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Part one of this dissertation deals with the analysis of the 2.7 Å resolution
structure of E2oCD in complex with coenzyme A. The structure of the native
E2oCD was solved in this laboratory previously. This project resulted in the
crystal structure of the E2oCD·CoA complex obtained by molecular replacement
and the resulting analysis of the chemical nature of the complex. Extensive
comparisons were made with the previously reported structure of E2p from A.
vinelandii, in complex with CoA and DHLA, as well as with the predicted ligand
location based on computer models for E2oCD. Residues in the active site cleft
are implicated in providing substrate-binding specificity. CoA is observed in the
extended “IN” conformation, consistent with the unoccupied DHLA binding site.
The second project reported here involves the study of MIF, a cytokine
with unusual tautomerase activity. MIF is an important immunoregulatory protein
with a potential to mediate inflammatory diseases. The details of the tautomerase
activity MIF and its importance in MIF's biological functions remain elusive. This
project resulted in a high-resolution X-ray structure of mouse MIF at 1.45 Å
resolution in complex with an inhibitor phenylacetylenepyruvate (PAP). Welldefined electron density for Glu-16’ from a neighboring trimer was observed in
one of the three active sites, with density for an inhibitor covalently bound to Pro1 observed in the other two active sites. An analysis of the apparent covalent bond
between the protein and the inhibitor and the potential ramifications for the
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understanding of the chemistry of formation of the adduct are discussed. The
observed electron density was not consistent with the predicted Michael addition
product.
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Chapter 1: Introduction
The research in the field of structural molecular biology presented in this
dissertation was conducted using the tools of X-ray crystallography. Two very
different enzyme systems were analyzed in Part I and Part II of this dissertation.
The following is a brief introduction to the subject of X-ray crystallography to set
the stage for the analysis of protein structures encountered in the later chapters.

X-Ray Crystallography Overview
When entering the field of crystallography, one is usually faced with an
unimaginable amount of material to be learned, mastered and perfected. The
advantages of being exposed to the wet-lab techniques and procedures during
one’s undergraduate years become very apparent at the beginning of the graduate
studies. However, in an X-ray laboratory the overwhelming majority of new
information comes from understanding the basics of crystallographic theory and
practice. From the abstract concept of reciprocal space to the fine art of shell
scripts for the UNIX operating system, the task may seem insurmountable if it
were not for the advice of those who have gone before. This dissertation will
hopefully serve the purpose of being a reminder for future crystallographers that it
can be done.
1

Most modern books in crystallography begin with the theory of crystal
formation, followed by the theory of crystallography from the point of view of
mathematics and physics, and finish with a short description of applied
crystallographic techniques which are relevant to solving X-ray structures. While
the first two have been subjected to rigorous and exhaustive study and remain
rather unchanged, the latter seems to be changing constantly due to new
techniques being discovered and new hardware/software being introduced.
Introduction to crystallography is done better (not easier) if the ultimate goal of
using X-ray crystallography as a tool to study biological processes is kept in one's
mind at all times.
Instead of asking where one begins the study of crystallography,
determine what needs to be accomplish. Obtaining a structure of a protein does
not give a complete answer. Understanding biochemical processes and finding a
way to alter them outlines the purpose of X-ray crystallography more fully than
simply obtaining a 3-D picture of a protein. Crystallography has greatly enhanced
our understanding of internal processes that take place inside an organism. Many
mechanisms were confirmed and some of them revised when a high-resolution Xray structure became available. Protein crystallography also offers a way to
conduct a drug search from a structure-based design approach. Although random
scanning of millions of compounds has proven effective in finding promising
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drug lead candidates, a crystallographer would still have to determine why this
compound is effective and be able to suggest possible better alternatives.
If one were to determine a structure of a protein, either for a novel drug
design or for the general understanding of the function of this particular enzyme,
what are some of the steps that are available to that investigator? The first
question is: Why can’t we just look at the protein with a really powerful
magnifying glass? According to the laws of physics concerning optical resolution
of objects, one can only observe objects using a wavelength smaller than the
object itself. The visible light has a wavelength of 400 nm to 700 nm, or 4000 Å
to 7000 Å. The size of an average globular protein is on the order of 50-100 Å and
carbon-carbon bond distances are around 1.5 Å. Therefore, the only wavelengths
suitable for atomic resolution are those of X-rays or smaller.
X-rays are generally defined as electromagnetic waves with the
wavelength in the range of 10-9 to 10-12 m. The actual definition of X-rays is
rather fuzzy; the terms soft and hard X-rays are being used to designate waves
closer to UV range or gamma rays respectively. Gamma rays would be even
better for atomic resolution, although they do carry significantly greater levels of
energy due to their shorter wavelength and thus are more destructive to biological
molecules such as enzymes. Is it possible look at a protein with a really powerful
magnifying glass using X-rays? The answer is yes and no. The refractive index of
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most materials for X-rays is very close to 1, in fact it is within 0.1% of 1. That
means that most compounds don't bend X-rays like they bend visible light. There
has been work done on making compound refractive lenses for hard X-rays out of
Be, B, C, Al and Li (Snigirev, 1996), but the flip side of such lenses is their
increased absorption of X-rays and as a result diminished image intensity. It is
also possible to use diffractive lenses with a circular grating, so called Fresnel
zone plates, but the resolution of the images is on the order or 1-2 µm, far from
atomic resolution. If a lens is eventually made with a sufficiently large refractive
index for X-rays without significant absorption, the practical aspects of using it,
such as its focal distance and its size, will also have to be considered.
It appears that a suitable source of electromagnetic radiation that will give
the required atomic resolution has been found, but there is no way of “focusing”
this electromagnetic radiation after it passes through the molecule of interest. The
far-field or Fraunhofer diffraction pattern is actually the Fourier transform of the
object or the aperture that is being illuminated by a plane wave. A lens is used to
do the back-transform. When such lens does not exist, as is the case of X-rays,
there is a need to perform the inverse transformation using other means.
Crystallographers have to resort to the use of computers to do what a simple
concave lens does for visible light.
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Crystals are needed to provide a crystallographer with a large enough
physical object to orient in space. Also, many objects arranged in order are
needed to generate enough scatter to get sufficient signal. Another problem is that
a single molecule of an enzyme will not survive the direct bombardment by Xrays for very long. Multiple copies of the protein provide protection against the
damage caused by radiation. From these two problems stems the name of the
discipline of X-ray crystallography. X-rays are needed, because the objects that
we want to see require very small wavelength, and crystals are needed, because
the multiple copies of molecules arranged in the same way give a stronger signal
and provide protection against X-ray exposure. Diffraction patterns of individual
objects are continuous and can be oversampled and subjected to rigorous
mathematical methods to perform inverse transform and obtain the shape of the
object (Bates, 1982; Miao & Sayre, 2000).The periodic nature of the crystal acts
as a diffraction grating for X-rays and gives rise to discrete reflections, allowing
the application of certain mathematical techniques for solving the structure. The
act of having to measure the scattered intensities results in a loss of the phase
information, producing the "phase problem" of crystallography.
The lack of a magnifying glass for X-rays, although rather annoying, is
nevertheless not insurmountable. While the ocular faculty depends exclusively on
the phenomenon of reflection of visible light from various objects, X-rays seem to
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pass through most matter. The act of passing enables the X-rays to interact with
matter in the form of scattering and absorption. Being electromagnetic waves, Xrays are also capable of diffraction, just like visible light. Although not exclusive
to X-rays, diffraction is generally not used with visible light to obtain information
about an object, since the latter’s reflection and absorption provides greater
information than its diffraction. Diffraction of visible light actually holds back
image-dependent science, since diffraction distorts the image at high
magnification and is the limiting factor for aberration-free optical systems. In this
case the resolution of the lens is

0 .6 1 λ
d >
A p e r tu r e
The subject of X-ray diffraction attracted the attention of William
Lawrence Bragg and William Henry Bragg (his son) in the beginning of the 20th
century. In 1912 Max von Laue reported X-ray diffraction by a crystal. The
Braggs’ interest in Laue’s discovery resulted in intense collaboration between
father and son. The same year they proved that for all mathematical purposes, the
diffraction of X-rays passing through a crystal can be reduced to the equations of
reflection rather than scattering. Thus there is the need for crystals, since they
provide the effect of a 3-dimentional grating. Ewald offered his explanation in
1921. Bragg's approach is the most straightforward, and it is discussed along with
6

von Laue and Ewald methods in all modern crystallography books. The
mathematical equations describing X-ray diffraction are complex, but they can be
split in their component parts that enable crystallographers to reconstruct the
electron density around the object, and based on that the object itself.
If a crystal of a protein is put in an X-ray beam, one would hope to get the
picture of a protein inside the crystal. The appearance of many dots arranged in a
particular pattern (reflection spots) would require further explanation. According
to the theory of X-rays, they don’t just bounce off the outer electron shells of
atoms; they actually interact with atoms in the process known as scattering. Due
to destructive interference of many scattered waves, only a limited number of
waves get reinforced by constructive interference to result in measurable
reflection spots.
To understand how to get from reflections (spots) to a 3-D picture of a
protein, a discussion about internal crystal arrangement is necessary. The work on
crystals was done in the days long before X-rays were discovered. Fortunately for
scientists, crystals are very friendly to mathematical analysis due to their exact
and periodic nature. Theoretically, a crystal is an infinite entity, able to extend
itself into surrounding space without boundaries. In the physical world, however,
crystals have limitations in terms of their size. Therein lies the problem of
describing a theoretically limitless entity that has been constrained to specific
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dimensions. One can use exact dimensions for face size and their relative angles.
A 0.5 mm diamond crystal has the same mathematical properties as a 50 mm
diamond crystal but has a different surface area and different size faces.
Fortunately, the fact that crystals are constrained by physics into manageable
entities helped early crystallographers to study their nature in detail. They could
not look inside the crystal and see how individual atoms were arranged, but they
could see the faces of the crystal and draw their conclusions about the internal
arrangement of the particles that make up the crystal. Most mineral crystals
exhibit consistent faces which imply that all atoms on that face lie in the same
plane. Therefore, it became easier to describe a crystal from the point of view of
those planes, or more precisely, from the point of view of vectors normal to those
planes. A carbon crystal measuring 0.5 mm across that has two normal vectors
forming a 30° angle can be described by the same vectors even if it is 50 mm
across.
So, how does it all apply to X-ray crystallography? For one, the diffracted
beam gets enhanced if it is reflected by parallel planes when certain conditions are
met. This condition is the famous Bragg Equation

2d sin θ = nλ
Those intensity spots that are seen in a typical diffraction pattern can be viewed as
"reflections" from the planes that provide solution for the Bragg Equation. They
8

are X-rays "reflected" by parallel Bragg planes that produce constructive
interference. All other reflected waves are cancelled by destructive interferences.
So, one reflection represents not one atom, not one molecule, not one asymmetric
unit, not one unit cell, but the combined scattering of all atoms which can be
viewed as "reflections" from a set of parallel planes that satisfy the Bragg
condition.
Acknowledging that each reflection spot represents a set of planes and its
intensity can be recorded and compared to others provides a way to get from a
photograph of a diffraction pattern to that of a complete 3-D model of a protein.
The process requires some mathematical methods and tricks. These tricks cannot
be summarized by one paragraph and entire books have been written on this
subject, but a roadmap of sorts can be provided. It is known that X-rays get
scattered by the electrons of atoms. The goal of a crystallographer is to describe
this electron density in the form of a 3-D function. If a solution of that function
can be found, it can be used to create a 3-D plot of that function at a certain
uniform contour level, which will in fact produce an image of what the electron
density around all the atoms of that particular protein looks like, which would
give the overall shape of the protein. Due to the repetitive nature of the crystal,
this complex electron density function will have a periodic nature—a bump in
electron density representing an atom will be repeated every unit cell. A complex
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periodic function is in the realm of Fourier transforms. A periodic function can be
described in terms of x y z coordinates (what we are after) or in terms of vector
length and angle in a certain coordinate system. The last definition is the most
fitting for X-ray diffraction, since its wave nature can be understood better in
terms of vectors and angles. The intensity of a reflection is proportional to the
electron density (to the square of the amplitude of the structure factor for that
reflection to be exact). The intensity of each reflection spot can be thought of how
long the vector is, and its coordinates tell which set of planes it corresponds to.
Unfortunately, there is no direct way to measure its angle, or phase. Thus, solving
the phase problem is the cornerstone of all crystallographic methods. If the phases
can be obtained, or in the case for protein crystallography, approximated, then one
can employ Fourier transform to get from reflection spots, described by vector
length (i.e. intensity) and its angle (i.e. phase) back to the original function, which
is the electron density of a particular protein.

ρ( x, y , z ) =

1
V

∑∑∑ F

( h , k ,l )

h

k

cos[2π (hx + ky + lz ) − α ( h ,k ,l ) ]

l

If the exact complex structure factors are known, then the electron density
function can be calculated:
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ρ( x, y , z )

1
= ∑∑∑ F( h ,k ,l ) e −2π ⋅i ( hx + ky +lz )
V h k l

What seems like a simple process can take weeks, months, or even years
to accomplish. There are many highly abstract concepts to master, such as
reciprocal space, sphere of reflection, systematic absences, etc. However, the
main process a crystallographer goes through on his way to obtaining a crystal
structure is this: how to describe a 3-D function in x y z terms when starting from
its Fourier transform that has only intensities (i.e. vector lengths) and is missing
phases (i.e. angles). Many techniques have been developed to do exactly that,
such as molecular replacement (MR), multiple wavelength anomalous dispersion
(MAD), multiple isomorphous replacement (MIR), and multiple isomorphous
replacement with anomalous scattering (MIRAS).
There is some information to be extracted from only the intensities. The so
called Patterson map gives rise to peaks of vector distances between atoms. The
map is calculated according to the equation:

P(u ,v , w) =

2
1
F
∑∑∑ ( h,k ,l ) cos[2π (hu + kv + lw)]
V h k l
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The map is impossible to interpret for any unit cell with more than a few
atoms, due to the exponential increase in the number of peaks and the origin peak
overlap, but can invaluable when searching for a few heavy atoms incorporated
into a larger protein structure.
There is nothing magical about modern data processing and refinement
programs; they simply automate many of the tasks that were performed manually
in the past. Given enough time, a crystallographer is able to calculate an electron
density map by hand from diffraction photographs. A published paper on
calculating the 2-D electron density map of a benzene ring (Delatorre, 2001)
using Mathematica (Wolfram Research, 2004) was an inspiration to attempt a
similar calculation for a 3-D map, thanks to the increased prowess of modern
computers. The calculation uses fractional cell coordinates for the location of the
atoms in a non-centrosymmetric cell and Cromer-Mann coefficients (Cromer &
Mann, 1968) to calculate X-ray scattering. The map takes about 10 minutes to
calculate on a PC with an Athlon XP 2600+ processor with 1GB of memory. The
3-D electron density map of a benzene ring resulted from this calculation is
shown in Figure 1.

12
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Figure 1. Electron density map of benzene as calculated by Mathematica.
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The complete Mathematica script that produces this map can be found in
Appendix A. The 3-D map representative of the electron cloud around each atom
is fairly easy to produce, provided that the crystallographer has the knowledge of
both the amplitudes and the phases of the reflections. In reality, the problem is
much more complex due to the unavailability of the phases.

14

Part I: E2o

Chapter 2: Multi-enzyme complexes

Overview
Multi-enzyme complexes are highly efficient catalytic systems that use
subunit proximity and substrate channeling to achieve maximum reaction rates.
Their structural complexity and size create additional problems for
crystallographers who attempt to study them since such complexes often will not
form crystals. Often times it is possible to study only one part of the complex, or
even an isolated, functional domain of a particular enzyme component. This
immediately brings the questions of whether the truncated part in its crystalline
form represents adequately the chemistry inside the multi-enzyme complex in
vivo and much effort is spent on verifying the assumption that a part of a multienzyme complex has the same 3D structure and performs the same function in
isolation compared to the entire assembled complex. The alternative might be to
determine the structure in solution via multidimensional NMR methods.
However, due to the size of such complexes, the structural information about
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them cannot be gained by methods such as NMR, which are limited to molecules
of less than 30 kDa, and such structures can be studied only by X-ray
crystallography.
The catalytic domain of the dihydrolipoamide succinyltransferase
(E2oCD, EC 2.3.1.61) of the 2-oxo acid dehydrogenase multi-enzyme complex of
the E. coli is the focus of the first part of this dissertation. The path that led
researchers deeper into the mechanisms of 2-oxo acid dehydrogenase multienzyme complexes is an interesting story in itself. Lester Reed started the process
in 1949 at the University of Texas. His research was based on the then unknown
“acetate-replacing factor” in bacteria (Reed, 2001; Reed & Oliver, 1968).
Through dedicated work, Dr. Reed and co-workers isolated 30 mg of crystalline
solid from about 10 tons of starting liver material. The solid turned out to be
lipoic acid. The research that followed led to the discovery of new biochemical
concepts that now appear in virtually every modern textbook: “swinging-arm”
lipoyl domain, regulation of mammalian pyruvate dehydrogenase complex by
phosphorylation-dephosphorylation, super-efficient multi-enzyme complexes and
many others. In the process, Dr. Reed and colleagues discovered and described
multi-enzyme complexes weighing several million Da, and measuring several
hundred Angstroms across (Reed, 1974). The massive size of the entire complex
made it possible for electron microscopy to reveal its overall shape (Oliver &
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Reed, 1981; Reed, 1974, 2001; Zhou et al., 2001). The 2-oxo acid dehydrogenase
complexes (also known as α-keto acid dehydrogenase complexes) play a major
role in metabolism (Fig. 2) (Reed, 1974; Reed & Oliver, 1968) and are present in
bacterial and eukaryotic cells (Reed & Hackert, 1990). There are three classes of
this complex each working with a specific substrate: pyruvate dehydrogenase
complex (PDC), α-ketoglutarate dehydrogenase (KGDC), also called 2oxoglutarate complex (2OGDC), and branched-chain α-keto acid dehydrogenase
complex (BCKDC) (Patel & Roche, 1990; Perham, 1991; Reed & Hackert, 1990).
Each complex has three common catalytic components: α-keto acid
decarboxylase-dehydrogenase (E1), dihydrolipoamide acyltransferase (E2), and
dihydrolipoamide dehydrogenase (E3). The overall flow of the reaction is
illustrated in Figure 3. The E1 and the E2 components are substrate-specific,
while the E3 is a common component that has the function recharging the lipoyl
moiety.
The PDC connects glycolysis with the TCA cycle by irreversible
decarboxylation of pyruvate into Acetyl-CoA. Disruption of PDC function has
been implicated in several disorders, such as Familial Alzheimer Disease (Sheu et
al., 1994), Parkinson’s (Matuda et al., 1984; Mizuno et al., 1994) and often fatal
lactic acidosis (Patel & Harris, 1995). In general, PDC deficiency affects the
central nervous system and brain function because of their dependence on glucose
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oxidation for energy needs. BCKDC catalyzes the final step in converting leucine,
isoleucine and valine into their respective Acyl-CoAs. Defects in BCKDC result
in maple syrup urine disease (MSUD) (Mitsubuchi et al., 1993). Eukaryotic PDC
and BKDC present an interesting case of metabolic enzyme regulation by
phosphorylation-dephosphorylation because of their location in the mitochondria
(Reed, 1974, 2001). KGDC plays a key role in the TCA cycle by converting 2oxoglutarate into Succinyl-CoA. Defects in 2OGDC result in congenital lactic
acidosis (Bonnefont et al., 1992).
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Figure 2. Diagram showing locations of 2-oxo acid dehydrogenase complexes
and their place in metabolism.
BCKADC, branched-chain α-keto acid dehydrogenase complex; PDC, pyruvate
dehydrogenase complex, α-KGDC, α-ketoglutarate dehydrogenase complex;
BCAAs, branched-chain amino acids (from Patel & Harris, 1995).
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Figure 3. 2-Oxo Acid Dehydrogenase Complex Reaction.
Reaction sequence of substrates being exchanged by enzymes within the complex.
E1 and E2 are substrate-specific and are encoded by separate genes, while E3,
which reoxidizes lipoyl moiety and transfers electrons to NAD+, is shared by the
complexes (from Reed, 2001).
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E2o and its role in catalysis
The acyltransferase (E2) component is specific for pyruvate, αketoglutarate, and branched-chain α-keto acid, with designation E2p, E2o (for 2oxoglutarate), and E2b respectively. Aside from its functional role, the E2
component acts as a scaffold around which both E1 and E3 are organized (Reed,
1974, 2001; Reed & Oliver, 1982) (Fig. 4). The E2 subunit has separate domains
joined by flexible linkers; these include the N-terminal lipoyl-binding domain, the
E1/E3 binding domains, and the C-terminal catalytic domain (CD) (Perham,
1991; Reed & Hackert, 1990) (Fig. 5).
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Figure 4. Pyruvate Dehydrogenase Milti-enzyme Complex.
Surface representation of PDC along 3-fold axis. E2 core in green, E3 in red, and
E1 in yellow (from Reed, 2001).
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The E2 core has been observed in two different arrangements, a
pentagonal dodecahedron made of 60 subunits (shown above), and a cube made
of 24 subunits (Oliver & Reed, 1981). The former is typical for PDC from
mammals, birds, fungi, and Gram-positive B. stearothermophilus, the latter is
found for PDC and KGDC in E. coli and KGDC and BCKDC in mammals (Reed
& Hackert, 1990). In both cases the common structural element is the E2 trimer
located at the vertices of either cube (3x8=24) or dodecahedron (3x20=60). The
assembly of the truncated E2 core has been confirmed by X-ray crystallography
(Derosier et al., 1971; Fuller et al., 1979). The residues of the C-terminus are
involved in the trimer-trimer contacts for the core assembly; inserting a Cterminal His-tag disrupts this interaction and results in the trimeric form of E2
(Knapp et al., 2000).
Historically, the E2 component proved difficult to crystallize in its
entirety, but it was found that the flexible linker regions connecting E2 domains
are susceptible to trypsin digest, producing separate E2 domains (Bleile et al.,
1979). The structures of several of these domains have been solved over the years:
lipoyl-binding domain for E2o from A. vinelandii (Berg et al., 1996, 1997) and
from E. coli (Ricaud et al., 1996), E3 binding domain for E2o from E. coli
(Robien et al., 1992); lipoyl-binding domain for E2p from B. stearothermophilus
(Dardel et al., 1993) and from E. coli (Green et al., 1995), E3 binding domain for
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E2p from B. stearothermophilus (Kalia et al., 1993). In addition, a 2.6 Å structure
of truncated acetyltransferase (tE2p) from A. vinelandii has been reported, as well
as a 3.0 Å structure of the cubic form of truncated dihydrolipoamide
succinyltransferase (cE2o) from E. coli (Knapp et al., 1998) and the trimeric form
(tE2oCD) of E2o (Knapp et al., 2000). The first part of this dissertation reports a
2.7 Å resolution structure of E2oCD from E. coli in complex with Coenzyme A.
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Figure 5. Diagram showing modular organization of E2 domains connected
by flexible linkers.
The similarities and differences in E2 organization across species. BP is E3binding protein found in eukaryotes (from Patel & Korotchkina, 2003).
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Substrates, cofactors and inhibitors of E2o
The entire KGDC complex has several cofactors: thiamine diphosphate
(TPP), flavin adenine dinucleotide (FAD), coenzyme A (CoA), nicotinamide
adenine dinucleotide (NAD+), a metal ion, and lipoic acid or dihydrolipoamide
(DHLA) (Reed, 1974). The KGDC is an important component of the TCA cycle,
catalyzing the oxidative decarboxylation of α-ketoglutarate to yield SuccinylCoA, CO2, and NADH.

RCOCO-2 + CoASH + NAD + → RCOSCoA + CO 2 + NADH
The overall reaction for the E2o is the transfer of succinyl group from
succinyl-lipoamide to CoA. Based on the structural and functional similarities
with E2p and CAT, several residues in the active site of E2oCD are thought to be
involved in the catalysis, these are His375, Thr323', and Asp379. The proposed
reaction mechanism involves a histidine abstracting a proton from CoA, which in
turn causes a nucleophilic attack on the succinyl-lipoamide resulting in the
transfer of the succinyl group (Fig. 6). A Thr323' residue from a neighboring
subunit is thought to stabilize the tetrahedral intermediate. Also important are
Asp374 and Arg376, which form a salt bridge to stabilize the loop of the catalytic
His375. The importance of these residues was confirmed by measuring the effect
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of mutations on the catalytic efficiency of CAT (Russell & Guest, 1991), as well
as observing the proposed contacts in crystal structures of E2pCD (Mattevi et al.,
1993a). Also proposed was the involvement of Asp379 in making a contact with
the catalytic histidine, by the analogy with Asp199 of CAT (Knapp et al., 1998).
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Figure 6. Proposed reaction mechanism for E2o based on the mechanism of CAT.
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Thus, to understand the mechanism of E2o, it is also necessary to study
E2o in complex with its ligands and cofactors, including CoA, dihydrolipoyl,
succinyl-lipoyl, succinyl-CoA. The DHLA is covalently attached to a lysine on
E2o lipoyl-binding domain and provides the famous “swinging arm” mechanism
that links active sites of the entire α-keto acid dehydrogenase complex (Reed,
2001; Reed & Oliver, 1968). In addition E2o has a few known inhibitors, such as
tripropylphosphate (TPrP) and triethylphosphate (TEtP) which are thought to
resemble the proposed tetrahedral intermediate of the reaction.
As of the writing of this dissertation, there are about 90 structures reported
in the Protein Data Bank (PDB) (Berman et al., 2000) with CoA as a ligand, many
of them are similar proteins (paralogs and orthologs) or different crystal forms of
the same protein. The actual number of unique known structures of enzymes in
complex with CoA is much smaller. Very little is known about the specificity of
CoA binding between the different proteins.
The analysis of CoA binding site in E2oCD, and its interaction with its
ligands and inhibitors, by X-ray crystallography is the focus of the first part of
this dissertation.

29

Chapter 3: Experimental Methods for E2oCD

Cloning, Expression and Purification of E2oCD
BL21(DE3) E. coli cells containing the pGS490 plasmid (E2oCD residues
167 to 404 plus a C-terminal His tag as KLAAALEHHHHHH, Mr ≈ 37,000) and
the pGroESL plasmid (groEL and groES chaperonins) were kindly provided by
Dr. Lester Reed and expressed as reported previously (Knapp et al., 2000).
Throughout the expression, media containing ampicillin and chloramphenicol
were used to ensure selection of double transformants. Colonies were grown
overnight at 28 °C on YT plates containing 20 µg/ml ampicillin and 20 µg/mL
chloramphenicol. Cultures were transferred into LB liquid medium containing 50
µg/mL ampicillin and 50 µg/mL chloramphenicol and grown at 37 °C. Upon
reaching an OD600 of 0.8, cells were induced for protein expression with 50 µM
IPTG and continued to grow at 28 °C for eight hours. Cells were harvested in a
Sorvall RC2-B centrifuge at 6500 rpm using a GS-3 rotor.
The cell pellets were extracted into purification buffer (50 mM Na2HPO4,
300 mM NaCl, 5% glycerol, 1 mg/L aprotinin, 1 mg/L leupeptin, 1 mg/L antipain,
1 mg/L pepstatin, pH 7.5) and lysed in a French press at 12000 psi. Lysates were
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centrifuged for 40 min at 10,000 rpm at 4 °C in a Sorvall RC2-B centrifuge using
the JA-20 rotor, followed by further centrifugation of the supernatant for 40 min
at 40,000 rpm at 4 °C in a Beckman L7 Ultracentrifuge. The protein was purified
by affinity chromatography on a BD Talon metal affinity column (Clontech) that
was pre-equilibrated with the purification buffer (Fig. 7). The soluble crude was
diluted to 300 mL and loaded onto the column. The column was washed with 400
mL of purification buffer, followed by 100 mL of buffer containing 20 mM
imidazole, followed by 100 mL of purification buffer containing 40 mM
imidazole. The protein was eluted with a 40 mM to 500 mM imidazole gradient in
purification buffer and collected in 5 ml fractions (Fig. 8). The protein displayed a
prominent band at its expected molecular mass of 37 kDa (Fig. 9). Using elution
profile and SDS-PAGE results to analyze the fractions, those fractions containing
E2oCD were pooled and dialized overnight at room temperature against 2 L of
dialysis buffer (50 mM KPi, 100 mM KCl, pH 7.0). Following the dialysis, the
protein was concentrated to about 17 mg/ml at room temperature using Centriprep
30 and Centricon 30 (Amicon). The yield was 16 mg of pure protein from a 6 L
preparation (without resuspending precipitated protein). The protein appeared to
be stable at room temperature for several days but precipitated rapidly when
moved into a cold room. After several days at room temperature, the concentrated
protein also precipitates but at a slow rate, forming white flakes. This precipitated
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protein can be resuspended in buffer with 300 mM imidazole and appears to be
pure E2oCD as analyzed by SDS-PAGE (Fig. 10). Several attempts were made to
improve the stability of the protein, including changing the pH. Isoelectric
focusing gel results suggested a pI of 9.4-9.5 (Fig. 11). The protein appears to be
more stable in the presence of 50 mM imidazole (Reed, unpublished results).
The E2oCD·CoA crystals were obtained by the hanging drop method
(McPherson, 1990) in the presence of 5% PEG 400, 0.8 M sodium acetate, 100
mM HEPES, 20 mM dithionite, pH 7.3 at a CoA concentration of 10 mM. A
series of crystallization conditions were tried with a number of cofactors, ligands
and inhibitors, giving mixed results in the availability and the quality of crystals.
These trials are summarized in Table 1.
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Figure 7. Purification of E2oCD·[His]6 by affinity chromatography.
A) initiation of 20 mM imidazole wash; B) 40 mM imidazole wash; C) start of
imidazole gradient.
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Figure 8. SDS-PAGE analysis of E2oCD expression and purification.
Lane 1) Molecular weight markers (97.4, 66, 45, 31, 21.5, 14.5 kDa); Lane 2)
Column loading flow-through; Lane 3) Buffer wash; Lane 4) 20 mM imidazole
wash; Lane 5) 40 mM imidazole wash; Lane 6) Molecular weight markers; Lanes
7-10) Fractions #10-13, before the elution peak. The arrow shows the expected
E2oCD band location
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Figure 9. SDS-PAGE of eluted fraction of E2oCD at the end of elution peak.
Lanes 1-4) Fractions # 23-26; Lane 5) Molecular weight standards (97.4, 66, 45,
31, 21.5, 14.5 kDa); Lanes 6-10) Fractions #27-31. There is a prominent band in
all of the pooled fractions corresponding to E2oCD monomer (Mr ≈ 37 kDa).
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Figure 10. SDS-PAGE analysis of E2oCD precipitate.
Lane 1) Molecular weight markers (97.4, 66, 45, 31, 21.5, 14.5 kDa); Lane 2) N2
concentrator flow-through; Lane 3) Precipitate during dialysis; Lane 4) Centriprep
concentrator flow-through; Lane 5) Molecular weight markers; Lane 6)
Concentrated soluble protein; Lane 7) Precipitate formed after concentration;
Lane 8) Molecular weight markers

36

Figure 11. IEF Gel for E2oCD.
1,4,7) EIF Standards; 2) Blank; 3,5,6) E2oCD. pI~9.4-9.5
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Table 1. Crystallization Trials and Data Collection Summary for E2oCD
Cofactors
None*

Space Group
F342

Lattice Constants
a = 222.8 Å

Resolution
3.0**

None***

P 31 2 1

3.0

CoA

P 31 2 1

a = b = 112.18 Å
c = 134.32 Å
a = b = 110.4 Å
c = 132.3 Å

TPrP

P 31 2 1

TPrP + CoA

P 31 2 1

DHLA

P 31 2 1

DHLA + CoA

P 31 2 1

Succinyl-CoA

No crystals

TPrP + Suc-CoA

No crystals

DHLA + Suc-CoA

No crystals

2.7

2.8

a = b = 109.0 Å
c = 132.7 Å

3.3

* Structure solved by James Knapp (Knapp et al., 1998)
** Data set collected at Stanford Synchrotron Radiation Laboratory. Same
crystals diffracted to 3.6 Å using Cu Kα radiation generated by rotating anode.
*** Solved previously (Knapp et al., 2000)
TPrP, tripropyl phosphate; DHLA, dihydrolipoic acid; CoA, coenzyme A; SucCoA, succinyl-CoA
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Chapter 4: Computational Methods for E2oCD

Data Collection
X-ray data for E2oCD·CoA complex were collected by Dr. Stephen Ernst
using a Brandeis Q4 CCD detector at beamline X12C of the National Synchrotron
Light Source (NSLS) at the Brookhaven National Laboratories. The crystals were
cryoprotected with 5% PEG 400 and the collection took place at 100K in a
nitrogen stream. For this dataset, 90 images were taken and a total of 266,431
reflections were recorded. The data were reduced and scaled at the synchrotron
using DENZO and SCALEPAK (Otwinowski, 1997). The data collection
statistics are summarized in Table 2.

Molecular Replacement
The E2oCD·CoA structure was solved by molecular replacement in
AMORE (Navaza, 1994) using previously determined coordinates of the trimeric
form of E2oCD with a C-terminal [His]6 tag (PDB code 1C4T, 3.0 Å resolution)
(Knapp et al., 2000). E2oCD·CoA crystals were nearly isomorphous, crystallizing
in the same P 21 3 1 space group with lattice constants a = b = 110.37 Å, c =
132.30 Å, compared to previously reported values of 112.18 Å and 134.32 Å.
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Table 2. Data Collection and Refinement Statistics for E2oCD·CoA
Data-collection statistics
Space group

P3121

Unit-cell parameters
a = b (Å)
c (Å)

110.37
132.30

Temperature (K)

100

Resolution range (Å)

95.5 - 2.7 (2.84 - 2.7)

Completeness (%)

97.9 (87.7)

No. measured reflections

266431

No. unique reflections

24146 (1371)

No. > 3σ

6134 (1061)

Refinement statistics
Total No. reflections

23685

No. working reflections

22538

No. test set reflections

1151

Rwork

0.26 (0.35)

Rfree

0.30 (0.40)

Protein atoms

5417

Water molecules

164

Geometry statistics
R.m.s.d., bond lengths (Å)

0.01

R.m.s.d., bond angles (°)

1.5

Average B value for all atoms (Ǻ2)

27.0

Average r.m.s B for main-chain atoms

1.53

Average r.m.s. B for side-chain atoms

1.9
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Refinement
The refinement of the E2oCD·CoA complex presented the same problems
that James Knapp faced refining the structural model of e2oCD at 3.0Å
resolution. Many residues are poorly defined at 2.7 Å and had to be omitted from
the model. The C-terminal residues 399-417 form a flexible loop that shows
traceable backbone density but very poor side-chain density. One of the
monomers shows better quality density in a number of regions compared to its
non-crystallographic mates. However, density averaging did little to improve their
density while reducing the quality of the density for that monomer. Many rounds
of refinement in REFMAC with addition of waters and CoA seemed to improve
the quality somewhat, although the structure of the flexible loop region remained
elusive. Each monomer contains only one CoA molecule as supported by the Xray data.

Modeling of CoA
One of the more interesting challenges has been working on the modeling
of CoA into the active site of E2o. The coordinate file for CoA was readily
obtained from the small molecule database (Kleywegt & Jones, 1998). During the
refinement process the problem of naming conventions became apparent. Ligand
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coordinates are frequently deposited using various names for the ligand itself and
for the atoms. To further complicate the matters, at the time this project was
conducted different refinement programs, namely REFMAC and CNS required
one type of a specific naming convention for CoA, and other ligands, whereas the
modeling program O used another convention. Until recently REFMAC required
HOH card while O required WAT for water molecules. Thus custom library files
for REFMAC and O were created to expedite the refinement and modeling
process while switching between several programs. The users of O-info bulletin
board and especially Petri Kursula deserve special recognition for their assistance
in this matter.
After the CoA molecules had been modeled into their respective active
sites for each non-crystallographic mate, it became clear, after several rounds of
refinement, that one monomer provided much better quality electron density for
CoA than the other two. Several attempts at density modification were made
without improving the CoA density for the other two active sites which remained
disordered and ambiguous. At that point it was decided to focus the analysis on
just this one monomer. The density was of reasonably good quality and several
contacts between CoA and nearby residues can be clearly identified.
One of the approaches to obtaining better electron density for the entire
trimer was density modification. Another approach that was tried used non-
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crystallographic symmetry (NCS) since there is a trimer in the asymmetric unit. A
matrix was derived for the relative position of the monomers to be used in the
refinement using NCS constraints. However, the nature of the electron density of
the monomers prevented the use of strict NCS trimer constrains from the
refinement process, resulting in the use of only moderate restraints.

Post-refinement
In general, good results were obtained after modeling CoA into the active
site, which is indicated by the Rwork and Rfree values of 0.26 and 0.30 respectively.
After several REFMAC cycles, water molecules were added using ARP/wARP
(Perrakis et al., 1999). Only visible water molecules that showed electron density
in the 2Fo - Fc map at 1.0σ were added. Those water molecules that overlapped
due to NCS were eliminated immediately, and several more were rejected after
more rounds of refinement. A total of 164 water molecules were included in the
final refined structure.
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Chapter 5: Results and Discussion for E2oCD

Comparison to E2pCD
The work on the E2oCD enzyme in complex with CoA was compared to
that of E2pCD structure from A. vinelandii also in complex with CoA (Mattevi et
al., 1993b). The structure of the E2oCD did not differ significantly from
previously reported coordinates of native E2oCD (Knapp et al., 2000). The
RMSD is 0.91 Å using 1736 atoms for structural alignment in Swiss PDB Viewer
(Guex & Peitsch, 1997). However, the binding of the CoA showed several
marked differences when compared to CoA binding in E2pCD·CoA (Fig. 15). The
E2oCD and E2pCD show significant structural similarity and share 32% sequence
identity. Previously reported structural alignment for 225 Cα atoms of the cubic
form of E2oCD (PDB code 1E2O, 3.0 Å resolution) and E2pCD (PDB code
1EAA, 2.6 Å resolution) shows a RMSD of 1.8 Å (Knapp et al., 1998). Structural
alignment of 1588 atoms of E2oCD·CoA and E2pCD·CoA (PDB code 1EAD, 2.6
Å resolution) shows a RMSD of 1.2 Å. The values indicate that the two structures
containing coenzyme A show a better fit, which can also be attributed to the
higher resolution of the two structures that are being compared.
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The number and the nature of hydrogen bonds between the protein and
CoA are in good agreement with those observed in E2pCD, especially given the
low sequence identity. CoA assumes an extended "IN" conformation, as expected
given the absence of DHLA in the active site (Fig. 17). Table 3 lists previously
reported hydrogen bond distances between CoA and E2pCD and their E2oCD
equivalents.
An earlier computer modeling of CoA into the active site of E2oCD by
James Knapp (Knapp, 1998) made several assumptions that are not supported by
the present crystallographic data. Asp379 had been suggested to change its
conformation and swing towards catalytic His375 upon binding of CoA; however,
no such change is observed in this structure, and the Asp379 side chain points
away from the active site (Fig. 12). Also, Asp379 has been postulated to form a
salt bridge with Arg184 following ligand binding. Whether or not that in fact
happens, remains unclear, since the density for Arg184 is disordered and this
residue had to be truncated into an alanine for refinement purposes. What was
observed is that Tyr373 is within 3.8 Å of Asp379 and can potentially participate
in hydrogen bonding.
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Figure 12. Cross-eyed stereo of the active site of E2oCD showing relative
positions of His375 and Asp379.
The side chain of Asp379 points away from catalytic His and is too far away to
make contact. CoA binding seems to have no effect on Asp379 conformation.
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Figure 13. Apparent methionine groove in E2oCD structure.
Methionines (orange) are in close proximity to one another, forming a continuous
patch with unknown function. One E2oCD monomer is shown colored by
secondary structure.
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Figure 14. Sequence alignment of E2o from A. vinelandii, E. coli, H. sapiens, and M.
musculus near the methionine patch.

The alignment for this limited sample shows that Met180, Met200, Met209,
Met234, Met347, Met366, and Met367 (red) are conserved in prokaryotes and
eukaryotes, while Met213 and Met355 (blue) are conserved in bacteria.
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Of note is the extra density next to the thiol group of CoA. Such density
was reported for the E2pCD·CoA structure (Mattevi et al., 1993a) and it was
postulated that the sulfhydryl group was oxidized into sulfenic acid, despite the
presence of 20 mM dithionite. No such density was reported next to the reactive
sulfur in the "OUT" conformation, when the thiol group was pushed out of the
active site by DTT. There can be number of explanations, including DTT being a
stronger reducing agent than dithionite, as well as the possibility of some
chemistry taking place between the thiol group of CoA and dithionite when no
such reactions are possible between CoA and DTT. Just as was reported for
E2pCD structures, the electron density around the reactive sulfur is difficult to
interpret at this resolution. Based on the data, it can be concluded that the thiol
group is oxidized under these conditions, but the nature of the final product is
unclear. Also previously reported (Mattevi et al., 1993a) was the electron density
of a product of dithionite hydrolysis, i.e. hydrogen sulfite ion SO2-OH- and that
ion may contribute to the extra electron density observed in the active site.
Also of note is the seemingly continuous methionine “groove” formed by
residues Met209, Met213, Met234, Met270, Met291, Met332, Met347, Met355,
Met366, and Met367, all in close proximity to one another (Fig. 13). At this point
this feature is being reported as a structural curiosity as it has not been determined
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what function, if any, it serves in the multi-enzyme complex. Sequence alignment
revealed that most of the methionines are conserved (Fig. 14).
Another structural feature worth mentioning is the presence of the electron
density for the C-terminus for the well-defined monomer. The density extends to
show the beginning of the [His]6 tag, a feature that was not visible in the previous
structure.

Universal Binding Site for CoA
In order to better understand the binding specificity of CoA to E2oCD, a
project was undertaken to identify common features that define the CoA binding
site using a hidden Markov model (HMM) algorithm based on the sequences of
89 structures available in the Protein Data Bank (PDB) containing CoA. It
became quickly apparent that little is known about the general nature of the
binding site for CoA and as such it would be difficult to create a training set for
Markov analysis. As a result, structural alignment of the 89 structures was made
using the adenine ring of CoA as the anchor (Fig. 18). The alignment shows that
CoA can assume a large number of conformations, all of them varying wildy in
their coordinates past the ribose ring and especially past the pyrophosphate. It was
noted earlier that even within the same system, the presence of ligands and ions in
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solution make the pantetheine arm take on very different conformations (Mattevi
et al., 1993a).

Future Work
The rather disappointing result of this project was the low resolution
nature of the data sets from crystals containing cofactors and inhibitors of E2o.
The crystals of this enzyme tend to diffract poorly in general, worse than 3.3 Å
resolution for Cu Kα radiation and no better than 2.7 Å resolution for synchrotron
radiation, which limits the ability to interpret electron density maps and analyze
the active site. Higher resolution data are needed to analyze E2oCD·DHLA and
E2oCD·TPrP structures. Higher resolution E2oCD·SuccinylCoA crystals perhaps
obtained from modified crystallization conditions would provide a great deal of
information on the mechanism of the reaction and answer unequivocally if His375
is indeed involved in catalysis the way it is currently thought to be and to shed
light on the nature of the extra electron density next to the thiol group.

Conclusion
The result of this project was the refined structure of E2oCD·CoA
complex at 2.7 Å resolution containing 164 waters with R and Rfree of 0.26 and
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0.30 respectively. Many structural features found in the E2pCD·CoA complex
from A. vinelandii were confirmed by the analysis, while several predictions
about the probable E2oCD·CoA structure from E. coli based on computer
simulations are not supported by the present X-ray data.
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Table 3. Comparison of CoA contacts in E2pCD and E2oCD structures.
Adenine ring

3'P-ribose

Pyrophosphate

Pantetheine

E2p residue
Val 466
Gly 561
His 562
Val 582
Ser 583
Lys 584
Ala 585
Leu 602
Wat 310
Wat 312

Distance (Å)

3.2
3.0

Arg 450
Lys 463
Thr 465
His 562
Wat 310

E2o equivalent
Phe 233
Gly 326
Val 327
Met 347
His 348
Ala 349
Ile 350
Met 367
Asn 324
Asn 324
Arg 216
Arg 230
Gly 232
Val 327
Phe 233 N→Wat

Lys 463
Thr 465

3.4
2.8

Phe 505
Ala 506
Val 507
Asp 508
Arg 541
Ser 558
Ser 559
Leu 560
His 562
Phe 568
His 610'
Gly 615'
Ala 616'
Wat 319
Wat 321
Wat 324

3.2
3.0
3.1
3.2
3.4

Arg 230
Gly 232??
Met 270
Ala 271
Val 272
Ser 273
Arg 306
Thr 323
Asn 324
Gly 325
Val 327
Ser 333
His 375'
Gly 380'
Arg 381

Distance (Å)

2.8
3.1
3.2
3.3
2.8
2.4
N/A
N/A
2.8
3.8
N/A

Disordered
4.0
3.3
N/A
N/A

2.7
3.4

Intramolecular

3.2
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3.2

Figure 15. View of the E2oCD trimer looking down the 3-fold axis showing
CoA and His-375 in the two-fold interface.
Figure created in Pymol (DeLano).
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Figure 16. Stereo view (cross-eyed) of the active site of E2oCD with catalytic
His-375 and coenzyme A.
Well-defined electron density (shown 2Fo - Fc map contoured at 1.0σ) after CoA
was modeled into the active site. Interpretable electron density was present in
only one of the three active sites.
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Figure 17. Comparison with E2pCD·CoA and E2pCD·CoA·DHLA
structures.
This cross-eyed figure shows that CoA in E2oCD active site (red) assumes the
extended "IN" conformation similar to E2pCD·CoA structure (green) as opposed
to the "OUT" conformation (blue) that results when the space next to catalytic
His375 is occupied (by DTT or DHLA).
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Figure 18. Structural alignment of known CoA coordinates superimposed on
basis of aligning adenine rings (cross-eyed stereo).
The alignment displays the vast number of CoA conformations that are possible,
making the task of identifying the common binding site for CoA much more
difficult. Structures mentioned before and relevant to this dissertation are shown
in solid color: E2oCD·CoA in red, E2pCD·CoA in green, E2pCD·CoA·DHLA in
blue.
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Part II: MIF

Chapter 6: Cytokines and MIF

Overview
Cytokines are effector molecules that play important roles in the immune
system by initiating inflammatory response, and by regulating humoral and
cellular responses (Bernhagen et al., 1994; Bucala, 1996; Calandra et al., 1995;
Janeway & Medzhitov, 2002). Microphage migration inhibitory factor (MIF) was
discovered almost 40 years ago (Bloom & Bennett, 1966; David, 1966), making
this 115 amino acid protein one of the first cytokines to be studied.
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Figure 19. Timeline of MIF research.
Most of the important MIF discoveries occurred recently, despite the familiarity
with this protein as MIF and as PPT(from Calandra & Roger, 2003).
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The history of this MIF is as interesting as that of PDC (Fig. 19). It was
originally identified as a factor implicated in delayed-type hypersensitive
response (Bloom & Bennett, 1966; David, 1966; George & Vaughan, 1962). It
was considered to be a hormone after it was found to be secreted by the pituitary
gland (Bernhagen et al., 1993). The pituitary gland seemed to be secreting MIF in
response to the presence of bacterial liposaccharides despite MIF's lack of
secretory sequences. In the late 1980s the MIF gene was discovered (Bernhagen
et al., 1993; Weiser et al., 1989), and it was not long before MIF cDNA and
recombinant MIF became available. The cDNA sequence analysis showed that
MIF was in fact identical to a well-known and widely-available enzyme,
phenylpyruvate tautomerase (PPT). That discovery required a revision of
nomenclature, with MIF being labeled as phenylpyruvate tautomerase type I
(PPT-I). D-dopachrome tautomerase was named PPT-II.
A wide variety of cells and organs produce MIF: macrophages (Calandra
et al., 1994), T cells (Bacher et al., 1996; Bloom & Bennett, 1966; David, 1966),
eosinophils (Rossi et al., 1998), B cells (Sugane et al., 1975), pituitary gland
(Bernhagen et al., 1993; Calandra et al., 1995), testes, ovaries (Meinhardt et al.,
1996; H. Suzuki et al., 1996a), and embryonic cells (H. Suzuki et al., 1996a). MIF
has also been implicated in a variety of diseases, most of them having
inflammatory or autoimmune nature. The pro-inflammatory properties of MIF are
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coupled with its ability to counter the effects of corticosteroids (Bacher et al.,
1996; Bernhagen et al., 1993; Calandra et al., 1995).
MIF has been implicated in several inflammatory and autoimmune
diseases, including arthritis (Leech et al., 1999; Leech et al., 1998; Mikulowska et
al., 1997; Onodera et al., 1999), glomerulonephritis (Lan et al., 1996), and Grampositive and Gram-negative sepsis (Bernhagen et al., 1993; Bozza et al., 1999).
Biological activities for MIF include macrophage regulation and T-cell activation
(Bacher et al., 1996; Calandra et al., 1994), IgE synthesis (Mikayama et al.,
1993), insulin regulation (Waeber et al., 1997), carbohydrate metabolism (Benigni
et al., 2000), cell proliferation (Mitchell et al., 1999), and inhibition of apoptosis
(Hudson et al., 1999), tumor suppression (Chesney et al., 1999; Ogawa et al.,
2000) and angiogenesis (Ogawa et al., 2000; Shimizu et al., 1999).

MIF Enzymatic Activity
The discovery of tautomerase activity of MIF, namely
enolization/ketonization of phenylpyruvate (Rosengren et al., 1997; Rosengren et
al., 1996) raised questions about the biological role of this protein. Despite the
long history of MIF as a cytokine (Fig. 19), little is know about its immunological
mechanism, little is understood about its tautomerase activity, or the identity of its
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natural substrate(s) or cellular receptors. Several substrates and inhibitors have
been identified in vitro.
The discovery of MIF enzymatic activity was aided by the similarity
between the human and murine MIF structures and bacterial isomerases: 4oxalocrotonate tautomerase (4-OT) and 5-(carboxymethyl)-2-hydroxymuconate
isomerase (CHMI) (Murzin, 1996; Sun et al., 1996; M. Suzuki et al., 1996b) (Fig.
20). Despite the low (<20%) sequence identity, all three enzymes also share an
unusual catalytic residue in the form of N-terminal proline (Stamps et al., 1998;
Stivers et al., 1996b; Subramanya et al., 1996; Swope et al., 1998). The proline
has a pKa of ~6.0, because of its location inside hydrophobic
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Figure 20. Structural homology of MIF and 4-OT.
MIF is a trimer, whereas 4-OT is a hexamer (from Calandra & Roger, 2003).
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pocket (Stivers et al., 1996a). As a consequence, it can act as acid or base at
physiological pH.

Substrates and inhibitors
MIF catalyzes the tautomerization in vitro of the D-dopachrome and Ldopachrome (Rosengren et al., 1996), phenylpyruvic acid (Rosengren et al.,
1997), p-hydroxyphenylpyruvic acid (HPP) (Lubetsky et al., 1999), 3,4dihydroxyphenylaminechrome (Matsunaga et al., 1999a) and
norepinephrinechrome (Matsunaga et al., 1999b). None of them is a likely
physiological substrate due to their high KM values. An acetaminophen
metabolite, N-acetyl-p-benzoquinone imine, forms a covalent bond with MIF and
inhibits catalytic activity (Senter et al., 2002), as do several p-hydroxyphenyl
Schiff base adducts (Dios et al., 2002). Human MIF·HPP (Lubetsky et al., 1999)
and MIF·ISO1 (Lubetsky et al., 2002) and murine MIF complexed with (E)-2fluoro-p-hydroxycinnamate (Taylor et al., 1999) crystal structures have been
reported. The authors identified a substrate-binding hydrophobic pocket that lies
between two adjacent subunits of the trimer.
Several crystal structures of MIF have been reported: native murine MIF
to 2.2Å resolution (M. Suzuki et al., 1996b) and human MIF to 2.6Å resolution
(Sun et al., 1996); murine MIF P1G, P1A, Y95F, and N97A mutants (Stamps et
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al., 2000); and murine MIF in complex with its (E)-2-Fluoro-p-hydroxycinnamate
inhibitor at 1.8Å resolution (Taylor et al., 1999). The focus of my study of MIF
has been the analysis of its structures with inhibitors and substrate analogs.
MIF catalyzes the reaction of interconversion of enol and keto isomers of
phenylpyruvate and HPP ( 1 ↔ 2 and 3 ↔ 4, Scheme 1).

Scheme 1
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Based on kinetic analysis, the enol forms are the preferred substrates of
MIF, having kcat/KM of 2.2×106 and 9.4×105 for 1 and 3 compared to 5.8×104 and
4.3×104 for 2 and 4, respectively (a 38-fold and a 22-fold difference).
Various inhibitor studies revealed that a compound (E)-2-fluoro-phydroxycinnamate (7, Scheme 2) is a competitive inhibitor with Ki = 2.6 μM
(Taylor et al., 1999).

Scheme 2

66

Figure 21. Proposed MIF reaction mechanism based on acid-base catalysis.
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A crystal structure of MIF with 7 (Scheme 2) was obtained to 1.8Å
resolution by Alex Taylor (Taylor et al., 1999). This study provided significant
insight into the mechanism of tautomerase reaction by MIF (Fig. 21). It was
suggested that the presence of proline as a general base would require the
presence of a general acid (presumably Tyr-95) to stabilize resulting negative
charge of the intermediate. Later studies showed however, that Tyr-95 is not
required for catalysis (Stamps et al., 2000). The question therefore remains open
as to whether MIF uses general acid-base catalysis.
The second part of this dissertation deals with a crystal structure of a MIF
complex with its inhibitor phenylacetylenepyruvate at a high resolution (1.45Å).
The mechanism of inhibition by allene-containing compounds is outlined in
Scheme 3.
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As previously reported (W. H. Johnson, Jr. et al., 1997; Taylor et al.,
1998), 2-oxo-3-pentynoate (13, 2-OP, Scheme 3) is an active site-directed,
irreversible inhibitor of 4-OT. Also, 2-oxo-3-butynoate (12, 2-OB, Scheme 3) is a
more potent 4-OT inhibitor than 2-OP (W. H. Johnson, Jr., Czerwinski, R. M.,
Whitman, C. P., 1997). The proposed reasons for the increased potency are the
electron-donating effect and/or steric effect of the methyl group at C-5. Also
without the allene intermediate the reaction can only proceed by Michael addition
of the acetylenic compound to Pro-1 of 4-OT (W. H. Johnson, Jr. et al., 1997).
Based on the structural and functional similarities between 4-OT and MIF, both of
which employ an amino-terminal proline as a catalytic base, it was reasonable to
evaluate additional acetylenic compounds as potential inhibitors of MIF.
Crystal structures containing phenylpyruvate-derived compounds in the
active site of MIF had been solved previously. Specifically, MIF containing phydroxyphenylpyruvate (HPP) at 2.5 Å resolution (Lubetsky et al., 1999), MIF
complexed to (S,R)-3-(4-hydroxyphenyl)-4,5-dihydro-5-isoxazoleas (ISO-1) at
2.0 Å resolution (Lubetsky et al., 2002), and MIF complexed with its inhibitor
(E)-2-fluoro-p-hydroxycinnamate at 1.8 Å resolution (Taylor et al., 1999) have all
been reported. All three structures reported the significance of the phenyl group
fitting into the hydrophobic pocket of the active site of MIF.

69

Phenylacetylenepyruvate (14, PAP, Scheme 3) has been identified by
kinetic studies to be an irreversible inhibitor of MIF. It was hypothesized that Pro1 was covalently modified, analogously to 4-OT inhibition. Protection studies
indicated that residues in the active site are affected, but mass spectroscopy
experiments initially failed to identify the nature of the covalent modification of
the enzyme. The X-ray structure of MIF irreversibly inactivated with PAP was
determined in order to locate the phenyl ring and to observe any steric effect
inhibition might produce. We planned to compare this compound to 12 and 13
(Scheme 3) in 4-OT to further investigate MIF’s tautomerase activity, and to test
the approach of rational design of small molecule pharmacological inhibitors of
MIF.
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Chapter 7: Experimental Methods for MIF

Expression, purification, and crystallization of MIF
The expression and purification of MIF (Mr ≈ 12 kDa) were carried out in
the laboratory of Dr. Whitman, using previously described methods (Stamps et
al., 1998). The summary of the procedure is as follows: murine MIF in a pET11b
plasmid was overexpressed in E. coli BL21(DE3)pLysS cells using the T7
expression system. Cultures were grown in LB/Ap medium (50 µg/mL) at 37 °C.
Cultures were induced with 1 mM IPTG at OD600 of 0.6-0.8. Cells harvested by
centrifugation were sonicated in 20 mM Tris buffer (20 mM NaCl, pH 7.4), with
the later addition of 2 mM phenylmethanesulfonyl fluoride, 1 mM 6aminocaproate, 50 µM leupeptin, and 0.0067 µM aprotinin. After centrifugation,
the supernatant was loaded onto a Waters Protein Pak (DEAE-5PW) anionexchange column (15 x 2.15 cm) in Tris buffer for two rounds, followed by a
Superose 12 (Pharmacia) gel-filtration column in 20 mM Tris buffer (pH 7.4).
The typical yield is 20-25 mg of MIF per 1 L of culture. The protein was
concentrated to 20 mg/mL for crystallization.
The E16A MIF mutant was constructed by Susan Wang in the laboratory
of Dr. Whitman (abridged, unpublished protocol) similar to the previously
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described procedure (Stamps et al., 2000). Overlap extension PCR amplification
was employed (Ho et al., 1989) with external primers 5'-GCG GAT AAC AAT
TCC CCT CT-3' and 5'-CTC AGC TTC CTT TCG GGC TT-3' and internal
primers 5'-CAG AAA CCC CGC TGG CAC G-3' and 5'-C GTG CCA GCG
GGG TTT CTG-3' using pET-11b vector as the template and the NdeI and BamHI
restriction sites. Gel-purified fragments and the pET-24a(+) vector were digested
with the NdeI and BamHI restriction enzymes and ligated with the Quick Ligation
Kit (New England Biolabs). The plasmid was purified by ethanol precipitation
(Maniatis, 1989) and transformed into BL21-Gold(DE3)pLysS E. coli cells.
Transformed cultures were plated onto LB/Kn (50 µg/mL) plates and incubated at
37 °C. The E16A MIF mutant protein was expressed and purified following the
procedure similar to the one described above for MIF, with one round of DEAE
column and one round of G-75 column in Tris buffer (20 mM sodium phosphate,
pH 7.3). The yield was 30-33 mg of E16A MIF per 1 L of culture. The protein
was concentrated to 20 mg/mL for crystallization.
The hanging drop method (McPherson, 1990) was used for crystallization
of both the native and the E16A mutant mouse MIF, with each droplet consisting
of 5 µL of the protein solution (20 mg/mL MIF) mixed with 5 µL of 24-30% PEG
8000 in 50 mM phosphate buffer at pH 7.0. Small crystals appeared overnight,
growing to usable size in a few days (Fig. 22). When crystals of sufficient size
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appeared, each drop (~ 0.1 mg of protein) was transferred into 200 µL of 30%
PEG 8000 in 50 mM phosphate buffer (pH 7.0), where the crystals appeared to be
quite stable.
Phenylacetylenepyruvate (PAP) was synthesized in the laboratory of Dr.
Whitman by William Johnson (unpublished procedure). The compound is a
yellow-tinted powder that appears to be very stable when stored at -20 °C as
confirmed by mass spectroscopy.
Several strategies were used for soaking PAP into MIF crystals. Two
relative concentrations of PAP to MIF were used—2:1 and 10:1. MIF crystals
cracked fairly quickly when soaked in PAP solutions at the higher concentration.
The crystals used for data collection were soaked in inhibitor solution for 40
hours using 2-fold excess of PAP, flash-frozen and stored in liquid nitrogen for
transport to the APS synchrotron facility.
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Figure 22. MIF crystal
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Chapter 8: Computational Methods for MIF

Data Collection and Reduction
Crystals cryoprotected with 30% PEG 8000 were flash-cooled in liquid
nitrogen. X-ray diffraction intensities were measured to 1.45 Å resolution at 100K
in gaseous nitrogen stream by Oxford Cryo-Jet system with a Quantum 4 CCD
detector (ADSC) using synchrotron radiation at the Advanced Photon Source
(APS) beamline 14-BMD (BioCARS). The energy used was 12.660 keV (0.97935
Å). The crystal-to-detector distance was 120 mm. A total of 80 frames were
collected with an interval of 1° at 45 s exposure per frame. The intensity data
collected from a single crystal were scaled and merged at the APS using HKL2000 program package (Otwinowski, 1997). The crystals belonged to space group
P63, with lattice constants a = b = 94.71 Å and c = 87.67 Å, Vm = 3.3 Å3/Da. The
data collection statistics are summarized in Table 4.
The data set for E16A MIF mutant protein co-crystallized with the
inhibitor PAP was collected on a Mar345 image plate detector (Mar USA, Inc.,
Evanston, IL) at 100K using Cu Kα radiation from a Rigaku RU-200H rotating
copper anode operating at 50 kV and 100 mA. The crystals diffracted poorly (~ 4
Å resolution) and it was only possible to determine that the crystals belonged to
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the same space group P 63 ( a = b = 94.1 Å, c = 88.2 Å) as the native MIF
crystals.
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Molecular Replacement
Molecular replacement was the obvious choice for solving the structure of
MIF with bound PAP. The molecular replacement search was carried out using
the coordinates of Y95F mutant of MIF (PDB code 1MFF, 2.0 Å resolution) as
the search model (Stamps et al., 2000). The Matthews parameter (Matthews,
1968) indicated that there was a trimer in the asymmetric unit (Vm = 3.3 A3 /Da
with solvent content 62.6%) (Kantardjieff & Rupp, 2003). Rotational and
translational parameters for molecular replacement were obtained by using
program suite CCP4 ("Collaborative computational project, number 4", 1994)
with MOLREP and AMORE (Navaza, 1994) using CCP4i GUI interface
(Potterton et al., 2003). The solution had an R-value of 0.354, and correlation
coefficient of 0.675. REFMAC5 was used for maximum-likelihood refinement
(Murshudov et al., 1997). The initial round of refinement, conducted with noncrystallographic symmetry (NCS) constraints, geometric restraints, and the use of
translation, libration, and screw-rotation parameters (TLS) (Winn et al., 2001),
produced excellent results, Rwork = 0.27 and Rfree = 0.29. After the density map
was obtained using FFT (Read, 1988), the model was adjusted using the graphics
program O (Jones et al., 1991). The quality of the map (Fig. 24), and the
advantages of using 1.45 Å resolution data, became apparent immediately as it
clearly showed missing hydroxyl of Tyr-95 when using phases derived from the
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Y95F mutant model. In later stages of refinement NCS constraints were dropped,
no restraints were used, and individual B-factors were refined anisotropically.
Solvent molecules were added by a combination of automatic ARP/wARP routine
(Perrakis et al., 1999) and manual insertion using routines in O and O macros
written by Gerard Kleywegt. The refined structure contains 465 water molecules
with R and Rfree of 0.144 and 0.180, respectively. The refinement statistics are
summarized in Table 4.
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Table 4. MIF Data Collection and Refinement Statistics
Data-collection statistics
Space group

P63

Unit-cell parameters
a = b (Å)

94.71

c (Å)

87.67

Temperature (K)

100

Wavelength (Å)

0.97935

Resolution range (Å)

81.65 - 1.450 (1.488 - 1.450)

Rmerge (%)

4.7

Completeness (%)

97.41 (96.77)

‹I/σ(I)›

10.3

No. measured reflections

676784

No. unique reflections

78898

No. > 3σ

530804

Refinement statistics
Total No. reflections

76875

No. working reflections

73003 (5323)

No. test set reflections

3872 (278)

Rwork

0.144 (0.215)

Rfree

0.180 (0.301)

Protein atoms

3082

Water molecules

462

Geometry statistics
R.m.s.d., bond lengths (Å)

0.050

R.m.s.d., bond angles (°)

3.565
2

Average B value for all atoms (Ǻ )

22.10

Average B value for main chain

17.19

Average B value for side chain and waters

26.02

Average r.m.s B for 342 main-chain residues

1.109

Average r.m.s. B for 288 side-chain residues

3.115

Overall correlation coefficient

0.975

Overall figure of merit

0.897
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Chapter 9: Analysis of MIF·PAP structure

Overall Structure
The crystal structure of the MIF•PAP complex did not reveal any
significant global differences for MIF coordinates compared to previous MIF
structures. When superimposed onto a previously determined mouse
MIF•inhibitor structure (PDB code 1MFI, 1.8 Å resolution) (Taylor et al., 1999)
the r.m.s. fit was 0.42 Å using 342 Cα atoms and 0.47 Å using 1368 backbone
atoms. Compared to the human MIF structure (PDB code 1GD0, 1.5 Å resolution)
(Orita et al., 2001) the r.m.s fit was 0.33 Å using 342 Cα atoms and 0.35 Å using
1368 backbone atoms. The structural alignment was done using the program
Deep View Swiss-PDB Viewer (Guex & Peitsch, 1997). When structurally
aligned with one of the monomers that did not exhibit electron density for the
inhibitor, the fit was equally good, but the resulting alignment did reveal some
local movement in the other two monomers relative to the third one, especially in
the position of the N-terminal β-sheet close to the active site (Fig. 23). This
observed “breathing” of the β-sheet is probably due to the protein accommodating
bulky PAP molecule into the limited space of its dimer interface.
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Figure 23. Stereo view (cross-eyed) of MIF along the 3-fold axis.
The movement of the N-terminal residues in the MIF·PAP complex relative to the
native MIF structure is visible. The movement occurs as the result of MIF active
site accommodating bulky PAP moiety. Native MIF is shown in blue, MIF·PAP is
in green, with catalytic Pro-1 shown in red.
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Although excellent data were obtained out to 1.45 Å resolution (Fig. 24)
and the MIF density was superb, the expected inhibitor density was ambiguous
and failed to provide a clear explanation of the nature of the covalently-bound
inhibitor and the mechanism of inhibition by PAP. Mass spectroscopy
experiments confirmed that in solution PAP binds to MIF irreversibly and that the
entire mass of PAP is present for each MIF monomer (no decarboxylation or
water addition). The results of mass spectroscopy of trypsin digested MIF•PAP
complex revealed that N-terminus is the location of the covalently-bound
inhibitor. However, we were unable to crystallize the covalent complex and the
X-ray data used came from soaking the inhibitor into existing crystals of native
MIF. Limited soaks had to be employed because the native crystals cracked upon
extensive soaking or longer times, suggesting that some local structural changes
must be taking place.
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Figure 24. Representative density of MIF·PAP near the active site at 1.45 Å
resolution.
Excellent quality of 2Fo - Fc electron density map contoured at 1.0σ (cross-eyed
stereo view). The map was generated using phases derived from molecular
replacement. The aromatic residues show pronounced "donut-shaped" density.
The density for hydroxyl group on Tyr-95 is clearly visible, although Y95F MIF
mutant coordinates were used for molecular replacement.
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Active Site Density
Although the protein part of MIF·PAP structure did not differ
significantly from previously reported MIF structures, one of the active sites
showed very distinct 2 Fo - Fc density protruding into the active site cavity from
the solvent region. Unfortunately, this turned out to be the side-chain density of
Glu-16' from a crystallographic symmetry mate in the P 63 space group (Fig. 25).
Although this trimer-trimer contact may have contributed to the stability and
high-resolution quality of these MIF crystals, the protruding Glu-16' side chain
leaves little room for the inhibitor to bind in that active site. Instead, that active
site pocket contained well defined, yet unaccounted for electron density that did
not correspond to the inhibitor (Fig. 26). The distances between these density
clusters (2.68 Å, 2.77 Å, 2.79 Å, and 3.09 Å) correspond to hydrogen bond
distances between solvent molecules, and not to C-C bond distances. The two
clusters closest to the proline are at 3.13 Å and 2.80 Å, also suggesting hydrogen
bonds and not a covalent adduct. Thus extra density in this first active site is
probably due to four coordinated water molecules around the Glu-16' side chain,
and no inhibitor is present in that active site. Indeed, it can be argued that
attempting to fill this active site with PAP by displacing the side chain of Glu-16'
is causing the crystals to shatter.
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Nonetheless, this active site clearly shows a pronounced pucker of the Pro1 ring atoms (Fig. 27). This proline displays up (U) puckering, with Cγ atom in
the exo position. The values for the torsion angles, as calculated by GEOMCALC
("Collaborative computational project, number 4", 1994), are χ0 = 5.73°, χ1 = 27.39°, χ2 = 38.69°, χ3 = -35.56°, χ4 = 18.42°, and φ = -53.62°, as defined
previously (Momany, 1975). These values are in excellent agreement with
previously determined dihedral angles of puckered N-terminal prolyl residues
(Nemethy, 1992). The Cβ atom shows virtually no puckering, as indicated by the
small χ0 angle, and is essentially in the plane defined by Cδ-N-Cα atoms.
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Figure 25. Stereo view (cross-eyed) of Glu-16’ from a symmetry mate in one
of the active sites of MIF.
The side chain of Glu-16' protruding into the active site cavity prevents PAP from
binding, while contributing to the stability of the crystal contacts. The isolated
density peaks appear to be hydrogen bonded solvent molecules.
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Figure 26. Stereo view (cross-eyed) of coordinated water molecules in the
active site of MIF occluded by Glu-16’.
Four water molecules are well coordinated by Pro-1, Tyr-95, and Glu-16' side
chain atoms. The density is 2Fo - Fc map contoured at 1.0σ. (Rendered in Pymol)
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Figure 27. Stereo view (cross-eyed) of MIF Pro-1 pucker.
Pro-1 show exo- or Up-puckering in the active site occluded by the Glu-16' side
chain. The atom positions are well defined and torsion angles are in good
agreement with previously determined values of oligopeptides at resolution better
than 1.0 Å. 2Fo - Fc electron density map contoured at 1.0σ in Pymol.
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Fortunately, the active sites of the other two monomers did not involve
contacts with the neighboring side chain. The other two active sites revealed
electron density strongly suggesting an adduct covalently bound to Pro-1 (Fig.
28). A closer look at the density and the subsequent refinement with coordinates
of the expected Michael complex (16, Scheme 3) indicated that the data does not
support that prediction (Fig. 29). Attempts to superimpose a previously solved
MIF·HPP structure to extract a possible conformation for PAP did not prove
successful (Fig. 30). The shape and the proximity of the electron density provided
a picture reminiscent of the complex formed between 4-OT and 2-OP (Fig. 31).
There is 2 Fo - Fc density clustered in close proximity to N of Pro-1, suggesting a
covalent bond with three or four covalently linked atoms in the adduct and a
possible aromatic ring (Fig. 32). Additional inhibitor density became apparent in
the 2 Fo - Fc map after phenyl ring atoms were modeled into the active site (Fig.
33). The expected MIF•PAP complex formed by the Michael addition of the triple
bond to Pro-1 does not appear to be supported by the X-ray data. One of the two
active sites that show inhibitor density suggests that Met-2 and His-62, located in
close proximity to Pro-1, can assume alternative conformations, due to PAP
occupying the active site, especially in the area near its bulky phenyl group.
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Figure 28. Electron density indicating inhibitor presence in the active site.
Lighter colored map is 2Fo - Fc at 1.0σ, while darker colored map is positive Fo Fc density contoured at 2.5σ. The map calculated in the absence of the inhibitor
coordinates clearly shows a covalent adduct attached to Pro-1 (and possibly to
Met-2). Phenyl ring density is not obvious, compared to that of Pro-1 ring.
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Figure 29. Electron density produced by modeling of PAP into the active site
as a Michael complex (cross-eyed stereo).
The 2Fo - Fc (green) electron density map contoured at 1.0σ is not in agreement
with the Michael addition hypothesis. The negative Fo - Fc density (red) indicates
that the location of the aromatic ring of the expected Michael complex is not
supported by the data, while the positive (blue) suggest the correct position of the
adduct.
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Figure 30. HPP as it appears in the MIF active site when MIF·HPP is
superimposed on MIF·PAP.
2Fo - Fc electron density map at 1.0σ. The superposition did not provide
information on the nature of the covalent attachment of PAP, but did suggest the
possible location of the aromatic ring in proximity to Met-2.
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Figure 31. 4-OT·2-OP adduct structure superimposed on MIF·PAP.
The 4-OT inhibitor structure suggests a possible, yet unexplained method of PAP
attachment to Pro-1 consistent with the electron density map (2Fo - Fc at 1.0σ).
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Figure 32. Density cluster next to Pro-1 suggesting covalent bond forming a
structure similar to a peptide linkage.
The electron density shown in green is a 2Fo - Fc map contoured at 1.0σ. Blue
density is a Fo - Fc map contoured at 2.5σ. Lys32 side chain reaching for the
lower pocket of density suggested modeling a carbonyl or a hydroxyl group in
that location (cross-eyed stereo).
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Figure 33. Best model for a possible MIF·PAP structure (cross-eyed stereo).
The model was created by utilizing the information on possible aromatic ring
location and the covalent linkage from previously solved MIF and 4-OT inhibitor
structures. The model fits well into the electron density (2Fo - Fc at 0.9σ) and
shows no negative density in the Fo - Fc map.
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Crystal Contacts
To eliminate the problem of the one active site being blocked by the
neighboring Glu-16’ side chain, an E16A mutant form of MIF was produced and
was screened for crystallization with and without PAP. Unfortunately, only
crystals with no inhibitor and 30% PEG 8000 appeared. These “native” (E16A)
crystals cracked immediately upon addition of PAP, suggesting that
conformational changes involving crystal contacts take place upon binding of
PAP. The crystals do not reform. The data on E16A crystals without the inhibitor
were collected using the laboratory rotating anode source generating Cu Kα
radiation. The MIF E16A mutant protein crystallized in the same space group as
MIF·PAP, P 63 ( a = b = 94.1 Å, c = 88.2 Å), but did not diffract to sufficiently
high resolution to pursue another structure, suggesting, but not proving the
importance of the trimer-trimer contact in crystal quality and stability.
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Chapter 10: Results and discussion for MIF

Mechanism
There is a preponderance of evidence indicating that PAP forms a covalent
adduct to Pro-1. One of the proposed mechanisms involves a Michael addition to
Pro-1 (Scheme 3). In this case, Pro-1 acts as a base, creating an allene-containing
enole (or enolate) 15, which tautomerizes to 16. Although the nature of the
attachment of the adduct to the enzyme is not clear, the expected Michael addition
to the Pro-1 is simply not supported by the X-ray data. There are several possible
explanations. One of them is that the chemistry of the Michael reaction between
proline and acetylenic compounds is not well understood when other functional
groups are present. A phenyl group is probably contributing to PAP's specificity
as it is attracted to the hydrophobic pocket that is the part of the active site of
MIF. But it also provides electron-donating effects as well as a great deal of steric
hindrance, compared to hydrogen or a methyl group of 2-OB and 2-OP
respectively. In fact, PAP is not an inhibitor for 4-OT as it appears to be too big to
fit into the 4-OT active site. The presence of the pyruvate moiety also allows the
accommodation of developing charges and participation in a wide range of acidbase reactions.
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The presence of the active site density including the phenyl ring atoms and
the chain of three or four atoms covalently bound to amino-terminal proline
suggests that either: 1) the inhibitor forms a covalent adduct to MIF via Michael
addition, with the adduct undergoing further reorganization, due to the presence
of potentially reactive groups near the active site, mainly Lys-32 and Tyr-95; 2)
the formation of allene-containing enole and the following tautomerization
follows a variety of pathways in terms of stereochemistry, creating a mix of
adducts bound, accounting for the sharp density for MIF and a limited number of
atoms covalently bound to the Pro-1 and the ambiguous density for the rest of the
atoms of the inhibitor(s); or 3) the resulting adduct contains many degrees of
freedom and is very "floppy" in the relatively large active site of MIF. The latter
is difficult to envision for a phenyl group bound in the hydrophobic pocket and a
pyruvate moiety in close proximity to many hydrogen bond participants in the
active site, such as Lys-32 or Tyr-95. It is also possible that the inhibitor does not
undergo a Michael addition to the proline, but instead forms an aminol. However,
creating a MIF•PAP aminol adduct and refining the resulting structure in
CNSsolve also did not produce a satisfactory fit of the inhibitor structure into the
2Fo - Fc density. The mass spectroscopy results also indicate that aminol
formation is not likely to take place, although that is based on different reaction
conditions.
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The fact that MIF in the presence of PAP does not produce crystals
suggests that different chemistry takes place in solution and within the crystal
lattice during the soaking experiment. It is entirely possible that MIF reacts as
expected with PAP in solution via the Michael addition, but the resulting adduct
perturbs the protein beyond its ability to form crystals in those conditions. On the
other hand, once MIF is locked into the crystal lattice, with Glu-16' evidently
contributing strongly to the resilience of crystal contacts (Fig. 25), and PAP is
added to the mother liquor, it is able to "diffuse" into at least two of the three
active sites to undergo chemical change and covalently attach to MIF. The
evidence shows that the phenyl group of PAP is indeed attracted strongly to the
hydrophobic pocked of the active site; the cracking of E16A MIF crystals and the
presence of phenyl ring density in the active site of MIF·PAP strongly supports
that. However, within the constraints of the crystal, PAP might assume a
conformation that is not conducive to the Michael addition but one that allows it
to undergo reactions based on different chemistry. The main suspects are Lys-32,
Tyr-95 and Met-2. Crystallographic data suggests that Met-2 might be implicated
in binding of the inhibitor (Fig. 28) via a yet unidentified mechanism, but a
literature search for a precedent for possible methionine·PAP chemistry did not
produce satisfactory results.
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Future Work
The Holy Grail of MIF research remains the identification of its receptors
and biological substrates (if any). Some visible progress is being done in the
characterization of the cell surface MIF receptor. MIF has been implicated in the
upregulation of receptor TLR-4 (Roger et al., 2001), and is involved in the ERK1/2 kinase pathway (Mitchell et al., 1999), the NF-κβ pathway (Daun & Cannon,
2000), and binds to a cytoplasmic protein Jab-1 (Kleemann et al., 2002;
Kleemann et al., 2000). Identification and characterization of biological
substrates of MIF provides a potentially powerful pharmaceutical targets in the
form of MIF inhibitors as anti-inflammatory agents, although there are mixed
reports on the role of MIF enzymatic activity and its effect on the immune system.
Several things can be done to improve the understanding of interaction of
MIF and PAP. First and foremost, the exact mechanism of the reaction is still
largely unknown, despite the overwhelming evidence that PAP does in fact form a
covalent adduct with MIF in solution. A more thorough tryptic digest followed by
mass spectroscopy experiments should give the exact molecular mass of what is
attached to MIF, which would limit the number of possible covalent adducts
derived from PAP that can be covalently attached to MIF active site. Mass
spectroscopy of protein from MIF crystals soaked with PAP can indicate the
nature of the covalent adduct responsible for the electron density and answer the
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question if this is indeed a mixture of compounds. Obtaining well diffracting
crystals of MIF·PAP complex after the reaction takes place in solution should also
shed light on the nature of the adduct. Better data would be rather difficult to
obtain, as it already stands now at 1.45 Å resolution. It might be useful to conduct
crystallization trials and collect data on MIF and phenylacetylene, to see what
effect the absence of the pyruvate moiety has on the binding and on the chemistry
of the phenyl-containing compounds. Also of interest is the question of whether
or not the addition of phenylacetylene will produce the cracking of E16A MIF
crystals seen after the addition of PAP. These experiments might provide better
understanding of the nature of the interaction of PAP with MIF, but will most
likely provide little information by itself, as phenylacetylene is probably not an
MIF inhibitor.

Conclusion
The second part of this dissertation presented the crystal structure of
MIF·PAP complex with the coordinates of PAP covalently bound to the active
site of MIF as supported by the crystallographic evidence at 1.45 Å resolution.
The hypothesis of the mechanism of MIF inhibition by PAP as a result of Michael
addition is not supported by this experiment, suggesting different chemistry from
the one that had been expected, at least under the conditions of the crystal soak.
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The analysis of the crystal structure accompanied by discussion of its relevance to
the understanding of the chemistry of inhibition of MIF by PAP is presented
alongside crystallographic data and other supporting evidence.
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Appendix A
Mathematica Script for generating 3-D electron density of a benzene ring
<<Calculus`VectorAnalysis`;
<<Graphics`PlotField`;
<<Graphics`PlotField3D`;
<<Graphics`ContourPlot3D`;
a=17.0;
acrom={2.310000, 1.020000, 1.588600, 0.8650000};
bcrom={20.84390, 10.20750, 0.5687000, 51.65120};
ccrom = 0.2156000;
fo[h_,k_,l_]:=Sum[ acrom[[i]]*Exp[bcrom[[i]]*(h^2+k^2+l^2)/(2a)^2],{i,4}]+ccrom;
fb[h_,k_,l_,b_]:=0.000001/;(h^2+k^2+l^2)>486.29718;
fb[h_,k_,l_,b_]:=(Sum[ acrom[[i]]*Exp[bcrom[[i]]*(h^2+k^2+l^2)/(2a)^2],{i,4}]+ccrom)*Exp[b*(h^2+k^2+l^2)/(2a)^2]/;(h^2+k^2+l^2)≤486.29718;
xc={0.178935,0.107871,0.107871,0.178935,0.25,0.25};
yc={0.167941,0.208971,0.291029,0.332059,0.291029,0.2089
71};
zc={0.20,0.20,0.20,0.20,0.20,0.20};
SFALL=Table[Sum[fb[h,k,l,0]*(Cos[(2π)((h)(xc[[j]])+(k)(
yc[[j]])+(l)(zc[[j]]))]+ *Sin[((2π)((h)(xc[[j]])+(k)(yc
[[j]])+(zc[[j]])))]),
{j,1,6}],
{h,0,22},
{k,0,22},
{l,0,22}];
FC=Table[Abs[SFALL[[h+1,k+1,l+1]]],{h,0,22},{k,0,22},{l
,0,22}];
PHIC=Table[Arg[SFALL[[h+1,k+1,l+1]]],{h,0,22},{k,0,22},
{l,0,22}];
RHO[x_,y_,z_]:=(2/a^3)Sum[FC[[h+1,k+1,l+1]]*(Cos[(2π)(h*x+k*y+l*z)+PHIC[[h+1,k+1,l+1]]]),{h,0,22},{k,0,22
},{l,0,22}]-(1/a^3)FC[[1,1,1]]
ContourPlot3D[RHO[x,y,z],{x,0,0.5},{y,0,0.5},{z,0.1,0.3
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},Contours→{0.9},PlotRange→{{0,0.5},{0,0.5},{0.1,0.3}}
,PlotPoints→{7,7,7},Axes→True,AxesLabel→{FontForm["
a",{"Courier",14}],FontForm["
b",{"Courier",14}],FontForm[" c",{"Symbol",14}]}]
Show[%,ViewPoint→{-2,2,2}]
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Appendix B
Creation of MIF·PAP Adduct in CNSsolve and REFMAC5
In the environment of the frequently changing and improving software
programs for crystallography, this dissertation will not attempt to serve as a user
manual for any particular soon-to-be-obsolete software package. However,
several of the issues successfully resolved in this work are often poorly
documented in today's software manuals and are likely to remain in future
versions. This part of the dissertation can serve as a tutorial for anyone attempting
to refine a protein with a covalently attached ligand with the help of CNSsolve
and REFMAC5 programs.
CNSsolve (Brunger et al., 1998) requires several steps in order for the
program to recognize that a ligand or a co-factor is bound covalently to the
enzyme. The process is greatly simplified when one deals only with a noncovalently modified enzyme. In that case, one needs three files in order for CNS
to run refinement successfully: the ligand's PDB file, which has been placed into
the active site and rotated appropriately, the ligand's molecular topology (.TOP)
file and its parameters (.PAR) file. There are steps that need to be taken in order
for CNS to use these files correctly. First, the PDB file needs to have segment
identifier (SEGID) cards for all atoms; this is not crucial, as CNS can extract
SEGID from chain ID, but it is better to assign SEGIDs explicitly using Uppsala's
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MOLEMAN or MOLEMAN2 (International Tables for Crystallography, Volume
F) using the CHain FRom command. The topology and parameter files can be
found on the Hetero-compound Information Centre - Uppsala (HIC-Up) web
server (Kleywegt & Jones, 1998) for many compounds. If a specific compound
does not exist in the database, its .TOP and .PAR files can be generated using the
PRODRG web server (Schuttelkopf & van Aalten, 2004). Usually, the bonds and
angles data provided in the files created by this server do not have to be verified,
and the files can be used immediately. However, if one has specific information
about the bonds and angles of the compound that should be included, it is
recommended that they be checked in the .PAR and .TOP files and modified to
match the empirical data.
In the case of a covalently bound ligand, the process is much more
complicated, which is exacerbated by the poor or nonexistent documentation.
First, one needs to create the coordinate file for the enzyme-ligand adduct, either
with the PRODRG java applet, or with an external program, for example CCP4i
Sketcher ("Collaborative computational project, number 4", 1994). Special
attention has to be paid to the .PDB file output by Sketcher, since the columns are
not formatted according to the PDB specifications (Berman et al., 2000) and
PRODRG will report an error if the .PDB file is entered uncorrected. After
PRODRG completes its task, the user is given a choice of download options. It is
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advisable to download the entire package of the output files in the gzipped format.
The package will contain the correct .TOP and .PAR files, among others.
The following steps have to be carried out exactly, in order for the
program to perform the refinement steps correctly. First, the generate.inp file has
to modified to include the links to the correct .TOP and .PAR files. Also, a patch
has to be applied to identify the new prosthetic group. The .TOP file has to be
modified to include the description of the adduct, identifying new atoms, bonds,
and angles. Often, protein atoms have to be deleted or modified to describe the
attachment of the prosthetic group. It is imperative to use reference numbers from
the generate.inp patch for the atom names, such as 1N or 2CD. The reference
numbers are the only way that the prosthetic group atoms are identified; internal
.PDB residue and atoms numbers have no meaning and will generate errors. The
.PAR file has to be modified as well to include the values for bond lengths and
angles for the newly created descriptions. The process is rather straightforward,
the only real difficulty comes from the tediousness of having to manually modify
many lines of text and the resulting potential errors that can be very difficult to
track down. In the case of MIF, it was further complicated by the fact that the
prosthetic group is attached to the N-terminal proline; the N-terminal and the Cterminal residues are treated separately in CNSsolve, with the N-terminal proline
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having its own unique description for obvious reasons. The complete list of
modifications needed to the CNSsolve files is presented below.
The protocol for refinement of proteins with covalently attached ligands in
REFMAC5 (Murshudov et al., 1997) is much better documented and did not
produce any major problems. The process is made easier by full integration of
REFMAC5 and Sketcher in CCP4i GUI (Potterton et al., 2003). The user is given
a choice of using the LINK card in the .PDB file (a quick, but questionable
shortcut) or by creating a complete library for the new covalently modified
residue (a more thorough and much more involved process).

For GENERATE.INP
{* any special prosthetic group patches can be applied here *}
{===>}
{<===}
patch PDRG
reference=1=((segid "HHHH") and (resid 1 ))
reference=2=((segid "CCCC") and (resid 1 ))
end
{======= prosthetic group topology and parameter files =======}
{* prosthetic group topology file *}
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{===>} prost_topology_infile="drg.top";
{* prosthetic group parameter file *}
{===>} prost_parameter_infile="drg.par";

For LIGAND.TOP
PRESidue PDRG ! patch to form Pro to DRG bond
GROUP
MODIFY ATOM 2N TYPE=N END
DELETE ATOM 2HT1

END

DELETE ATOM 2HT2

END

MODIFY ATOM 2CD CHARge= 0.10 END
MODIFY ATOM 2CA CHARge= 0.10 END
MODIFY ATOM 2HAA CHARge= 0.034 END

ADD BOND 1CAA 2N

ADD ANGLE 1CAB 1CAA 2N
ADD ANGLE 1CAA 2N 2CD
ADD ANGLE 1CAA 2N 2CA
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ADD IMPROPER 2N 1CAA 2CA 2CD {planar N}

ADD DIHEDRAL 2N 1CAA 1CAB 1CAK
ADD DIHEDRAL 1CAB 1CAA 2N 2CA
ADD DIHEDRAL 2CG 2CD 2N 1CAA
ADD DIHEDRAL 2C 2CA 2N 1CAA
END

For LIGAND.PAR
eval ($pd_v=$pd_x* 18000.0) BOND CLAA N

$pd_v 1.470

eval ($pd_v=$pd_x* 880.0) ANGLE CLAB CLAA N

$pd_v 109.500

eval ($pd_v=$pd_x* 720.0) ANGLE CLAA N

CH2P $pd_v 109.500

eval ($pd_v=$pd_x* 720.0) ANGLE CLAA N

CH1E $pd_v 109.500

eval ($pd_v=$pd_x* 400.0) IMPR N

CLAA CH1E CH2P $pd_v 0 35.264

eval ($pd_v=$pd_x* 19.6) DIHE N

CLAA CLAB CLAK $pd_v 3 0.000

eval ($pd_v=$pd_x*

8.1) DIHE CLAB CLAA N

eval ($pd_v=$pd_x*

8.1) DIHE CH2P CH2P N
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CH1E $pd_v 3 0.000
CLAA $pd_v 3 0.000

eval ($pd_v=$pd_x*

8.1) DIHE C

CH1E N
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CLAA $pd_v 3 0.000

Appendix C
Preparation of Figures
A popular program, GRASP, has been used extensively in this laboratory
for figure preparation. The program has a number of limitations due to the
difficulty of setting up the scene and the lack of feedback on the final figure.
Many hours can be spent trying to find the exact position of the molecules and the
electron density map, creating the figure and then spending more time in
Photoshop trying to insert all the labels for stereo viewing. A number of programs
make this task much easier via the what-you-see-is-what-you-get process. One of
them, Pymol (DeLano), is far superior to GRASP in this respect, due to its
favorable ratio of time spent on figure preparation to quality of the final figure.
The way to obtain very high quality figures in Pymol is the following. First and
foremost, one should be familiar with the text commands of Pymol, since many of
the advance options and commands are not accessible through the graphical user
interface (GUI). After loading all the coordinate files and all the electron density
maps into the program, it is useful to create selections based on points of interest.
One should also name those selections in a meaningful way. For example, a
selection named “active site” can be made to mark the amino acid residues and
relevant ligands within a certain radius of the active site. This makes it much
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easier to mask everything else in the molecule and zoom in on the active site. It is
also very helpful to save a particular view, called “scene” by Pymol, which
literally takes a snapshot of a particular view and records all the information about
it into memory. After saving the scene, one can work on the other part of the
molecule, and then return to the exact location down to the exact viewing angle
with a click of a mouse. And it goes without saying that one should save the entire
project as a Pymol session often, which records everything that goes into a
particular scene. This file can get quite large, since Pymol creates it using the
actual electron density map files. If the user does not want to create such files,
there is also the option of recording key-strokes, creating a sort of macro or a log
for a particular project. All in all, the program is very easy to use. One is able to
create good quality rendered images in a view minutes. There are also many
advanced commands, such as enabling anisotropic filtering for the renderer,
increasing the quality of the final render dramatically, with the commensurate
increase in rendering time. Unfortunately, the model-building capabilities of
Pymol appear to be rather limited at this time, forcing the user to work first with
such programs as O and Swiss PDB Viewer. These programs have improved over
time and are able to display a number of features, such as electron density maps,
ray-traced images and cartoon representations, but in this respect Pymol is still
superior.
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