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1. Introduction
Diabetes mellitus patients have a high blood sugar (glucose) level resulting either from the
body’s failure to produce enough insulin (Diabetes Mellitus Type 1) or because body cells do
not properly respond to the produced insulin (Diabetes Mellitus Type 2) [1,2]. During the
digestion, carbohydrates, contained in food, are converted within a few hours to glucose.
Insulin is a hormone produced in the pancreas that enables body cells (primarily muscle and fat
cells) to absorb glucose which is in turn transformed into energy needed for daily life [3,4]. The
insulin production is triggered by the increase of the glucose concentration in blood (Figure 1).

Figure 1. By the decomposition of glucose, ATP is produced in the beta cells. The increase of the ATP
concentration closes the K+ channel, leading to a depolarisation which in consequence opens the Ca2+
channel. Ca2+ activates the insulin gene expression via the Calcium Responsive Element Binding Protein
(CREB). By exocytosis, the produced insulin is set free in the blood.
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The regulatory function of insulin results in an instantly higher reception of glucose after the
meals (Figure 2). Normally, insulin regulates the uptake of glucose from the blood during
the course of a day (Figure 3). The inability of the body cells to absorb the glucose results in
an accumulation (casual plasma glucose: 11.1 mmol/L) in the blood (hyperglycemia),
leading to various potential medical complications and commonly leads to coma [5,6]. If the
glucose concentration in the blood exceeds a certain amount it is discharged via the urine.
Serious long-term complications of diabetes mellitus include cardiovascular disease, chronic
renal failure and retinal damage [7-10]. Diabetes mellitus is currently a worldwide epidemic
disease, sometimes referred as epidemic disease of the 21-th century [11,12]. Therefore an
early diagnosis is desirable, enabling prevention at begin of this autoimmune disease.

Figure 2. The hormone insulin induces the reception of glucose into the cells by a member of the
transport protein GLUT. The binding of insulin at receptors, located at the cell surface, initiates the
fusion of intracellular vesicles, containing GLUT, with the cell membrane. This increases instantly the
number of the GLUT molecules at the cell surface, resulting in a higher reception of glucose.

Figure 3. Qualitative view of the fluctuation of the blood sugar concentration in humans during the
course of a day with 3 meals.
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Diabetes mellitus type 1 result from the inability of the body to produce endogenous insulin;
in consequence the patient must inject the required insulin, either manually or automatically
via an insulin pump [13-14]. This is a major burden, because the insulin therapy,
management and monitoring of diabetes is necessary for the rest of patient’s life [15]. Goal
of the insulin therapy is not the healing of the patient, but the replacement of the lack of
endogenous insulin. Diabetes mellitus type 1 includes childhood-onset diabetes, juvenile
diabetes, and insulin-dependent diabetes mellitus (IDDM) [16]. The type 1 diabetes causes
approximately 10% of diabetes mellitus cases worldwide and represents a majority of
diabetes in children [17]. Recent publications show that a doubling of diabetes mellitus type
1 in childhood (younger than 5 years) is expected by 2020, and in the juvenile age (younger
than 15 years), the disease will rise by 70% [18]. Diabetes mellitus type 1 is characterized by
a loss of the insulin-producing beta cells of the islets of Langerhans in the pancreas [19]
(Figure 4). The majority of diabetes mellitus type 1 cases is of an immune-mediated nature,
where the loss of beta cell results from a T-cell mediated autoimmune attack (antibodies:
GADA, ICA, IA-2, IAA) [20]. After 80-90% of the beta cells are destroyed, the diabetes
mellitus type 1 manifests. Therefore, at the start of the disease there is still a remaining
insulin production. Mostly, at the onset of the disease, the affected people are otherwise
healthy and of normal weight. In the early stages, the sensitivity and responsiveness to
insulin are usually normal. The symptoms of diabetes mellitus are frequent urination
(polyuria), increased thirst (polydipsia) and increased hunger (polyphagia) [21]. (Originally,
the main symptom was excessive sweet urine, known as glycosuria). Diabetes mellitus type
1 may also cause a rapid weight loss and irreducible mental fatigue.

Figure 4. A) The cells of the islets of Langerhans (large object in the middle) in the pancrease produce
insulin, which is secreted directly into the blood flow. Immune histochemistry with antibodies against:
B) insulin (representation of the beta cells), C) glucagon (alpha cells), D) CD34 (capillaries). Picture
provided by the Institute for Pathology of the Medical University of Graz (C. Lackner).
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Whereas diabetes type 2 is mainly caused by lifestyle factors (such as smoking, elevated
cholesterol levels, obesity, high blood pressure) and inheritance, diabetes type 1 seems to be
only partly inherited, by mutations of the major histocompatibility complex (MHC) at
chromosome 6, and requires an environmental trigger (possibly due to an infection). Certain
infections, with some evidence pointing at Coxsackie B4 virus, rubella virus and others are
considered risk factors [22-25]. Various nutritional risk factors, such as; the consumption of
cow milk; early exposure to the protein gluten existing in some grass-related grains, notably
wheat, rye, and barley, have been studied [26-28]. Bafilomycine, which is produced at
decayed places in potatoes by streptomyces, leads to a glucose intolerance and damage to
the islets of Langerhans in the pancreas. To explain the reaction of the autoimmune
mechanism, it is assumed that certain bacteria and virus appears (from the point of view of
the antibodies) similar to the cells of the pancreas (more precisely to a protein at the cell
surface) and therefore the body destroys not only the infiltrated bacteria and virus but also
attacks its own cells. Some sub structures of the antigens are similar to insulin and therefore
trigger the autoimmune attack to the pancreas. Because insulitis, an inflammation of the
islets of Langerhans of the pancreas, is considered to be a preliminary stage of diabetes
mellitus type 1, an diminishing of the inflammation processes is considered to be a possible
immune-therapeutically measure for the prevention of diabetes. The inflammation begins
mostly in the childhood or at juvenile age.
For diabetes mellitus type 1, islet cell auto-antibodies (ICA) could be detected in 80% of the
cases [29]. Other auto-antibodies are insulin-antibodies (IAA) and tyrosinphosphataseantibodies (IA-2) [30]. The glutamic acid decarboxylase antibody (GADA) specifically
attacks the enzyme glutamic acid decarboxylase (GAD 65) in the beta cells [31-34]. (65 refers
to the molecular mass of 65kD). This antibody is an indication for diabetes type 1, although
it is present in only 50-70% of the cases at the onset of the disease and at later stages
successively more rarely. The GAD 65 gene is expressed in brain cells and in the beta cells of
the pancreas. Inside the beta cells, the enzyme GAD 65 (EC 4.1.1.15) catalyzes the
irreversible alpha-decarboxylation of L-glutamate into gamma-aminobutyrate (GABA) and
carbon dioxide. (GABA is used as a neurotransmitter in the brain).
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GAD uses pyridoxal-phosphate (PLP) as a cofactor. GAD 65 is a homo dimer (it consists of
two identical chains), characterized by successively 4 stranded β -sheets and 7 stranded β sheets (Figure 5). The enzyme that can provoke an autoimmune reaction against the beta
cells of the pancreas progressing to type 1 diabetes mellitus [35]. The GAD 65 antigen was
considered to be strictly located intra-cytoplasmatic in the beta cells of the pancreas. But this
hypothesis can not explain the procedure of immunization and therefore the occurrence of
GAD 65 antibodies in the blood.

The Role of the Antigen GAD 65 in Diabetes Mellitus Type 1: A Molecular Analysis 211

Figure 5. The enzyme GAD 65 is a dimer. Each chain contains 4 stranded β -sheets (yellow)
surrounded by three α -helices (red) and 7 stranded β -sheets surrounded by eight α -helices. Every
chain has an own active centre.

To understand the procedure and development of immunization, it was proposed that in an
initial step the immune system is primed by the accessibility to GAD 65 [36,37]. The
assumption is that the enzyme has to be in the human serum and should be found in higher
concentrations before the onset of the disease. The proof and quantitative evaluation of
GAD 65 in the human blood is done with the Fluorescence Correlation Spectroscopy (FCS),
the Enzyme-Linked Immunosorbent Assay (ELISA) and the Surface enhanced laser
desorption ionisation – time of flight (SELDI-TOF) system.
To illustrate the mechanism of autoimmunization, the visualization of the GAD 65 tertiary
structure, together with its antigenic determinants and the associated electrostatic field, is
essential. The 3-D molecular surface, derived from space filling models, visualizes the fitting
of the GAD 65 epitopes to the paratopes of the antibodies and quantitative values for the
GAD 65 antigenic properties are obtained by dual models. The electrostatic potential and
details of the electronic structure of the GAD 65 epitopes are calculated by quantum
theoretical methods. Readers, not interested in theoretical and mathematical details, can
omit the corresponding chapters as the figures enable a pictorial understanding of the
principles.

2. Measurement of GAD 65 in human sera
The GAD 65 molecules are detected by the binding with their unique and specific
antibodies, which enables it to pick out the GAD 65 molecules in a mixture of different
molecules (Figure 6). All detection methods, used in this work, are based on this principle.
The monoclonal antibodies Z1 and Z2, provided by Phadia, Sweden-Diagnostics,
Freiburg/Breisgau, Germany, were used for the detection of GAD 65 in all the assays.
Antibody Z1 and antibody Z2 are reacting with different epitopes of the GAD 65 molecule.
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Figure 6. Antigens, like GAD 65, are detected by specific capturing with their corresponding
antibodies. This enables it to pick up the antigen GAD 65 from a mixture of molecules.

Because very small concentrations of GAD 65 circulating in the human sera were expected,
the ultra-sensitive fluorescence correlation spectroscopy (FCS) was used, at the beginning,
for the search of free circulating GAD 65.

2.1. Fluorescence Correlation Spectroscopy (FCS)
FCS is a very sensitive analytical tool which enables the observation of a small number of
molecules (up to picomolar concentrations) in a small volume element. By the FCS, the
information about the molecules in the volume element is gained by evaluation of
fluorescence fluctuations. FCS was developed by D. Magde, E. Elson, and W.W. Webb in
1972 [38]. The development of sensitive detectors such as avalanche photodiodes makes it
possible to detect fluorescence signals coming from individual molecules in highly diluted
samples. Improvements in the measurement techniques, notably by the introduction of
confocal microscopy, enable a more precise separation of the measurement volume from the
background. This improved the signal-to-noise ratio and allowed single molecule detection.
In the 1990’s began the practical application of FCS in molecular biology, ranging from the
study of molecular dynamics, the determination of the size of proteins and the antigenantibody coupling to the study of biochemical pathways in living cells.

2.1.1. Configuration and principle
With the FCS method, the GAD 65 molecules and their interaction with the corresponding
monoclonal antibodies are measured by determining their diffusion times in a tiny volume
element [39-43]. For this purpose the antibody molecules are labelled with fluorescent
markers and excited by laser light. Because fluorochromes come in a variety of colours and
can be specifically bound to particular molecules it is possible to study the behavior of
individual molecules.
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The FCS setup consists of a laser, an inverted microscope, a beam splitter (dichroic mirror),
several optical units, a spectrometer with photo diode and an evaluation unit (Figure 7). The
laser beam is directed by the beam splitter through the inverted microscope and focussed
into a small focal volume of the sample. The labelled molecules in the sample are excited
and emit fluorescence light. The emitted fluorescence light passes through the inverted
microscope and the beam splitter. The beam splitter separates the excitation light from the
emitted fluorescence light by transmitting the fluorescence light to the spectrometer and
reflecting the excitation light back to the microscope. The transmitted fluorescence light then
passes through a pinhole which blocks scattered excitation light and fluorescence light from
outside the focal spot. The intensity of the filtered light is measured by avalanche photo
diodes. The evaluation of the FCS measurement results is based on auto-correlation and
cross-correlation analysis of the fluorescence fluctuations.
The optical unit of the FCS set up used in this study consists of a ConfoCor 2 (Zeiss)
spectrometer and a confocal Zeiss Axiovert 100 microscope. An Argon ion-laser (458, 488,
514 nm) and 2 Helium neon lasers (543, 633 nm) are used for the excitation of the fluorescent
molecules. The laser-light is concentrated by a C-Apochromat objective (x 40/1.2 W corr.) on
small spots (diameter: 0.5 μm ) in the sample solution. The GAD antibodies, were pipetted
into a borosilicate chamber (Nalge Nunc, Lab Tek. chambered cover glass, German
borosilicate cover glass, 8 chamber version), located on top of the inverted microscope.

Figure 7. Set up and principle of the Fluorescence Correlation Spectroscopy (the radius r0 is
approximately 0.5 μm ).
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2.1.2. Evaluation of the fluorescence signal
The fluorescence intensity is fluctuating due to the Brownian motion of the molecules
through the focal volume element, defined by the optical system, whereby the concentration
of the particles c(r,t) is randomly fluctuating around the average concentration C :
δc(r,t)  c(r,t)  C

(1)

The analysis gives the average number of fluorescent particles and average diffusion time,
when the particle is passing through the volume. Since the relative fluctuations become
smaller with increasing numbers of measured molecules, it is important to minimize the
number of molecules in the focal volume. Changes in the diffusion times yield conclusions
about the binding of GAD 65 to the corresponding antibody. The diffusion time of the
labelled molecules depends on their size, therefore antigen-antibody compounds, which are
bigger, show a slower diffusion time than the separated individual molecules. Modifications
of the diffusion times give the required information on existence and concentration of GAD
65 in the specimens.
The fluorescence intensity fluctuations are recorded over time and quantified by temporally
auto-correlation. From the auto-correlation and cross-correlation analysis of the fluorescence
signal, results the characteristic diffusion times of the molecules. By the auto-correlation
analysis, the measured fluorescence signal is compared with itself at some later time. The
detected fluorescence signal intensity I(t) , at time step t , fluctuates around the mean
intensity value I(t) . The fluctuations of the emitted fluorescence signal are defined as the
deviations from the temporal average of the signal:
δI(t)  I(t)  I(t)

(2)

Whereby the mean intensity over the time period T is defined by:
T

I(t) 

1
I(t')dt'
T



(3)

0

The auto-correlation function G(τ) combines the average fluctuation of the molecule at time
step t with its fluctuation shifted by time τ (correlation time). The normalized autocorrelation function is defined as:
G(τ) 

δI(t)  δI(t  τ)
I(t)

2

(4)

The auto-correlation amplitude G( 0) is the normalized variance of the fluctuating
fluorescence signal. If all fluctuations arise from changes in the local concentration of the
molecules within the volume element of the focal spot, the variations in the fluorescence
intensity can be written as:
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δI(t)  W(r)δc(r,t)dV

(5)

V

The term δ(c(r,t)) determines the dynamics of the molecules: δc(r,t) describes the
fluctuations in the local molecule concentration at time t .The function W(r) describes the
spatial distribution of the emitted fluorescence light. Substituting the expression for the
intensity fluctuations into the auto-correlation function yields:

G(τ) 

 W(r)W(r) δ(c(r,t))δ( c(r,t  τ)) dVdV 
  W(r)δ(c(r,t))dV 
2

(6)

The auto-correlation function G(τ) is characterized by the correlation time τ and the
correlation amplitude G( 0) . Every process, producing fluctuations in the fluorescence
intensity, has a characteristic correlation time. The FCS output by itself only represents a
time spectrum. Interpretations on physical phenomena have to be extracted from the autocorrelation function by developing appropriate physical models. The parameters of interest
are found after fitting the auto-correlation curve to modeled functional forms.

2.1.3. Model of free diffusion
If the model of free diffusion is used, the fluctuation signal is characterized by the diffusion
time (in-out motion of the molecules in the volume element) and the average number
of molecules in the volume element (Figure 8). The spatial and timely distribution of
the molecule concentration in the model of free diffusion is given by the differential
equation:

 2

2
2 
 c(r,t)
c(r,t)  D 


  x2  y 2  z2 
t



(7)

This implies that the molecules are freely diffusing in three dimensions with the diffusion
coefficient D . The larger the mass of the molecule, the larger is the diffusion time and in
consequence the fluctuation is getting slower (Figure 8). The spatial distribution of the
emitted fluorescence light W(r) is approximated by a three dimensional Gaussian
distribution:
 x2  y 2 
 z2 
 exp   
W(r)  exp  2

 z2 
r02 

 0

(8)

r0  x02  y02

(9)

With:
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Figure 8. Shown is the diffusion of the labelled antibodies and the antigen-antibody complexes through
the volume element, formed by the laser beam. The diffusion of the molecules through the volume
element, due to their Brownian motion, is measured as fluctuations of the emitted fluorescence light.
The different diffusion velocities give rise to different fluctuations lengths.

The function W(r) is decayed to e 2 at r0 in lateral direction and for z  z0 in axial
direction. By assuming the three dimensional Gaussian distribution of the emitted
fluorescence light, the effective focal volume is calculated by:
3

 π 2
Veff  W(r)dV    r02 z0
2



(10)

V

The dimensions r0 and z0 are determined by calibration measurements (Figure 7).
Integrating out the differential equation for the free diffusion yields:

c(r,t) 

 r2 


exp
3
 4 Dt 
8(πDt) 2


c0

(11)

This leads to a relation between the diffusion constant and the concentration fluctuation:

 r  r' 2 

δc(r,t)δc(r,t  τ)  C exp  
 4Dτ 



(12)
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For the model of free diffusion, the auto-correlation function (formula 6) can be calculated
analytically (by use of formula 8 and formula 12) as:

G(τ)  G( 0 )

1
1
2


τ
1 
 1   r0   τ 
  

 τD 
 z0   τD 

(13)

τD is the diffusion time. This is the mean transit time of the molecule in the volume element
(reciprocal of the average diffusion speed of the molecules). The relationship between the
diffusion time τD and the diffusion coefficient D is given by:
τD 

r02
4D

(14)

The auto-correlation amplitude G( 0) is proportional to the reciprocal of the average number
of molecules N in the volume element:
G( 0) 

1
N

(15)

Then, the local concentration of the fluorescent molecules in the effective focal volume
element (formula 10) can be determinate from the amplitude G( 0) of the auto-correlation
function:

C 

N
Veff



1
Veff G( 0 )

(16)

Due to statistical averaging, the relative fluctuations of the fluorescent signal become
weaker with an increasing concentration of molecules. Therefore it is important to minimize
the concentration of molecules in the focal volume. The decay of the auto-correlation
function is determined by the diffusion time (Figure 9). When the correlation time τ equals
the diffusion time τD , then the auto-correlation takes the form:

G(τ  τD ) 

G( 0 )
2

1
r 
1   0 
 z0 

2

(17)

The diffusion time τD is determined as fit parameter from the auto-correlation curve. Every
augmentation of the mass of a biomolecule, resulting from the interaction with a second
molecule, can be determined from the increase of the diffusion time. Molecular interactions
are followed up by recording successive auto-correlation curves with shortest integration
time. From those auto-correlation curves, changes in the diffusion time are determined
(Figure 9).
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Figure 9. The diffusion time τD of the molecules is determined as fit parameter from the decay of the
auto-correlation function G(τ) . The interaction of the GAD 65 molecule with its antibody can be
determined from the increase of the diffusion time.

2.1.4. Experiments
The sensitivity of the FCS method for the detection of GAD 65 was determined in clean and
spiking experiments. Alexa 647 and Alexa 488 were used as dyes. In order to avoid
disturbing auto-fluorescence for standardization, the detection of GAD 65 was carried out in
bi-distillate water. By step-wise dilution, a minimal precisely detectable amount of 2.65
microgram/ml of GAD 65 was measured in such clean systems. To verify the minimal
precisely detectable amount in sera, normal healthy controls were used, where the same
amount of GAD 65 as to the clean systems was added (spiking experiment). Sera from 27
juvenile patients were investigated. All the children between 5 and 12 years were diabetes
mellitus type 1 patients in an early stage and already had auto-antibodies. 126 sera of adult
persons from normal admissions to the clinic served as controls. The sera from the
paediatric patients came from a serum bank (Department of Paediatrics of the Medical
University of Graz), the adult sera were fresh.

2.2. Enzyme-Linked ImmunoSorbent Assay (ELISA)
The second assay for the detection of the antigen GAD 65 in sera is the enzyme-linked
immunosorbent assay (ELISA). As a heterogeneous assay, ELISA separates specifically
components in a mixture by adsorbing them onto a solid phase which is physically
immobilized. Therefore, the linking and adsorption of proteins (for example antibodies and
antigens) is necessary. The chemical linking of proteins was developed by S. Avrameas and
G. B. Pierce. The adsorption of proteins at solid states was developed in 1966 by L Wide and
J.Porath. Based on these results, ELISA was developed in 1971 independently by two
working groups, namely by P. Perlmann and E. Engvall at Stockholm University in Sweden
and A. Schuurs and B. van Weemen in the Netherlands [44,45]. There exist different types of
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ELISA which differ in more or less steps: the ‘indirect’ ELISA, the ‘sandwich’ ELISA, the
‘competitive’ ELISA and the ‘multiple’ ELISA. One of the most useful and common of
the immunoassays for the detection of antigens is the two antibodies ‘sandwich’ ELISA.
This assay enables it to determine fast and accurately the antigen concentration in biological
sera [46-48].

2.2.1. Principle and experimental setup
The sandwich ELISA requires two monoclonal antibodies, the capture and the detection
antibody, that bind to different epitopes on the antigen. A microtiter plate (with a size of
127.76 mm×85.48 mm×14.35 mm) is a flat plate with multiple wells, arranged in a regular
8x12 matrix array, which serve as small test tubes. Each well holds tens of nanolitres to
several millilitres of liquid. The capture antibodies are fixed to the wells of the microtiter
plate (Figure 10). In a first step, the serum is added to the capture antibodies and the
corresponding antigen is picked up (Figure 10). The unbounded substances are washed
away. In the next step, the detection antibodies are added and bind to the antigen. The
detection antibodies are labelled with an enzyme. Again the enzyme-linked antibodies that
do not bind are washed away. The remaining molecules form a “sandwich” consisting of
layers of antibody/antigen/enzyme-linked antibody (Figure 10). In the last step, a
colorimetric substrate is added, which is digested by the enzyme. This reaction results in a
change of colour in the substrate, producing a visible signal, which indicates the quantity of
antigen in the sample. Then, as result, the antigen is present in the sera if the substrate
changes colour. The substrate concentration is measured by a photometer, whereby the
concentration of the substrate is proportional to the antigen concentration in the serum.

2.2.2. Evaluation of the results, calculation of the calibration curve
For the evaluation of the ELISA output, the extinction is measured as a function of the
concentration c of the coloured substrate inside the wells. The extinction Eλ is a measure
for the diminishing of the intensity of light, with a wavelength λ , after passing a medium:

 I 
Eλ   ln  
 I0 

(18)

I 0 is the intensity of the incident light, I is the light intensity after passing the medium. If
the extinction values are applied on the y-axis and the logarithm of the concentration ln(c)
on the x-axis, there results a sigmoid curve (mathematical function with an S-shape curve,
including one turning-point and two asymptotes). Prior to the calculation of the calibration
curve by a linear regression, the sigmoid curve must be transformed into a linear curve. The
logit-function L is used for the linearization of sigmoid curves, which is of great importance
for the evaluation of ELISA curves. From this operation results a linear curve. First, the
measured extinction Eλ values are normalized so that the resulting values lie in the range
between 0 and 1. The normalized extinction values are then expressed as:

Autoimmune Diseases –
220 Contributing Factors, Specific Cases of Autoimmune Diseases, and Stem Cell and Other Therapies

NE 

Eλ  la
ua  la

(19)

Whereby the upper ( ua ) and lower ( la ) asymptotes of the sigmoid curve are used. The
normalized extinction values are put into the logit-function L:

 NE 
L  ln 

 1  NE 

(20)

Figure 10. The capture antibodies are bound on a microtiter plate. The serum is added and the antigen
GAD 65 is picked up. Then, the detection antibodies, labelled with an enzyme, are added and bind to
the antigen. The enzyme catalyses a substrate reaction, whereby results a change of colour which is
measured quantitatively by a photometer.

The value pairs of the logit-log-plot (x-value is the logarithm of the substrate concentration
and the y-value is the logit of the normalized extinction values) are used for the linear
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regression. From the linear regression results the high (b) and ascent (a) of the linear
calibration curve:

L  aln(c)  b

(21)

Where: ln(c) is the x-value and L is the y-value (Figure 10). Then, the concentration c of the
substrate is calculated out of the measured extinction values. The best accuracy is obtained
in the neighborhood of the turning-point of the sigmoid curve, because in this range the
ascent has a maximum value.

2.2.3. Experiments
In order to evaluate the stability of the GAD 65 molecule in sera, the concentration
measurements in the samples were repeated after a time delay. Additionally the correlation
between the GAD 65 concentrations from samples stored at different temperatures was
determined. The correlation between the GAD 65 concentrations at different time steps is
calculated by linear regression. Given a series of N measurements of the variables yn and
xn (n=1,2,…,N), then the correlation coefficient R is applied to quantify the strength of their
linear dependence:
N

 x

n

R

n 1

 x  yn  y 

(N  1)σx σ y

(22)

The quantities x and y are the mean values of x and y and σx and σ y are the respective
standard deviations. If the coefficient equals 1, then the concentrations are completely
linearly correlated. If the coefficient equals 0, then the variables are completely independent.
Serum samples from 64 persons representing a cross-section of the samples in a blood bank
(in Freiburg, Germany) were used. The specimens were randomly selected. Each sample
was stored at room temperature and additionally in a refrigerator cooled at -80°C.

2.3. Surface Enhanced Laser Desorption Ionisation – Time Of Flight
(SELDI-TOF)
Mass spectrometry is an analytical technique that measures the mass-to-charge ratio of
charged particles. Based on preceding works of B. Goldstein and W. Wien, J.J. Thomson
developed the first mass spectrograph [49]. End of the 1950’s the mass spectrometry was
applied to the analysis of amino acids and peptides. K. Tanaka developed the laser
desorption which was applied for the ionization of biological macromolecules, especially
proteins [50]. In this study mass spectrometry was carried out according to the surface
enhanced laser desorption ionisation – time of flight (SELDI-TOF) system. SELDI-TOF has
been proven as suitable tool in the clinical laboratory for the profiling of biomarkers in
complex biological specimens such as: serum, plasma, intestinal fluid and urine [51-56].

Autoimmune Diseases –
222 Contributing Factors, Specific Cases of Autoimmune Diseases, and Stem Cell and Other Therapies

SELDI–TOF consists of an aluminium carrier, called the array, a laser unit and a system
which measures the time of flight (TOF) of the molecules (Figure 11). The TOF system
includes an electric field, induced by the acceleration potential, and a detector.
Photomultipliers, avalanche diodes etc. are used as detectors.

Figure 11. Surface enhanced laser desorption ionisation– time of flight (SELDI-TOF). The proteins are
“eluted” from the matrix array by laser desorption and ionization. The ionized proteins are accelerated
in the electric field and enter the TOF tube, according to their mass to charge ratio, with different
velocities and each detection signal is represented by a peak in the mass spectrum.

2.3.1. Chip array
Proteins are captured by adsorption, electrostatic interaction, or affinity chromatography on
the solid-phase protein chip array. The different chip types have either: surfaces that bind
many different proteins or surfaces with a specific biomolecular affinity. The chips of the fist
type are composed of chemical surfaces, which have: hydrophobic, hydrophilic, anionic,
cationic or metal affinity properties. The chips of the second type are composed of
biochemically active surfaces, such as: immobilized antibodies, receptor proteins, DNA
fragments or enzymes. The first type of surface binds many different proteins, whereas the
second type binds only specific molecules, such as: antibodies, factors, DNA binding
proteins and substrates. Therefore, the biochemically active surfaces are used to exploit
specific molecular recognition mechanisms.
After putting the sample on the chosen chip type, the weakly bound molecules are washed
away. The remaining sample molecules are mixed with small photosensitive molecules.
These molecules cause the sample to crystallize and form the matrix as it dries. (The matrix
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is composed of the molecules in the sample mix which are not analyzed). The photosensitive
molecules facilitate desorption and ionization of the proteins in the mixture.

2.3.2. Laser desorption and ionization
The chip with the samples is put into a vacuum chamber, the flight tube of the mass
spectrometer (Figure 11). The laser pulse excites the photosensitive matrix molecules. The
energy of the excited molecules is converted into thermal energy which heats up the sample
spot. The overheated part of the sample mix explodes into a plume and the molecules are
liberated from the array (Figure 12). The protein molecules in the plume collide with the
excited matrix molecules, whereby the matrix molecules transfer protons to the proteins and
create charged proteins. Due to repeated processes, the proteins can get multiple charges.

Figure 12. The chip array (aluminium carrier) contains immobilized GAD 65 antibodies, enabling it to
focus specially on the GAD 65 antigen. The sample molecules are mixed with small matrix molecules,
facilitating desorption and ionization of the proteins in the mixture. The laser pulse excites the matrix
molecules; the serum molecules are liberated from the array and protonized.

2.3.3. TOF-measurement
Inside the vacuum chamber, an electric field (along the direction r) is generated by an
electrostatic accelerating potential U :



E U
r

(23)
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The electric field is switched on synchronously with the end of the laser pulse. The
protonated molecules are then accelerated in the electrical field by a force:


F  zeE

(24)

Where z is the net charge of the ionized molecule and e is the elementary electron charge
( 1.602  1019 C). The molecules are accelerated into a field-free region, the TOF tube (Figure
11). Inside the TOF tube, the ionized molecules move toward the ion detector. The physical
principle of the TOF analyser is that proteins, which have a different mass over charge ratio
m
are accelerated differently and enter the TOF tube with different velocities. The ratio
z
of each protein molecule is recorded on the basis of the time required to pass through the
tube. A protein with a net charge z , which passes through a potential difference of U ,
acquires an energy of:

 

EPot  zeU

(25)

The net charge is always a multiple whole number of the elementary electron charge e . The
potential energy is converted, during the acceleration of the charged protein, into kinetic
energy:
m 2
v  zeU
2

(26)

Where m is the protein mass and v is its velocity. Then the velocity of the protein inside the
TOF tube equals:

v

2zeU
m

(27)

Because the molecules gain the same kinetic energy in the electric field, the velocity of the
molecules with a small mass is bigger than the velocity of molecules with greater masses. If
the TOF tube has a length of d , the time of flight to the detector is given by:
tTOF 

d
v

(28)

The introduction of the molecule velocity (formula 27) into the equation yields:

tTOF 

m
d
2zeU

(29)

Then, the mass over charge ratio can be expressed as a function of the time of flight of the
molecule:
 m   2eU 
2
    2   tTOF 
z  d 

(30)
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The detector measures the time interval between the switch on of the electric field and the
moment a charged molecule hits the detector. When the molecules strike the detector plates,
the plates release a certain multiple of electrons. The release of electrons is generally
amplified by a cascade of successive releases (avalanche effect). The detector signal is then
defined by the ratio of released electrons and the number of molecules striking the detector
plate.

2.3.4. Mass spectrum and calibration
The counted totals per time interval are displayed in the spectrum (Figure 11). The detection
of molecules with the same molecular weight and the same electric charge produce a signal
which is called a singleton peak. A peak in the spectrum is then the signal induced by
neighbouring singleton peaks. The peak area is proportional to the number of detected
molecules. The baseline of the spectrum is formed by the dark current inside the detector
and the detected air molecules. In practice, linear deviations from the expected (theoretical)
relation are observed. Therefore a calibration must be performed before the measurement.
The calibration equation is given by:
m
2
   αU  tTOF  t0   β
z
 

(31)

The calibration equation considers the linear deviation in the spectrum by inserting the
extraction delay t0 and the calibration parameters α and β . The parameter α is given by:
 2e 
α  a 
 d2 

(32)

The factor a is a temporary dummy variable. By measuring the time of flight tTOF of
molecules with well known masses, the calibration parameters α and β are determined.

2.3.5. Experiments
The sera were tested on a PS20 slide provided by Phadia, Sweden-Diagnostic,
Freiburg/Breisgau, Germany. PS20 Protein chip arrays are 8 spot chips with 2 mm diameter
spots, spatially compatible with one column of a standard 96-well microplate. The
investigations were made with the Ciphergen system (Ciphergen Protein Chip Software 3.0)
and the calibrations of the spectra were realized in point of view of the GAD 65. The serum
was applied on the array and covered with the matrix from the laboratory of the Pasteur
Institute in Paris. In a first experiment, sera without dilution were used and in a second
experiment, the sera were diluted. To realize a diagnostic procedure, every serum was
tested in duplicate with different successive dilutions (1:5, 1:10, 1:20.). Within the latter of
“marker molecules” with known molecular weight such as Albumin and the analytical GAD
65 molecule purisimum and in spiking experiments, the existence of GAD 65 can be
estimated. The concentration of albumin in sera is of course tremendously higher than the
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concentration of the expected GAD 65. By use of the protein chip PS20 with fixation by
covalent bonds of the GAD 65 antibodies, the contamination of the exuberant albumin is less
disturbing. The sera from 2 paediatric patients (also contained in the sample set of the FCS
measurements) with early onset of diabetes mellitus type 1 were kindly provided from the
serum bank of the Department of Paediatrics of the Medical University of Graz.

3. Results
3.1. FCS
Clean and spiking experiments allowed a minimal precisely detectable amount of the GAD
65 at the concentration of 2.65 microgram/ml. The measured diffusion times are shown in
figure 9. This enabled a sufficient serum dilution and avoids interference by auto
fluorescence and other proteins in the FCS system. With diffusion times of 985 resp. 630
microseconds, GAD 65 could be found in 8 sera from patients with diabetes in an early
onset. 4 of the patients were juvenile patients and 4 were adults, which were initially used as
controls, who retrospectively showed signs of autoimmunity.

3.2. ELISA
GAD 65 was found in different concentrations, where the values range from 0.10-514.7
ng/ml (1 ng/ml = 10-9 g/ml), in all the samples (Figure 13). This leads to an average
concentration of 58.00 ng/ml. The correlation between the GAD 65 concentrations from
samples stored at room temperature and the same samples stored in a refrigerator cooled at
-80°C are shown in Figure 14.

Figure 13. With the ELISA setup, GAD 65 was found in human sera from a blood bank, with values
ranging from 0.10-514.7 ng/ml.
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Figure 14. Correlation between the GAD 65 concentrations from samples stored at room temperature
and cooled at -80°C.

The high value of the correlation coefficient (0.9668) shows that there is practically no
difference in the concentrations between samples at room temperature and the same
samples at -80°C. Additionally, the correlation between the GAD 65 concentrations taken
from samples stored at room temperature and taken from the same samples after a time
delay of one week was calculated. During this week, the samples were stored at room
temperature (Figure 15). The value of the correlation coefficient (0.9897) demonstrates that
the GAD 65 molecule remains highly stable over a time period of one week.

Figure 15. Correlation analysis between the GAD 65 concentrations taken from samples stored at room
temperature and taken from the same samples after a time delay of one week.
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3.3. SELDI-TOF
Evidence for GAD 65 in one serum sample in the mass spectrum was found, giving a peak
very close to albumin with a molecular weight of 65 kDa. This serum was from a juvenile
patient with an early onset of diabetes mellitus type 1. Peak evaluation after spiking
experiments was done to have comparable results as with FCS. The spectra always show the
peaks of the antibodies at 50, 75 and 150 kDa. The spectra of the diluted sera (Figure 16)
show a much diminished peak of the reference albumin. For the interpretation of the results,
the peak intensity at 65 kDa was calibrated in proportion to the intensity of the albumin
peak in the reference. The intensity of the appropriate peak in the spectrum is greater than
the peak obtained for albumin by a factor of 8.4.

Figure 16. The sera are diluted at 1:20. The spectrum of the diluted serum shows a peak at 65kDa which
may results from GAD65. The intensity of the peak is greater, by a factor of 8.4, than the corresponding
albumin peak. This serum is from a paediatric patient with diabetes mellitus type 1 at an early stage.

4. Molecular analysis and visualization
Functional specificity and biological function of a protein are linked to its structure. Due to
the 3-D folding structure, the residues, which are responsible for the protein function, are
brought into a precise geometric arrangement. The rest of the protein structure is mainly
necessary to enable and maintain the correct spatial position between the amino acids on the
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active site. Therefore, to understand a protein function, the 3-D structure of the protein
reveals far more information than its sequence.
For an analysis and planning of neutralization of GAD 65 with antibodies in the sera, the
locations and shapes of the epitopes on the GAD 65 molecule are important. The structural
visualization of the GAD 65 molecule and its epitope locations is illustrative and may help
the reader to speculate on the antigenic sites of the molecule, enabling an understanding of
the interaction with the immune-receptor, which is the basis for the development of active
or passive immunotherapy in the near future. The epitopes are well known in literature and
were identified by homolog-scanning mutagenesis, where segments of sequences from a
homologous molecule (GAD 67) known not to bind to the specific antibodies are
systematically substituted throughout the GAD 65 gene [57,58]. A complete or partial loss of
antibody reactivity by the resulting mutated molecules (chimeras) suggests that GAD65
specific sequences required for contact with the antibody has been exchanged by the point
mutation. The quaternary structure of GAD 65 was determined experimentally by X-ray
diffraction [59]. In this paper the visualization is done with the Swiss-Pdb Viewer
(http://spdbv.vital-it.ch) [60].

4.1. Visualisation of macromolecules
Bioinformatics is an interdisciplinary discipline between computer science and molecular
biology. On one side, bioinformatics is a science with interconnected data banks, connecting
sequence information to structural, biomedical and clinical data. On the other side,
bioinformatics is a science which provides mathematical algorithms and computational
tools for: detecting sequence similarities and finding homologous sequences; prediction,
analysis and visualization of protein 3-D structure etc.
Structural information about proteins is available in the PDB structure database, an
international repository for 3-D structure files [61]. Once a protein structure has been
determined experimentally, either with crystallographic methods or by nuclear magnetic
resonance spectroscopy, the structural information is deposited into the PDB. The
structural information is stored in the PDB as data files, which contain mainly the
Cartesian coordinates of all atoms involved in the protein (Figure 17). The entry point to
the structural protein data is the PDB web site: http://www.rcsb.org/pdb. The database is
accessed via Internet and the selected PDB data files, containing the atomic coordinates,
are downloaded. The data files are used as input for protein visualization and the viewer
software transforms the information in the PDB data file into an appropriate
representation of the protein 3-D structure. Usually the molecules are visualized by
“balls-and-sticks” models or by ribbons showing their secondary structures (Figure 5).
The step from a molecule (set of connected atoms) to geometric shape is done by space
filling diagrams. The theory of space filling diagrams is part of topology: the area of
mathematics concerned with spatial properties that are preserved under continuous
deformations of objects.
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Figure 17. Protein structural information is available at the Protein Data Base (PDB). At the moment the
database contains more than 80.700 experimentally determined structures. The PDB is contacted
through the Internet. The structural information is stored in the PDB data files as atomic coordinates.
The B-factor indicates the precision of each atom position. The requested PDB data files are downloaded
and the protein structure visualized locally.

4.2. Space filling models and molecular shapes
Space filling diagrams are models that represent a molecule by the space it occupy [62-65].
They are embedded in the 3-D space ( 3 ) and show properties that make them suitable for
molecular analysis. Each atom in a space filling diagram is represented by its location in
space and a quantitative expression of influence on its surrounding. Most commonly, the
space-filling diagram of a molecule is defined as the union of overlapping balls Ai :

SFM 



i

Ai

(33)

The molecular boundary is defined as the envelope of the union of overlapping spheres.
Three types are of special interest: the van der Waals model, the solvent accessible model
and the molecular surface model.
Van der Waals model (VW): Due to the movement of the electrons around the atomic
nucleus, an atom can be considered as an electric dipole. The dipole of an atom polarises the
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neighbour atom resulting in a transient attractive force between the atoms. Conversely, at
short ranges a repulsive force between the electrons of both atoms arises. The radius at
which the repulsive force begins to increase sharply is called the van der Waals radius. The
van der Waals sphere Ai of the i -th atom of a molecule is specified by its atom type and has
a location in space: zi  3 and a radius ri    . This radius ri is the same for all atoms of
the same type i . The van der Waals model of a molecule is a union of balls:





VW  x  3 i : x  zi  ri ; i  1,..., N  

(34)

N is the number of atoms in the molecule. That means: the van der Waals model is the set
of points x which are located inside the distance ri from the centre of the van der Waals
sphere Ai . The van der Waals spheres of binding atoms overlap, whereas the spheres of
non-binding atoms do not overlap (Figure 18). As the van der Waal model, the following
space filling models depend on the atomic van der Waals radii and the coordinates of the
atoms in the molecule.

Figure 18. Van der Waals surface of GAD 65: The boundary of the space filling diagram is made up as
envelope of the union of spheres with van der Waals radii.

Solvent accessible model (SA): The interaction of the Van der Waals model and a solvent
molecule, represented as sphere of radius ρ , is studied by increasing the radius ri of every
van der Waals sphere, associated to an atom Ai , by ρ . That means: the radius of the van der
Waals sphere is expanded by the radius of the solvent (Figure 19). The solvent accessible
model is then defined (similar to the van der Waals model) as the union of the enlarged balls:





SA  x  3 i : x  zi  ri  ρ; i  1,..., N  

(35)
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Figure 19. Solvent accessible model of GAD 65: The boundary of the space filling diagram is made up as
union of spheres which are grown by the radius of the sphere of a single solvent molecule. The accessible
surface is the surface generated by the centre of the solvent sphere rolling of the van der Waal surface.

The accessible surface is the surface generated by the centre of the solvent sphere rolling of
the van der Waals surface. The radius ρ of the solvent sphere is usually set to 1.4 angstrom
(the approximate radius of a water molecule).
Molecular surface model (MS): A model that resembles in size the van der Waals model
and in connectivity the solvent accessible model is the molecular surface model. It consists
of all points x  3 that lie outside all solvent spheres disjoint from van der Waal modell:





MS  x  3  ySA : x  y  ρ

(36)

The surface is generated by a sphere of radius ρ rolling about the van der Waals model. The
molecular surface is the envelope generated by the rolling sphere. It differs from the van der
Waal surface by covering portions of the volume inaccessible to the rolling sphere (Figure
20). It consists of sphere and torus patches connected in a tangent continuous manner. The
shape of a molecule is described by the molecular surface, which is the boundary of the
molecule volume within which no other molecule can enter. The molecular shape of the
antigen and the corresponding antibody is of special importance for the understanding of
their intermolecular interaction. The interaction is usually described in terms of locks and
keys: The shape of the lock (the antigen) must be complimentary to the shape of the key (the
antibody) to initiate an immune response. The body develops antibodies with the right
shape to attack specific antigens. The docking places for the antibodies are the epitopes of
the antigen. The locations of the sequence fragments, constituting the epitopes, are
highlighted on the GAD 65 3D structure (Figure 21). Molecular surfaces are suitable for the
visualization of the epitope shapes, which enables a pictorial analysis of the local docking
sites and their fitting. For the quantification of the epitope accessibility to the paratopes of
the antibodies, dual models of the space filling diagrams are used.
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Figure 20. Molecular surface of GAD 65: Boundary that is obtained by rolling the solvent sphere over
the van der Waals surface. The molecular surface is the envelope generated by the rolling sphere. It
consists of sphere and torus patches connected in a tangent continuous manner and filling up the
inaccessible crevices and cusps.

Figure 21. The GAD 65 molecule is represented by its molecular surface. The shapes of the GAD 65
epitopes, enable a pictorial analysis of the local docking sites. The exposure values of the residues,
constituting the epitopes, were calculated by Voronoi tessellation. These values (in %) indicate how much
the epitopes are exposed to the surrounding solvent, indicating the accessibility to potential antibodies.
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4.3. Dual models and exposure values
The space filling models have a common dual counterpart. The dual counterpart is
constructed by the Voronoi diagram that decomposes the union of balls (VW or SA model)
into convex pieces [66-68].

Space-filling diagrams

Dual structures

Van der Waals model
Solvent accessible model
Molecular surface

Voronoi diagram
Delaunay triangulation

The weighted distance of a point x  3 from Ai is defined as:
πi (x)  x  zi

2

 ri2

(37)

The Voronoi cell Vi of Ai is the region of points whose weighted distance to Ai is as least as
small as to any other ball:





Vi  x  3  j : πi ( x)  π j ( x)

(38)

Each Voronoi cell is an intersection of closed half-spaces and therefore a convex polyhedron.
Any two Voronoi cells overlap at most along some piece of their boundary and together the
collection of cells covers the entire 3 . The common intersection of k  1  1 Voronoi cells is
either empty or a common (3-k)-dimensional face. In Voronoi tessellation, the space,
containing a set of discrete points Pl , is subdivided into the non overlapping Voronoi cells
[68]. Each cell Vl is associated with an element of the set of points Pl in that way, that every
region contains space points x , which have the shortest distance to the associated point:





Vl  x  3 | Pl  x  Pk  x , l  k

(39)

This partition of the space is called Voronoi tessellation. In the definition, the Euclidean
metric is used as measure:
3

Pk  x 

 P x
k

i

2

(40)

i 1

For a given set of points the Voronoi decomposition is unique. The set of Voronoi cells is
called a Voronoi diagram, which defines the topological relations of the set of discrete points
(Figure 23A). The Voronoi tessellation describes the space filled by a packing of solid
polyhedrons, connected by their faces, without empty space between them. The
configuration of the cells provides information about the package of the associated set of
points. Each cell in the diagram is characterized by its number of edges and faces (Figure
22). All the values concerning the individual cells, such as: cell volume, cell surface, number
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of sides, number of faces, area of contact faces and distances between the representative
points, are derived from the geometry of the tessellation.

Figure 22. Voronoi tessellation of the GAD 65 molecule. Each Voronoi cell Vl is a polyhedron which is
uniquely associated with one of the residues. The Cα atoms are used as centre points. Each cell in the
Voronoi diagram is characterized by its number of edges and faces. The common faces of the cells
define the contacts with nearest residues.

For completeness, let us shortly introduce the Delaunay triangulation. The Delaunay
complex is a collection of simplices that records the overlap pattern among Voronoi cells.
The complex contains the convex hull of k  1 ball centres if their corresponding Voronoi
cells have a non-empty common intersection. Let B be a subset of k  1 atoms with
ZB  zi Ai  B and VB  Vi Ai  B . Then the Delaunay complex is:











D  σ  H conv (ZB )

V

B





(41)

Where ( Hconv (ZB ) denotes the convex hull of the points in ZB . Figure 23A shows a Voronoi
tessellation of a set of 4 points in the plane. In 2-D the Voronoi cell of a point is given by a
polygon, where the intersection of the contact lines is build with aid of the lines joining the
neighbour points. The set of segments joining the points two by two is called Delaunay
triangulation, which is the dual of the Voronoi diagram (that means that it represents the
same geometrical information about the set of points).
A Voronoi tessellation can be used to quantify the contact areas of individual residues in
proteins. The tessellations are mostly performed on the alpha carbon atoms (as point Pl ) of
the structure. The tetrahedron set, sharing a particular alpha carbon Cα as a vertex, defines
its closest neighbourhood. The circumscribed sphere of each tetrahedron does not contain
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any other alpha carbon (Figure 22). Two residues are in direct contact if their corresponding
cells share a common face. To obtain quantitative values for the epitopes area, the exposure
rate of the epitopes to the surrounding solvent was calculated. The contribution of an amino
acid, at the epitope, to the exposure rate, is characterized by the number and size of the faces
of its Voronoi cell exposed to the solvent. The total area of the Voronoi cell Vl of the l -te
residue is denoted by Fl . The area of the i -te common face to the solvent is: ai . N a is the
number of common faces. Thus a measure for the exposure of the l -te residue to the solvent
is the relative exposure value:
1
El 
Fl

Na

a

(42)

i

i 1

The total area of the epitope can be quantified by summing up the areas for all the involved
residues. Then, the contribution of the l -te residue of the epitope is given by the relative
contribution:
Il 

El Fl

(43)

E F

j j

j

The relative exposure values (in %) of the epitope residues give hints about the
accessibilities of the antibodies to the GAD 65 molecule and are shown in Figure 21. The
Voro3D software was used for the Voronoi tessellations (http://www.lmcp.jussieu.fr/
~mornon/voronoi.html) [69].

4.4. Molecular electronic states and molecular recognition
The structural visualization of the GAD 65 molecule and its epitopes, together with their
electrostatic field, is illustrative and may help the clinical immunologist to better imagine
the mechanisms of the GAD 65 antigenicity. The specific antigen-antibody recognition and
the attraction of the two molecules are done by the electrostatic fields surrounding the
molecules. The electrostatic potential can be studied locally at the epitopes or globally,
surrounding the whole molecule at different distances. The local electrostatic potential
generated by the epitope residues, at the epitope location play a role in the recognition and
adjustment of the antibody at the docking place. The global electrostatic potential is
extending in the surrounding solvent influencing other molecules.
The electron behaviour in molecules is treated by methods based on quantum theoretical
calculations. The Hamiltonian operator for the electronic Schrödinger equation describes the
dynamic of the involved electrons [70-72]. For a molecule with N electrons and K nuclei,
the Hamiltonian operator is given by:
N

H


i 1

2
 
2m i

N

K


i 1 a 1

Za e 2
rai

N



N


i 1 j 1
j i

e2
rij

(44)
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Figure 23. A) Voronoi tessellation (red) of a set of 4 points in the plane together with the dual Delaunay
triangulation (blue). B) The interactions between the electrons e and nuclei a, b of a molecule. C) The
independent electron moves in the electrostatic field of the nuclei and the averaged field of all other
electrons. D) The molecular orbital  is build as linear combination of atomic orbital.

The Hamiltonian operator involves the kinetic energy of the N electrons (first term:   h ,
2π
h is Planck’s constant 6.626  1034 Js) the interaction of the electrons with the K nuclei
(second term), the electron-electron interactions (third term). Za is the nuclear charge in
atom a , rai is the distance between electron i and nucleus a , rij is the distance between
electron i and electron j (Figure 23B). Then the electronic properties are calculated with the
nuclei coordinates as parameters which are provided by the corresponding PDB data files.
The resulting major part of the further calculation remains in solving the electronic
Schrödinger equation:

H  n  En n

(45)

The only possible values for the energy in quantum theory are the eigenvalues En of the
Hamiltonian operator in the Schrödinger (eigenstate) equation with eigenfunctions  n . A
significant simplification can be obtained by introducing an independent-particle model
where the dynamic of an electron is considered to be independent of all other electrons and
the interaction is taken into account in an average fashion. That means that the electron
moves independently in the electric field of the nuclei and the field of all other electrons
(Figure 23C). In the independent-particle model, the total state function  of a molecule
with N electrons is the product of the N single electron state functions  k ( k  1,..., N ). In
quantum theory, the values of an observable are the expectation values of the corresponding
operator in pure (eigenstates) or mixed states (linear combination of eigenstates). The energy
of a molecular system, described by an appropriate state function, is therefore calculated as
the expectation value of the Hamiltonian operator (in Dirac bra-ket notation):
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E  H 

(46)
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The energy of the molecular system, in the independent-particle model, is then given by:
N

E

  (i) h
k

k 1
N



N


k 1 l 1
lk

i

 k (i)

  (i) ( j) h  (i) ( j)   (i) ( j) h  (i) ( j) 
l
ij
k
l
k
l
ij
l
k
 k


(47)

The first expression describes the mean kinetic energy of the electrons and the potential
energy in the electrostatic field of the nuclei.
 2
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The second term describes the Coulomb interaction between 2 electrons, where one electron
is located in the k-orbital and the second in the l-orbital (the charge is distributed inside the
orbitals).
 k (i) l ( j) hij  k (i) l ( j) 
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(49)

The third term describes the exchange interaction resulting from the indistinguishability of
the electrons (this is a pure quantum effect and has no classical analogue).
 k (i) l ( j) hij  l (i) k ( j) 
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Since molecular systems, involve the motions of a large number of electrons, their
Schrödinger equations cannot be solved exactly and approximate solutions must be used.
The molecular orbitals are expanded in terms of the basis functions, the atomic orbitals:
M

 n (ri ) 

c

nμμ (ri )

(51)

μ 1

This expansion is called “Linear Combination of Atomic Orbitals” (LCAO). μ (ri ) are the
well known atomic orbitals: s-orbital, p-orbital, d-orbital. The coefficients cnμ define the
contribution of the atomic orbital’s to the molecular orbitals and are the weight of the μ -the
atomic orbital in the n-te molecular orbital (Figure 23D). These coefficients have to be
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determined to find the molecular orbitals. Until now the molecules were considered as a
system of electrons and nuclei, the expansion in atomic orbitals reflects the chemical view
where molecules are building up of single atoms. The objective is now to find molecular
orbitals that make the energy a minimum. This is done by determining a set of coefficients
cnμ that minimize the energy:
δE 

E
 c*nμ

0

(52)

( c*nμ is the complex conjugate of cnμ ). The variation procedure yields the HF-LCAO (HF:
Hartree-Fock) equation system (also called Roothan-Hall equations) for the coefficients:
M

 H

αβ



 εnSαβ cnβ  0

β 1

(53)

This is the most important equation in the quantum theory of molecules. Sαβ is the overlap
matrix:



Sαβ  α* (ri ) β (ri )dVi

(54)

The solutions of the HF-LCAO equation system are the energy εn ; (n  1,...,M) and the
coefficients cnβ ; ( β  1,..., M) for the molecular orbitals  n ; (n  1,...,M) . It is a linear
equation system, of dimension MxM , where the solutions for larger molecules highly
depend on computer power. The dimension of the equation system depends on the number
of atoms and the involved atomic orbitals. In the simplest version only the p-orbital’s
contributing to the delocalized π -bonds are considered (Hückel molecular orbitals), in a
higher version all the valence orbitals contributing to the chemical bonds are used
(Extended Hückel). In more sophisticated versions, beside the valence orbitals also inner
atomic orbitals are used. The complexity of the equation system and the computational
power depend on the evaluation of the integrals. The matrix elements of the Hamiltonian
are given by:
Hαβ  α (i) hi β (i)
M
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(55)

Pαβ is the density matrix, which is defined by:
N /2

Pαβ  2

c
n 1

*
nα cnβ

(56)
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A principal difficulty in solving the HF-LCAO equations is the large number (  M 4 ) of twoelectron integrals. These integrals can involve up to four atomic centres. Therefore
calculations for large molecules require enormous computer power. Semi-empirical
methods reduce the computational cost by neglecting all three-centre and four-centre twoelectron integrals and the use of empirical parameters.

Figure 24. A subset of the molecular orbitals from the epitope M5 is shown together with their energy
levels. Positive values of the molecular orbitals are green encoded, negative values violet. The most
important orbitals in organic chemistry are the highest occupied molecular orbital (HOMO: 104 A) and
the lowest unoccupied molecular orbital (LUMO: 105 A).

The molecular orbitals are arranged in order of increasing energy εn (Figure 24). Then the
electrons are assigned to the orbitals beginning with the lowest energy. As a result, in a
system with N electrons, the N/2 lowest molecular orbitals are occupied by respectively up
to two electrons with opposite spins. The remaining M-N/2 (virtual) orbitals are unoccupied
in the ground state and are occupied in excited electronic states (Figure 24). Physically, the
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square of the orbitals represents the electron spatial density distribution or in other words:
the probability for finding the electron in a certain space volume element. Because of the
protein size, a full treatment on the quantum level is beyond the realm of the available
computers. Therefore mixed quantum/classical (QM/MM) methods are chosen, whereby the
GAD 65 molecule is divided into the epitopes, where a quantum description is required, and
the rest of the molecule which is treated classically by molecular force fields (Figure 25).
Once the molecular orbitals are known, a number of molecular properties can be calculated
out of the molecular orbitals. The electron density is given by:
ρ(r) 

  (r)  (r)
*
n

n

(57)

n

Figure 25. The electron density distribution at the residues of the epitope M5 is shown. The electron
density in the visualisation is colour encoded according to its electrostatic potential. For large
molecules, like GAD 65, the molecule is divided into a classical region and a quantum region. The
epitope residues are treated by quantum mechanics and the rest of the molecule is treated classical by
using molecular force fields. The spatial orientation of the dipole moment is shown (dotted lines). The
5
3
surface shows electron density values of 8  10 e / a0 .

It describes the distribution of the electrons in the molecule (Figure 25). The values of the
electron density are expressed in units of e / a03 , where e is the electron charge and a0 is the
Bohr radius (0.5 angstrom).
The electrostatic potential V (r) is expressed as an electrostatic potential map, showing
constant contouring values.
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The first part of the equation results from the electrostatic potential of the atomic nuclei
(point charge at position Ra ) and the second part from the electron distribution (Figure 25).

The values of the electrostatic field are expressed in units of e / a0 . The electrostatic field E
acts perpendicular on the potential surfaces. It is a measure of the force exerted between
molecules. The electrostatic potential at the epitope location plays an important role in the
specific antigen-antibody recognition e.g. the specific interaction of the antigen GAD 65 with
antibodies (Figure 26). At greater distances, the charge distribution of the whole molecule is
taken into consideration and the electrostatic potential attracts molecules in more extended
ranges (Figure 27). The quantum mechanical calculations were done with HyperChem
(http://www.hyper.com).

Figure 26. The spatial distribution of the electrostatic potential surrounding the residues of the M5
epitope. Negative values are red encode, positive values green. The surface shows where in 3D the
electrostatic potential has a value of 3.8 e / a0 .

Figure 27. The electrostatic potential surrounding the GAD 65 molecule plays an important role in the
specific antibody recognition. The electrostatic potential map shows contours of constant values.
Positive potential values are drawn in blue, negative values in red. Different constant electrostatic
potential values, ranging from the neighbourhood (left) to more extended ranges (right) are shown.

The Role of the Antigen GAD 65 in Diabetes Mellitus Type 1: A Molecular Analysis 243

5. Discussion
The enzyme GAD 65 was generally considered to be strictly intracellular. But such a strictly
intra-cytoplasmatic antigen would never have access to the immune system. With the
ultrasensitive FCS technology, GAD 65 could be found to exist in peripheral blood of
patients with diabetes mellitus type 1. It was measured with a sensitivity of 2.65
microgram/ml in the sera of adult and paediatric patients. The antigen was not found in all
the patients’ sera. The reason of the incidence is probably due to the complexed form
(antigen-antibody complex) of GAD 65 at the time of investigation, hence hiding the antigen
in the antibody excess. This could make it undetectable for FCS.
To understand the procedure and development of immunization and therefore the
occurrence of GAD 65 antibodies in the blood, it was proposed that in an initial step the
immune system is primed by the accessibility to GAD 65. The assumption was that the
enzyme has to be in the human serum and should be found in higher concentrations before
the onset of the disease. FCS is a very sensitive method, but the technique requires a
labelling of the antibodies with dyes, which is very difficult to achieve and makes the
measurements with FCS time consuming and expensive. Furthermore, the method is very
sensitive to disturbance, resulting from other proteins (like albumin) and free dye
contamination. Therefore and encouraged by the relative high concentration of GAD 65 in
the blood of patients with diabetes mellitus type 1, we used in the following an ELISA setup.
In the ELISA setup, the antigen GAD 65 was detected, in the peripheral blood of persons
representing a cross-section of 64 samples in a blood bank. The result from the ELISA
experiments demonstrates that GAD 65 exists, in mostly small amounts, in the sera of the
blood-donors. The average concentration of GAD 65, by taking all these samples into
consideration, is 58.00 ng/ml. By assuming that the most blood-donors are healthy, it can be
expected that GAD 65 exists in at least small concentrations in the human peripheral blood.
(For the diabetes mellitus type 1 patients the concentrations are by factors 40-50 higher). The
correlation analysis of the samples stored at -80°C and additionally at room temperature
showed that the GAD 65 molecule in the sera is stable at room temperature. By determining
the correlation between the GAD 65 concentrations, taken from samples stored at room
temperature and taken from the same samples after a time delay of one week, it was found
that he molecule GAD 65 is sufficiently stable in sera.
By the use of SELDI-TOF and the study of some specimens used in the previous work with
FCS we found some evidence for the diabetic antigen GAD 65 in a peak close to albumin.
The albumin, produced in the liver, is the most abundant protein in human blood plasma.
The reference range for albumin in blood is 35 to 53 mg/ml. Its concentration is therefore
higher, by a factor above 10.000, than the expected value of GAD 65 (2.65 microgram/ml).
The molecular weight of albumin is 66.47 kDa and therefore near the molecular weight of
GAD (65 kDa). The weights differ only by 2.26%. Because of the tremendously higher
concentration of albumin in the sera, a peak evaluation in regard of GAD 65 could not be
achieved in a proper manner. Although an array with GAD 65 antibodies was used to pick
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out the antigen of the sera, it seems that the omnipresent albumin could not be completely
washed out, but remained partially on the chip bounded by van der Waals interactions. This
leads to a superposition of the GAD 65 peak and the albumin peak at  65 kD , which
complicate the proper detection of the antigen. The results of these first trials show that the
application of SELDI-TOF for the detection of GAD 65 in human sera, in the manner
presented here is not reliable for a routine procedure. In conclusion, the development of
new techniques for the separation of GAD 65 from albumin is necessary for an accurate and
reliable diction of the diabetes type 1 antigen.

Figure 28. Interacting molecular surfaces. The major histocompatibility complex (MHC) protein (blue)
I-Ag7 interacts with GAD 65.

The source of GAD 65 in serum of normal healthy human is unknown. Numerous
hydrophobic parts at the protein surface enable a potential interaction with the hydrophobic
membrane lipids, leading to a reversible anchoring of the molecule to the cell membrane.
Another source may be the normal turn-over of beta cells. To explain the mechanism of
autoimmunization, the visualization of the GAD 65 tertiary structure, together with its
antigenic determinants and the associated electrostatic field, is essential. Molecular
modelling enables an imagination of the GAD 65-antibody interaction and understanding of
antigenicity and binding sites, which is the basis for the development of an active or passive
immunotherapy [73]. The 3-D molecular surface, derived from space filling models,
illustrates the fitting of the GAD 65 epitopes to the paratopes of the antibodies (GADA) and
other associated molecules (Figure 28). It enables a pictorial understanding of the interaction
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with the antibody via complementary surfaces. Quantitative values for the GAD 65
antigenic properties were obtained with Voronoi tessellation (dual model) by calculating the
exposure rate of its epitopes to the surrounding solvent and the GAD antibodies. The
electrostatic potential and details of the electronic structure of the GAD 65 epitopes were
calculated by quantum theoretical methods. The specific antigen-antibody recognition and
the attraction of the two molecules are done by the electrostatic fields surrounding the
molecules. The local electrostatic field at the epitope location plays a crucial role in the
antibody-antigen recognition.

6. Conclusion
Biomarkers are molecules which are associated with a particular disease, whereby he
identification of specific biomarkers in the early stage of disease, improves the success of the
therapy. However, a single value is not expressive for interpretation. Only the time
progression of the biomarkers is interpretable. Due to its stability and its frequent existence
in the human blood, it might be that GAD 65 could be a suitable candidate as biomarker for
diabetes mellitus type 1. The results from the GAD 65 studies could also be important for
the therapy of diabetes mellitus type 1 by passive administration of GAD 65 antibodies or
even the application of GAD 65 for vaccination. First trials of injections with the antigen
GAD 65 has been shown to preserve some insulin production for 30 months in humans with
diabetes mellitus type 1. To gain more insight into the role of GAD 65 for early diagnosis
and therapy, an additional screening of further samples, with corresponding case history, is
planned. To use GAD 65 as a biomarker of diabetes mellitus type 1, a big longitudinal study
will be necessary to follow children of high risk category by monitoring their GAD 65 serum
level over time. By comparing to normal healthy subjects, a potential differentiator may be
indentified.
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