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coordination. In living organisms iron is involved in such diverse processes as oxygen
transport, nitrogen fixation, electron transfer reactions, and photosynthesis [17]. Indeed,
life as we know it could not have evolved without this essential and ubiquitous transition
metal.

Under physiological conditions the +3 oxidation state of iron is favored. Iron in
this oxidation state, however, tends to precipitate out of solution due to hydrolysis at
concentrations greater than 107 M. Asaresult, a family of proteins known as
transferrins has evolved which help to solubilize, sequester, and transport Fe(TIT)[18].

Transferrins are present in the physiological fluids of all vertebrates [19] and have
also been observed in spiders, crabs, and many insects [18]. The family of proteins
referred to as transferrins includes: serum transferrin, found in blood; ovotransferrin,
found in egg white; lactotransferrin, found in the milk and other secretory fluids of most
mammals; and melanotransferrin, a membrane-bound protein found at low levels on the
surface of normal cells and at high levels on the surface of melanoma cells [18,19].

Serum transferrin, the subject of the studies described herein, is a
monomeric glycoprotein with a molecular weight of ~80,000. [ts primary biological
function is the transport of iron from sites of absorption to sites of storage and utilization
[18,19]. The sequence of the 678 amino acids which comprise the polypeptide chain was
first determined in 1982 by Ross et al.[20].

In 1988, Bailey and coworkers presented an X-ray crystallographic structure of

diferric rabbit serum transferrin determined at a resolution of 3.3 A [21]. The polypeptide
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chain is folded into two lobes, an N-terminal lobe and a C-terminal lobe. Within each lobe
is a cleft which separates the lobe into two domains. A binding site for a single Fe’~ cation
and its synergistic carbonate anion is found within each cleft (Fig. [.1).

A high degree of homology exists between the amino acid sequences of the two
lobes (~40%)[20], and folding for each is essentially the same [21]. Thus the composition
and structure of the metal binding sites are essentially the same in each lobe.

The orientation of the two lobes within the molecule is not the same among the
transferrins, however, and the orientation of the two domains within each lobe differs
slightly as well. The two lobes are joined by a short polypeptide chain consisting of 14
residues [18] (Fig. [.2). The folding pattern of the lobes defines the metal binding site and
is important in determining how it functions. Each domain consists of a mixed B-sheet
overlaid with -helices which pack against the face of the sheet. The first ~70 residues
make a coherent unit of three parallel B-strands (a,b,c) and three o-helices (1,2,3) which
form half of the first domain. A two-part (d and e) paralle! strand runs behind the binding
site connecting the first domain to the second, crossing over at about residue 90. The
second domain is comprised of the following ~160 residues which form a number of 8-
strands and o-helices. A second, long two-part strand (i and j) crosses back behind the
binding site to complete the folding of the first domain. The chain then crosses a third

time, terminating in a helix packed against the second domain [18,22,23)(Fig. L.3).
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Figure L1 — Domain organization of transferrins. Each lobe is divided into two domains.
The two lobes are related by a screw axis, a rotation of ~180°, and a translation of ~25 A.
The two iron binding sites are identified by closed circles. The connecting peptide that
joins the two lobes is helical in lactoferrin (solid line) and less regular in transferrin
(dashed line) [18].
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Figure L.2 — Ribbon diagram of human diferric lactoferrin, showing the organization of
the molecule, with the N-lobe above and the C-lobe below. The four domains (N1, N2,
Cl1, C2), the interlobe connecting peptide (H),, and the C-terminal helix (C), are
indicated. The glocosylation sites in various transferrin are shown by triangles and
numbered (1, human transferrin; 2, rabbit transferrin; 3, human lactoferrin; 4, bovine
lactoferrin; and 5. chicken ovotransferrin). The interdomain “backbone” strands in each
lobe can be seen behind the iron atoms [18].

7
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Figure 1.3 - Polypetide folding pattern found in each lobe of human lactoferrin. Helices
(cylinders) are numbered [ to 12 and B strands (arrows) are labeled “a” to “k”. The
interdomain backbone strands are shaded and the position of the hinge is indicated [18].
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X-ray crystallographic structural analyses of transferrins from a number of sources
have confirmed the composition and structure of the iron binding sites and shown them to
be similar in both lactoferrin and serum transferrin in a variety of species.

The iron coordination in particular remains unchanged between these proteins and
between the lobes of these proteins [18]. The iron is bound to two tyrosine residues, one
histidine residue, and one aspartate residue. The bidentate binding to a single carbonate
anion, which is in turn attached via hydrogen bonds to an arginine residue and the N-
terminus of an g-helix, completes the distorted octahedral coordination of the iron (Fig.
L4).

While a high degree of homology—both in composition and structure—has been
observed between the N- and C- terminal lobes of transferrin, some differences do exist.
Iron is bound more tightly and less reversibly at the C-lobe [24,25]. The C-terminal lobe
also retains its iron at lower pH (down to pH 6.0) than the N-terminal lobe [19]. These
differences are attributed to a decreased flexibility of the C-terminal lobe relative to the N-
terminal lobe, probably due to the presence of an extra disulfide bridge in the C-lobe
which may restrict the degree to which this lobe may "open" and "close" in order to bind
and release iron [26].

Although transferrin has the highest affinity for Fe’” bound synergistically with
carbonate in an octahedral configuration, other metals [ 18] with different synergistic

anions [27-29] and different coordinations [30-35] have been observed as well.
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lfigure L4 — Schematic diagram of the characteristic transferrin metal and anion binding
site. Numbering is as for the N-lobe of human lactoferrin, but the same arrangement of
ligands is found in the C-lobe and in the N- and C-lobes of almost all transferrins. For
reference, the residue numbers for human lactoferrin and human transferrin are sﬁown in

the inset [18].
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As mentioned earlier, iron-nytrosyl complexes of transferrin have recently been
observed, and it is toward an understanding of the structure and composition of these

compounds that the following studies are directed.
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CHAPTER 1

ENDOR Theory

Transition Energies and the ENDOR Experiment

Electron Paramagnetic Resonance (EPR) and Electron Nuclear Double Resonance
(ENDOR) spectroscopy are magnetic resonance techniques used to study the environment
and structure of paramagnetic centers in molecules. Because these techniques are
sensitive only to the paramagnetic portion of a molecule and experience little or no
interference from the non-paramagnetic portions, they are often used in the study of
complex biological systems [36-42]. In particular, they have proven quite useful in the
study of metalloproteins in which the metal ions are often associated with protein function
[36].

The first EPR experiment was performed by Zavoisky in 1945 [43] and the
technique has been widely used for metalloproteins since 1960 [36]. In 1956 Feher
conducted the first ENDOR experiment [44], and while the technique was
applied to metalloproteins as early as 1967 by Eisenberger and Pershan [45], it was not
often used for that purpose until commercial instruments became readily available after
1970 [36].

In the EPR experiment the degenerate spin states of an unpaired electron are lifted

by the application of a dc magnetic field, B. Transitions between spin states are then
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induced by electromagnetic radiation typically of microwave frequency [37]. For a simple
spin system with one unpaired electron, S = 1/2, coupled to a nucleus with nuclear spin [ =
1/2 (e.g. 'H, °N, *'P), the energies (E) can be calculated from the solution to the

Schrédinger equation:

HY =EY (1.1)

where W, the total spin wave function for the system, consists of electron and nuclear spin

functions. A, the spin Hamiltonian operator [46], is given by:

H =[pSegeB-g [ leB+hSeAe] (1.2)

where §§ and B. are the electronic and nuclear magnetons; g is the electronic g-tensor
which describes the electronic Zeeman interaction between the magnetic field, B, and the
electron spin; g, is the nuclear g factor and depends on the nucleus present; and A is the
hyperfine tensor which describes the interaction between the electronic and nuclear spins
[36,37]. The first term in equation .2 describes the electronic Zeeman interaction; the
second the nuclear Zeeman interaction; and the third the hyperfine interaction. An energy
level diagram of this simple spin system is presented in Fig. 1.1. When a paramagnetic

substance is placed in a magnetic field, the degeneracy of the spin states is lifted. In the

13
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Figure 1.1 - Energy level diagram for an S = !4, I = ' spin system. The bold lines show
the allowed EPR transitions, the solid lines show the NMR (ENDOR) transitions, and the
dashed lines show the EPR “semiforbidden” transitions [47).
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absence of any magnetic nuclei, the energy difference between electronic spin states, the

resonance condition for EPR, is given by

AE=hy.=gf8B (1.3)

The energies given by Equation 1.3 are for EPR transitions. For an unpaired electron (S =
1/2 and g = 2.0023) an excitation frequency of 9.5 GHz will produce an absorption at a
magnetic field of about 340 mT (3400 G) [36].

The energy difference between two nuclear spin states is given by

AE=hy,=g B.B (1.4)

The energies given by Equation 1.4 are for NMR transitions. For a proton with nuclear
spin [ = 1/2 in a magnetic field of 340 mT the resonant frequency will be about 14.5 MHz
[36]. Inthe presence of magnetic nuclei, the electronic spin states are further split by
coupling between the electron and the nucleus. When such hyperfine interactions occur,
the third term of Equation (1.2) must be considered as the energies of the spin states will

be shifted by + A/4 due to this interaction. The energy difference due to the hyperfine

interaction, then, is given by
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AE=h% (1.5)

In the ENDOR experiment, the magnetic field is set on a particular line in the EPR
spectrum (e.g. the one corresponding to the EPR transition from level 2 to 4)(See Fig.
1.1). The EPR transition is saturated (or partially saturated) with microwave power,
resulting in an equalization of the electron spin populations of the two states, 2 and 4.
Consequently, the EPR absorption is no longer observed. While maintaining this
saturation, the radio frequency (rf) power is swept. When the rf energy matches the
transition energy between levels 3 and 4, nuclear spin flips will occur, the populations of
levels 2 and 4 will no longer be equal, and the EPR absorption will be restored [47].

ENDOR offers the following advantages over EPR spectroscopy: (1) it makes
possible the deconvolution of inhomogenously broadened EPR lines; (2) it allows for the
unambiguous identification of nuclei by their Larmor frequencies; (3) lower spectral
density is afforded because the effect of nuclear interaction on an ENDOR spectrum is
additive as opposed to EPR where the effect is multiplicative; (4) hyperfine interactions
can be measured more accurately, and in some cases "single crystal" quality data can be
obtained from powder spectra because ENDOR measurements are made at different parts
of an anisotropic EPR spectrum, thus more detail regarding the environment of the
paramagnetic system, up to a distance of 0.8 nm, can be obtained. The sensitivity of
ENDOR is considerably less than that of EPR, however, and samples must generally be on

the order of ten times more concentrated than for EPR. Also, because ENDOR lineshapes
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and amplitudes are affected by complicated relaxation mechanisms which are generally
difficult to account for, they cannot be used to quantify the number of equivalent nuclei

giving rise to a particular signal [36].

Desien Considerations for the ENDOR Cavity and Coil

A resonant cavity is one of the major parts of any ENDOR spectrometer. It is
similar to an rf-tuned circuit. At microwave frequencies, however, the skin effect leads to
high resistance in wire conductors, and the dimensions of the capacitors and inductors are
of the same order as the wavelength causing energy loss by radiation. The use of cavity
resonators can significantly reduce energy loss due to such factors. A cavity resonator is a
chamber built of a highly conductive metal and fitted with devices for admitting or
extracting microwave energy [48,49]. At resonance, the cavity is able to sustain
oscillations of the electromagnetic field by reflection of the microwaves from the walls.

An interference pattern or standing wave configuration is thus formed. Various standing
wave configurations, or modes, can be obtained depending on the shape and dimensions of
the cavity [49]. The efficiency with which the cavity can maintain these oscillations is

expressed in terms of the cavity Quality factor or Q, where Q is given by the following:

- 27 (energy stored)
energy dissipated per cycle

(2.6)
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Resonant cavities are most often either rectangular or cylindrical in shape. Either
shape is capable of supporting both Transverse Electric, TEmp, or Transverse Magnetic,
TMaumnp, modes. In TE modes the electric field lines are perpendicular to the direction of
propagation of the electromagnetic wave. In the TM modes the magnetic field lines are
perpendicular to the direction of propagation. The subscripts m, n, and p are used to
denote the number of haif-wave patterns in the various dimensions of the cavity. Ina
cylindrical cavity the m denotes the number of whole wavelengths around the
circumference of the cavity; the n denotes the number of half wavelengths across the
diameter of the cavity; and the p denotes the number of half wavelengths across the length
of the cavity [48]. A diagram of a TM110 mode for a cylindrical cavity is provided in Fig.
1.2

The resonant frequency of a cylindrical cavity depends on the cavity radius, a, and

length, d, [49] according to the following:

2 (ke )y c 2a .,

(2af)t=(Hketlem 2 (R 22, @7
/4 2 d

where c is the speed of light and (kca)mn is 2 Bessel function root as cylindrical cavity

modes have Besseloid radial variations. In the case of the TM110 cavity, the resonant

frequency of the cavity has no dependence on the cavity length. The cavity Q, however,

does depend on the cavity length [49] as follows:
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Figure 1.2 ~ Electric (solid lines) and magnetic (dotted lines or dots) field distributions
for TM;; mode in a cylindrical waveguide [49].
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[(ka )Zm +(pﬂ,a/d)2]l/2

27x(1+a/d) (28)

J _
Q“I—

where § is the skin depth of the current (i.e. the depth within the conductor at which the
current decays to 1/e = 0.369 of its value at the surface), and A is the wavelength.

Microwave radiation is usually coupled to the cavity by one of three methods: 1)
probe (or capacitative) coupling; 2) loop (or inductive) coupling; or 3) aperture
(capacitive or inductive) coupling. In probe coupling, a probe is inserted into the cavity at
a point of maximum E-field. The E-field radiates out from the probe. In loop coupling, a
loop is placed at a point of maximum magnetic field and introduces the magnetic field into
the cavity. I[n aperture coupling, either the magnetic field or the electric field may be
introduced into the cavity depending on the position and orientation of the aperture or slot
[48]. Dlustrations of these modes of coupling are provided in Fig. 1.3.

Radio frequency energy is coupled into the cavity via the ENDOR coil. Many
configurations have been suggested for this coil [40,50-52]. For a cylindrical cavity at X-
band frequencies the coil configuration described by Hurst and coworkers [50] is often
used. This coil is a helix which is positioned around a quartz tube. The quartz tube is
fashioned to permit the extension of a cryostat system into the cavity for low temperature
experiments. The free standing coil is robust and can be repositioned fairly easily to

permit proper tuning of the ENDOR cavity. Because the impedance of the ENDOR coil
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Figure 1.3 — Three methods of coupling energy into or out of a cavity: a) probe, or
capacitive, coupling; b) loop, or inductive, coupling; c) aperture, or slot, coupling [48] .
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is frequency dependent, as is the impedance of all inductors, each coil is useful only over a
finite range of frequencies. When this range of frequencies is exceeded the efficiency of
power transfer to the coil is impaired, thus limiting the sensitivity of the spectrometer [40].
The useable frequency range is determined by the number of turns of the coil, with a 16-
20 turn coil, of length up to 4 cm, being optimal for operation in the 1-30 MHz frequency
range [40,51].

General requirements for a useful ENDOR cavity then are based on those aspects
of construction and design which will enhance the establishment of an oscillating wave
pattern within the cavity and minimize energy losses. In particular, the cavity must be
constructed of a highly electrically conductive material to minimize resistive losses. The
interior walls of the cavity must be highly polished to minimize losses due to interfering
eddy currents in the walls. The range of acceptable radii for the cavity (and hence its
resonant frequency) is limited by the bandwidth of the spectrometer’s klystron. The length
of the cavity is chosen to both maximize cavity Q and suppress unwanted modes.
Attention to cavity dimensions is critical in order to assure that no undesired, or interfering
modes, are established in the cavity. Also, the various parts of the cavity must be tightly
joined in order to prevent the escape (by radiation) of microwaves at the joints. And,
finally both the microwave and rf coupling systems must provide an efficient and stable

transfer of energy into the cavity.

22
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Construction of the ENDOR Spectrometer

Spectrometer Components

A schematic diagram of the complete ENDOR spectrometer is shown in Fig. 1.4.
The sample is placed in a homemade TM110 cavity which lies between the poles of an
electromagnet. The voltage for generating the dc magnetic field is provided by the magnet
power supply (not shown) and controlled by a field controller circuit in the Varian E-9
EPR console. The klystron in the Varian E-101 microwave bridge generates microwave
energy of constant frequency in the range of 8.8 to 9.6 GHz. The frequency output of the
klystron is monitored with an HP 5350A microwave frequency counter (Hewlett Packard,
Santa Clara, CA). The microwave power is directed to the sample cavity via a four port
circulator and waveguide. The cavity is simultaneously irradiated with a modulated rf
signal, the carrier of which is generated by a computer controlled PTS 160 frequency
synthesizer (Programmed Test Sources, Inc., Littleton, MA). The carrier frequency, along
with a low frequency (10 kHz) modulation signal obtained from the low frequency field
modulation unit of the Varian E-9 console, is fed into a surface acoustic wave oscillator-
based modulator/mixer (Illinois EPR Research Center, University of [llinois, Urbana,
IL)[53]. The output of this mixer is then amplified by a ENI 3200L rf amplifier
(Electronic Navigation Industries, Inc., Rochester, NY) and
inserted into a homemade TM110 sample cavity via a homemade ENDOR coil and

terminated in a 50 ohm dummy load (500 W, 50 ohm, Termaline Coax Resistor, Bird
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Figure 1.4 — Schematic diagram of ENDOR Spectrometer



Electronic Corp., Cleveland, OH). A swept, FM modulated magnetic field.
perpendicular to the dc magnetic field, is thus induced at the coil.

The reflected microwave energy is directed to the microwave diode detector in the
Varian E-101 microwave bridge. The EPR signal from the detector is passed to the
receiver section of the field modulation unit in the Varian E-9 console where it is
processed and converted to a dc voltage for transmission either to the recorder Y-axis or
to the computer for storage. First derivative spectra, such as the one shown in Fig. 1.5,

are obtained due to the phase sensitive detection.

Connections Between Modules

All connections between the various free-standing modules of the spectrometer
were made using RG-58 coaxial cable (American Radio, Rochester, NH, or Electronic
Surplus Supply, Manchester, NH) with BNC connectors (American Radio, Rochester,
NH, or Electronic Surplus Supply, Manchester, NH) with four exceptions. The
exceptions are: 1) cable plugs which mate with the output jacks of the low frequency
modulation unit are Amphenol # MS 3106A 10SL-3S, 3-pin female connectors with
Amphenol #AN 3057-4 cable clamps (Gerber Electronics, Norwood, MA); 2) 0.141"
o.d. semi-rigid coax with a non-magnetic (copper) center conductor (Haverhill Cable &
Mfg. Corp., Haverhill, MA) was used to couple the waveguide to the sample cavity; 3) a
50-conductor, shielded Telco cable with drain wire (Telecommunications Center, UNH)

with two 50-pin, female Telco connectors with 90° hoods (Telecommunications Center,
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Figure 1.5 - ENDOR spectrum of gamma irradiated sucrose. Experimental Conditions:
field set, 3270 G; modulation amplitude, 2.5 G; time constant, 0.3 s; receiver gain, 10,000;
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phase, 180°; microwave power, 10 mW; microwave frequency, 9.19 GHz; rf frequency
center, 14 MHz; rf scan width, 19.5 MHz; scan rate, 0.2 MHz/s; PTS output, 0.4V.
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UNH) was used to connect the frequency synthesizer to the computer's A/D converter;
and 4) type N connectors were used to mate with the input and output jacks of the rf
power amplifier. Pinouts for the modulation cables to both the EPR modulation coils and

the ENDOR caoil are listed in Table 1.1 (See also Appendix 1).

Microwave Coupling and Cavity Tuning

The wave-guide carrying the microwave signal from the four port circulator is
terminated by a slide-screw tuner fitted with a wave-guide to N-connector adapter. A
short length of 0.141" 0.d. semi-rigid coax with a non-magnetic (copper) center
conductor (Haverhill Cable & Mfg. Corp., Haverhill, MA) fitted with an N-connector
(Gerber Electronics, Norwood, MA) at one end and formed into a coupling loop at the
other end is used to couple the microwave from the wave-guide into the cavity (see Fig.
1.6). A single loop of 1" radius is placed in the coax in order to give some flexibility to
the length for tuning and adjusting purposes.

The coupling loop was inserted into the cavity and its position adjusted while
observing the cavity mode on the oscilloscope screen. When a maximum in the depth of
the mode dip and a minimum in the width of the mode was obtained, the loop was locked
in place and has not required further adjustment since. Tuning for each sample is
accomplished using both the slide screw tuner and the frequency and phase adjustments on

the E-101 microwave bridge (see Appendices 2 - 4 for tuning and operating instructions).
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Table 1.1 — Pinout for cable from modulation unit to mixer.

Modulation Unit Amphenol RG 58/U BNC - Mixer

Jack - J407 Plug - P407 Coazxial Cable Connection

A High A High Center conductor Center pin

B Shield B Shield Shield Connector shell

C Low No connection No connection No connection
28
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Figure 1.6 ~ Detail of loop coupling of coax to ENDOR cavity.
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ENDOR Cavity Design and Construction

A diagram of the fully assembled cylindrical TMi10 cavity and engineering
drawings of the cavity are shown in Fig. 1.7 - 1.13. The ENDOR cavity was constructed
of aluminum alloy 6063-TS (Central Steel and Wire Co., Chicago, IL). All cavity parts
were machined at the UNH Space Science machine shop and the inside of the cavity body
was polished there as well. The inside of the cavity top was polished on a polishing wheel
using 180, 240, 400, 1200, and 3 micron grit paper successively with water as a lubricant.

The final polish was obtained on a wheel fitted with a buffing cloth and 0.05 ym alumina
polishing paste. A knife sharp edge was obtained on the top of the cavity body by
polishing it on a polishing wheel with 180 and 240 grit paper only as finer grit paper
tended to round the edges.

The cavity body (Fig. 1.10) consists of a cube of aluminum from which a
cylindrical section has been cut. A smaller, circular hole is cut in the center of the base of
the cavity body to permit insertion of a quartz dewar into the cavity for low temperature
experiments. The cavity, with a diameter of 1.414", resonates, when fully loaded with
quartz dewar, ENDOR coil, and sample, at a frequency of between 9.1 and 9.24 GHz. The
frequency depends upon the particular ENDOR coil that is used and the particular sample
that is inserted. The cavity body is also fitted with a hose connector (Fig. 1.12) so that
nitrogen or helium gas may be blown into the cavity to cool the ENDOR coil when rf

power is being applied to it.
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