement in CNS
(Figure 17A) and by unreasonably high libration tensors for the FeEnt molecules
following TLS refinement in refmacs5. In spite of the aforementioned protective effect
NGAL has on enterobactin stability, the extent of ligand degradation was not surprising
due to the seven months required to grow diffraction-quality crystals. The lack of
conformational flexibility of enterobactin allowed us to position the intact ligand with a
high degree of confidence despite the large negative F,-F. peaks overlapping ligand
atoms. The NGAL :FeEnt model was refined to an Ry and Rgee Of 23.8 and 28.0
respectively.

Although we finished refinement with a model of degraded enterobactin, the
resulting structure is nearly identical to the structure with the intact ligand. The rmsd
calculated on all atoms of residues contacting FeEnt between the two structures is 0.3 A.
The Ruork and Rgee values for our model of NGAL:degradedFeEnt are 1.1% and 0.9%
better respectively compared to the NGAL:FeEnt model. This difference is mostly due to
the improved agreement of our model of the degraded ligand to the crystallographic data
(Figure 17B). With one exception described below, the interactions between NGAL and
either FeEnt or the model of the degraded ligand are the same. The unambiguous position
of the iron atom in the electron density maps, the rigidity of FeEnt molecule, the small
difference in the Ruo and Rgee values between the two structures, and the reasonable
agreement between the positions of the catecholate moieties of the intact FeEnt molecule
and the electron density maps demonstrates the validity of the NGAL:FeEnt model. Data
collection and refinement statistics for the NGAL:degFeEnt and NGAL:FeEnt model are
presented in Table 2.

Table 2: Data Collection and Refinement Statistics

Data Collection
Resolution (A) 20-2.4 (2.44-29)
Observations 312664
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Table 2 Continued

Unique reflections 30746

Completeness (%) 100 (100)

lVo(l) 37.3(3.8)

Rsym (%) 5.7(51)

Cell dimensions (A) (P4(1)2(1)2) 115.1 115.1 115.2

Refinement NGAL:FeDHBx NGAL:FeEnt
Resolution (A) 19.76-2.4 (2.46-2.4) 19.76-2.4 (2.46-2.4)
Reflections (F>0) 28156 28156
Protein atoms (3 molecules/a.s.u) 4222 4185

Ligand atoms (including alternate 143 146
conformations)

Solvent atoms 111 (2 S042,7 glycerol) 89

Ruwork (%) 22.5(25.0) 23.8 (26.7)
Riree (%) (1470 reflections) 27.1 35.9) 27.9 (36.7)
RMSD from ideality: bonds (A) 0.013 0.013

Bond angles (°) 20 1.8

Average B-factor 37.1 33.8
Ramachandran plot: most favored (%) 87 85
Ramachandran plot: disallowed 0 2

Numbers in parentheses indicate values for the highest resolution shell

Degraded FeEnt was modeled as dihydroxybenzoate (DHBA) in Pockets 2 and 3,
and dihydroxybenzoylserine in Pocket | complexed with iron; we refer to this mixture as
FeDHBx (Figure 17C). In Pocket 1, all three molecules in the asymmetric unit superpose
with 0.5 A rmsd between matched atoms. In Pocket 2 of molecule A, two alternate
conformations were modeled. In the first conformation, there is an apporiximately 42°
right-handed rotation of the catecholate around the C5 to C2 vector relative to the intact
enterobactin. The second conformation consists of a 160° flip of the catecholate in the
left-handed direction around the same vector. This flip orients the carbonyl oxygen of the
amide to within 1.3 A of the previously identified carboxylate binding pocket of NGAL,
and yields a hydrogen bond to the side chain of R81. This flip represents the one
significant difference between the NGAL:FeEnt and NGAL:FeDHBx interactions. There
is a 17° right-handed rotation of the catecholate in Pocket 2 of molecule B relative to the
intact enterobactin along the vector from C2 to C6. In molecule C, the catecholate in
Pocket 2 is in the flipped orientation as in molecule A. In Pocket 3 of molecule A, there is
a 17° right-handed rotation of the catecholate along the vector from Cl to C4. In
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molecule C two conformations were modeled for the DHBA in Pocket 3. The first

conformation essentially superimposes the ligand in the NGAL:FeEnt model with a 0.2 A
rmsd for matched atoms. The second conformation consists of a 62° left-handed rotation
about the C2 to C6 vector.

Because E. coli and other microorganisms also secrete the iron-chelating
compound DHBA under iron limiting conditions, and our model of the degraded FeEnt
ligand suggested that NGAL might bind ferric-DHBA (FeDHBA), we measured the
strength of the NGAL:FeDHBA interaction by tryptophan fluorescence quenching
(Figure 14B). The K4 of 7.9 + 1.8 nM, while significantly higher than the K4 for FeEnt, is
easily understood by taking into account the increased flexibility of the FeDHBA and the

concomitant increased entropic cost associated with binding.

Implications of the NGAL structure on Function

Controversy concerning whether Ent chelates iron solely via the catechol oxygens

(the catecholate mode of binding), or by the ortho-hydroxyl oxygen and carbonyl oxygen

of the amide (salicylate mode of binding) 74,92,93continues to rear its head in the
literature. It is certainly true that at low pH in a non-aqueous environment Ent becomes
protonated, which favors the salicylate mode of binding. However, our crystal structure at
neutral pH unambiguously reveals the iron bound in the catecholate mode (Figure 17).
While the ionic strength in the crystal is too high to be considered physiological, the
structure suggests that either NGAL may alter the first protonation constant to stabilize
the catecholate mode of binding over the salicylate mode, or that NGAL preferentially
recognizes and binds to FeEnt complexes in the catecholate mode, or that ferric-
enterobactin in fact only binds in the catecholate mode . This is significant because it is
suggested that protonation of FeEnt to promote the salicylate mode of binding is part of a
secondary pathway used by bacteria for removal of iron by reduction at the

outermembrane94. NGAL may stabilize the unprotonated, harder-to-reduce, form of

FeEnt over the protonated, easier-to-reduce form and thus effectively sequester the iron
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in the FeEnt complex. However it is perhaps more likely that enterobactin simply does

not every chelate iron in the salicylate mode under physiological conditions.

Although many microorganisms secrete DHBA in response to low iron

conditions, it has been assumed that this compound is not a siderophore 74 because an

organism’s ability to synthesize DHBA is not associated with increased virulence in

vivo93. However, our results suggest that DHBA is not associated with increased
virulence in vivo due to NGAL, which binds to and sequesters FEDHBA. Similarly, the
biosynthesis of Ent itself is not a virulence factor for E. coli in mammals. In contrast, the

synthesis of the citrate-siderophore aerobactin, which has lower affinity for iron, is a

virulence factor96. Our results provide a model to explain this puzzling phenomenon: in
vivo NGAL acts to prevent Ent and DHBA-mediated iron acquisition by E. coli, while no
such defense mechanism has been discovered that counteracts aerobactin-mediated iron
acquisition.

To test the hypothesis that NGAL interferes with iron uptake by bacteria, we
investigated the ability of NGAL to inhibit the growth of bacteria in defined media. E.
coli XL1Blue transfected with the NGAL expression plasmid failed to grow in M9
minimal media unless supplemented with 10 uM iron. Furthermore, the addition of
endogenous, purified, recombinant, 5 uM apo-NGAL to M9 media resulted in a 20-fold
inhibition of the growth of E. coli strain XL1-Blue (F