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Abstract

Primary sequence analysis is an important step in determining the structure-
tunction relationship for a given protein or peptide. By far the most popular sequencing
method in use today is the Edman degradation. A number of automated Edman
sequencers are commercially available. They all incorporate high performance liquid
chromatography (HPLC) with ultraviolet (UV) absorbance detection for identification of
the phenylthiohydantoin (PTH) amino acid sequencing products. This detection system
is suitable for the analysis of proteins at the low picomole level. However, many
biologically active proteins can only be isolated at the mid to low femtomole level. This
thesis describes the development of a sequencer that has the potential to successfully
analyse these rare proteins.

The new sequencer incorporates three major modifications from current
instruments. First, sequencing products are identified by capillary electrophoresis with
laser induced fluorescence (CE-LIF) detection. This approach allows for unambiguous
identification of the fluorescein thiohydantoin (FTH) derivatives of the eighteen coded
amino acids studied thus far. Furthermore, mass limits of detection are in the low
zeptomole (1zmol =1x10' mols) range for all components in the separation. This
sensitivity is seven to eight orders of magnitude better. than that of HPLC with UV
absorbance detection. The second modification involves a change from
phenylisothiocyanate (PITC) to fluorescein isothiocyanate (FITC) as the primary
derivatizing agent in the Edman degradation. It is this change that results in formation of

the FTH-amino acid sequencing products that can be detected with such exquisite
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sensitivity by CE-LIF. Finally, the sequencer has been miniaturized to make it more
compatible with the volume requirements of CE. Reagents are delivered by syringe
pumps to a reaction chamber that is a fraction of the size of those found on commercial
sequencers.

This thesis presents data describing the CE-LIF separation of 18 FTH-amino
acids. It then describes the syringe pump sequencer and the modified Edman degradation
chemistry. It finishes by presenting sequencing data for five cycles of (3-lactoglobulin at
the 25 pmol, 10 pmol and | pmol levels. The data shows that this proof of principle
instrument already has a sensitivity comparable to that of state of the art Edman

sequencers.
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Chapter 1

Introduction

1.1 Introduction

The role of proteins and peptides in the life processes of all organisms cannot be
overstated. If DNA is the blueprint of life, then proteins and peptides are its tools and
materials. As such, determining how proteins function, and what causes them to
malfunction, is of primary importance in many fields of research. And the first step in
determining how a protein functions is to determine how it is put together, i.e. its amino
acid sequence. This thesis describes the development of a protein sequencer that has the
potential to improve the overall sensitivity of the sequencing process to the femtomole
level.

Current state of the art protein sequencers can provide structural information from
as little as a few picomoles of sample (1-3). This level of sensitivity has made them
extremely useful tools for protein scientists. However, there are many proteins and
peptides that are only weakly expressed and cannot be isolated even at the low picomole
level. A sequencer that could provide structural information on low femtomole amounts
of a sample would open up entirely new fields of research (4). Right now, the limit to
sequencer sensitivity is related to the high performance liquid chromatography (HPLC)
with ultraviolet (UV) absorbance detection technology used to identify the sequencing
products (5). So any improvement in sensitivity will require an improvement in the

sequencer detection system. Chapter 2 of this work describes a detection system for
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protein sequencing products based on the use of capillary electrophoresis with laser
induced fluorescence detection (CE-LIF). This technique shows a six order of magnitude
improvement in sensitivity over the HPLC with UV absorbance detection systems
currently in use.

There are two main obstacles associated with using CE-LIF for protein
sequencing. First, the volume requirements of CE are approximately five orders of
magnitude less than the volume requirements of HPLC. This disparity makes it
impossible to couple a CE-LIF instrument to a sequencer designed to be used with an
HPLC. Any improvement in sensitivity associated with the use of CE-LIF would be lost
due to the extremely small percentage of each sample that would be analysed. For this
reason, a new sequencer with volume requirements that are more compatible with CE had
to be built. The construction of this instrument is described in Chapter 3. The second
obstacle to using CE-LIF for sequencing is the fact that LIF detection requires fluorescent
analytes and the products from the standard sequencing chemistry are not appreciably
fluorescent. In Chapter 4, the optimization of a modified sequencing chemistry that
generates fluorescent products is described. Preliminary sequencing results using this

chemistry are then presented in Chapter 5.

1.2 Capillary Electrophoresis

Electrophoresis involves the movement of charged species in solution due to the
application of an external electric field. It is used extensively in the biological sciences

as a means to identify and purify species of interest, often from very complex mixtures.
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The utility of electrophoresis as a separation technique stems from the difference in
migration rate for analytes that differ in either charge or size. A mixture of such analytes
exposed to an electric field will become stratified according to their individual migration
rates. The analyte or analytes of interest can then be identified and collected for further
study.

The most popular electrophoresis method in use today incorporates a gel matrix as
a solid support in which separation of the analytes of interest can take place.
Unfortunately, there are some intrinsic properties associated with gel electrophoresis that
serve to limit its utility. First, gel supports have a low surface area to volume ratio.
Consequently they cannot effectively dissipate the Joule heat generated as ions move in
an electric field. For this reason, applied field strengths must be kept low to minimize the
bandbroadening that results when a gel overheats. Low field strengths also lead to low
analyte velocities, which significantly extend analysis times. Another drawback of gel
electrophoresis is that it is not as suitable for quantitative analysis as chromatographic
techniques. For this reason, classical gel electrophoresis methods are used primarily for
preparative work and for analyses where simple identification of the analyte is sufficient.
Quantitative work has traditionally remained the forte of HPLC.

In 1967 Hjerten demonstrated that electrophoresis could be performed in a
capillary (6). His work has lead to an explosion of research into capillary electrophoresis
(CE) (7). The advent of CE solved the problems that limited the utility of gel
electrophoresis methods. The small inner diameter capillaries typically used in CE have
a very high surface area to volume ratio. As such, they are much better able to dissipate

the Joule heat generated during electrophoresis. Better heat dissipation means that higher
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field strengths can be used without degrading the separation due to excessive
bandbroadening. And higher field strengths lead to decreased analysis times and
increased sample throughput. It is also much easier to perform quantitative analyses in a
capillary than on a gel. There are a number of different detectors that can be used to
identify analyte bands as they migrate through a capillary (8-11). All of these detectors
generate a quantifiable signal that can be directly related to the concentration of the
analyte. These characteristics make it possible to use CE for a large number of
applications that had previously been restricted to HPLC.

Figure 1.1 shows the basic design of a CE instrument. A buffer filled fused silica
capiliary, typically with a length of between 20 and 100 cm and an inner diameter
between 10 and 100 pm, acts as a bridge between two reservoirs. A high \;oltage is
applied at one reservoir while the other is held at ground. Analytes migrate through the
capillary from the high voltage to low voltage end with velocities dictated by their
individual electrophoretic mobilities. A detector is set at or near the low voltage end of
the capillary to monitor the signal generated as the analyte bands pass. A plot of detector
signal versus time produces an electropherogram with peaks corresponding to the

migration time for each analyte.
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Figure 1.1 Schematic of a capillary electrophoresis instrument.

As with HPLC, a number of different modes of CE can be used to tackle a wide
range of analytical problems. They include capillary zone electrophoresis (CZE),
micellar electrokinetic capillary chromatography (MECC), capillary gel electrophoresis
(CGE), capillary isotachophoresis (CITP), capillary isoelectric focussing (CIEF) and
capillary electrochromatography (CEC). These methods are all based on the épplication
of an electric field to a buffer filled capillary; however, each one incorporates a unique
modification that results in a unique mechanism of separation. As such, each method is
best suited to a different type of application. A detailed discussion of each mode of CE is
beyond the scope of this thesis. Instead, this section will focus on CZE, which is at the
heart of all of the other applications, and MECC, which is the mode of separation used

for the work discussed in later chapters.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



In CZE, analytes migrate through an open fused silica capillary according to their

individual linear velocities. The electrophoretic velocity, v, of an analyte is given by

the equation

Vg =HE (1.1)

where E is the electric field strength and [, is the electrophoretic mobility of the analyte;

an intrinsic property that is related to its charge, effective size in solution and the solution
viscosity.  Electrophoretic mobility increases with increasing analyte charge and
decreases with increasing analyte size and solution viscosity.

The dependence of L, on the charge of the analyte means that cations and anions

migrate in opposite directions in an applied electric field while neutral species do not
move at all. Therefore, if electrophoretic mobility was the only factor that determined the
linear velocity a given analyte, then a given CZE separation would be limited to the
analysis of either positively charged or negatively charged species. Fortunately, the use
of fused silica capillaries in CZE leads to a second factor that influences the overall
migration rate of an analyte: electroosmotic flow.

Electroosmotic flow (EOF) describes the movement of bulk electrolyte through a
fused silica capillary from the positive end to the negative end. It arises because there is
an excess of mobile cations in the electrolyte solution. The presence of excess cations
results in a higher net migration of ions toward the anode. The ions carry their hydration
shell with them so net migration of the bulk solution toward the anode results. The

excess cations come from the ionizable silanol groups on the inner surface of the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



capillary. Deprotonation of these silanols creates a stationary negative charge on the
capillary wall, which induces the formation of an electrical double layer at the capillary-

solution interface. Figure 1.2 shows how this double layer is organized.
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Figure 1.2 Organization of the electrical double layer in a fused silica
capillary. The size of the double layer has been greatly
exaggerated in this schematic.

The inner, or Stern, layer is composed of stationary ions that have been stripped
of their waters of hydration. It extends from the capillary wall to the Inner Helmholtz

Plane (IHP) at the locus of the electrical centres of the adsorbed ions. A second layer,
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composed of mobile, solvated ions can then form in the region immediately adjacent to
the stationary ions. This layer extends from the [HP to the OQuter Helmholtz Plane (OHP)
at the electrical centres of the solvated ions. Cations inside the OHP only partially
counter the negatively charged silanols at the capillary wall. The remaining negative
charge is balanced by an excess of solvated positive ions in the diffuse layer between the
OHP and the bulk solution. The formation of the electrical double layer produces a
potential gradient within the capillary. The shape of the gradient is also shown in Figure
1.2. Potential increases linearly from the capillary wall to the IHP. The gradient then
decays exponentially from the IHP through the diffuse layer to the bulk solution.

The electroosmotic linear velocity can be expressed in terms of the solution

dielectric constant, €, and viscosity, T, the applied electric field strength, E, and the zeta

potential, { measured at the [HP
v = &5 (1.2)

4mm

The viscosity, dielectric constant and zeta potential are all constant for a given electrolyte

solution so they can be combined to give the electroosmotic coefficient of mobility, y,,

o =2 (13)

Substitution of equation 1.3 into equation 1.2 gives
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Ve =l E (1.4)

The overall linear velocity, v, of a given analyte can then be expressed as a combination

of its electrophoretic velocity and the EOF velocity of the bulk solution
V., =V, +V_ (1.5)
Equation 1.5 can be expressed in terms of mobility coefficients and electric field strength
v =, +p,)E - (L.6)

Electric field strength is a function of applied voltage, V, and capillary length, L, so

equation 1.6 can be expanded to the form

Vv
V[ =G"'cl+p'co)f (1'7)

The influence of EOF on separations in CZE is twofold. First, EOF is typically
much stronger than a given analyte’s electrophoretic mobility. As a result all analytes,
regardless of size or charge, are effectively pumped from the high voltage to the low
voltage end of the separation capillary. This electrophoretic pump makes it possible to
separate cations and anions from each other and from neutral species in one analysis.

However, it is important to note that neutral species, with no electrophoretic mobility,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10

cannot be separated from each other. They will all simply travel at the EOF velocity and
reach the detector simultaneously. The effect of EOF on a multicomponent separation is

illustrated in Figure 1.3.

High Voltage

Separation Capillary

e O

B 00 o

-Oo@OEeDe-
.____---_@_--_@--__----

EOF ——>

Time 0O Time 1

Figure 1.3 Effect of EOF on separations by CZE.

At Time O, the sample has just been injected and all of the analytes are mixed in
the injection plug. A high voltage is then applied across the capillary producing an EOF
that begins to pump all of the analyte species through the capillary. At Time 1, the
analytes have all migrated toward the negative electrode but they have also separated

according to their individual electrophoretic velocities. The neutral species, with v =0,

have all moved with the EOF velocity and have not been separated from each other. The

electrophoretic velocity of the cations has added to the EOF so they have moved ahead of
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the neutrals, with the smaller and more highly charged species being the farthest in front.
In contrast, the anions have fallen behind the neutrals because their electrophoretic
velocities partially counter the EOF. The end result is a separation in which the cations
reach the detector first, followed by a mixture of all of the neutral species and finally the
anionic species.

The second influence of EOF is related to the flat flow profile that it produces
across the capillary. The EOF velocity is influenced by the potential gradient between
the [HP and the diffuse layer. lons at the IHP are not free to move so the EOF is zero at
this boundary. As the potential increases across the OHP and the diffuse layer, so does
the EOF. It reaches a maximum velocity at the diffuse layer-bulk solution interface (12).
This velocity is then maintained across the rest of the bulk solution. Because the diffuse
layer only extends a few nanometers into the solution, EOF is essentially constant across
the entire capillary. The constant velocity results in a flat flow profile that contrasts
sharply with the pressure induced parabolic flow profile seen with HPLC (13).

Plug flow and the lack of a stationary phase combine to make many of the factors
that contribute to bandbroadening in HPLC insignificant in CZE. In fact, the only
significant contribution to bandbroadening in CZE is longitudinal diffusion. As a result,
separation efficiency in CZE is typically much higher than in HPLC. Efficiencies in
excess of 100,000 theoretical plates are common while efficiencies of 3,000,000 (14) and
10,000,000 (15) have been reported.

The effect of longitudinal diffusion on analyte peak shape in CZE can be

described by the Stokes-Einstein equation
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o’ =2Dt_ (1.8)
where ¢° is the peak variance, a measure of bandbroadening, D is the analyte diffusion

coefficient and t_ is the analyte migration time. Migration time can be expressed in

terms of capillary length, L, and analyte linear velocity, v,

t, =— (1.9)

<

Combining equation 1.9 and equation 1.7 gives an expression for migration time in terms

of mobility

LZ

t, =
G“"cl +ueo)v

(1.10)

which can be substituted into equation 1.8 to give the peak variance in terms of mobility

o2 2DL?

= l.11
(ucl-*-ueo)v ( )

Equation 1.11 illustrates how peak variance is related to the three experimental
parameters that can be modified in CZE: capillary length, applied voltage and

electroosmotic mobility.
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The relationship between separation efficiency, expressed as the number of
theoretical plates, N, and peak variance can be determined using the rate theory of
column bandbroadening. In rate theory, the theoretical plate height, H, of an analyte peak

as it exits the column is defined as the variance of that peak divided by the column length

2
L (1.12)

Plate height can also be defined as the column length divided by the number of

theoretical plates

N (1.13)

Combining equation 1.12 with equation 1.13 gives an expression for efficiency with

respect to peak variance

(1.14)

Substituting equation 1.11 into equation 1.14 then illustrates how column efficiency in

CZE is related to the experimental parameters that can be controlled by the analyst
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L? M, +1.,)V -
N = = e eo .
h DL ] D (1.15)
(uel +l"’co)v J

A number of conclusions can be drawn from equation 1.15. First, separation
efficiency is independent of capillary length. This result contrasts sharply with HPLC
where efficiency is directly related to the column length. Second, efficiency increases
with increasing EOF. However, it will be shown later in this section that increasing the
EOF can adversely affect resolution, so this approach can actually be counterproductive.
And finally, efficiency increases linearly with voltage. This relationship suggests that the
best way to improve efficiency in CZE is to use the highest possible applied voltage. In
practice this approach is limited by the increased Joule heating that results from an
increase in voltage (16). Failure to dissipate the Joule heat generated during
electrophoresis leads to the formation of a temperature gradient in the running buffer.
Regions of the running buffer that are at different temperatures will have different
viscosities. Because buffer viscosity affects linear velocity, analyte molecules in the
different regions will migrate at different rates and bandbroadening will result.
Furthermore, increased Joule heating can lead to degassing of the running buffer, which
causes an interruption in the electric circuit and halts electrophoresis.

The experimental determination of separation efficiency is carried out using peak
variance expressed in time units, T, not in distance units as described above. The

relationship between the time domain and the distance domain is given in equation 1.16

c=1v, (1.16)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

where G is the standard deviation of the analyte band in cm, T is the standard deviation in
seconds and v is the linear velocity of the analyte in cm/s. Thus, the relationship
between the two variances is

o’ =1V} (1.17)

or by substituting for v, from equation 1.9

2r 2
st =L (1.18)

Substituting equation 1.18 into equation .14 gives the relationship between peak

variance in the time domain and efficiency

[

2 2
N = L _tn (1.19)
L) T
[ t ]

For a Gaussian peak, the variance can be determined by measuring the baseline peak

width, W, or alternatively, the peak width at half-maximum, Wy

X W,
: W 95 (1.20)
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Substituting equation 1.20 into equation 1.19 gives

2

t Y t Y
N=16 -2 | =554 _m 2
) =ss{se) 20

an equation for separation efficiency in terms of an analyte’s migration time and its peak

width. Both of these parameters can be easily determined from an electropherogram,
thereby making efficiency calculations straightforward.

It was stated earlier in this section that increasing the EOF can have a detrimental
effect on separations in CZE even though it leads to improved efficiencies. The reason
why increasing EOF is not necessarily desirable can be understood by looking at the
factors that effect resolution in CZE. Resolution, R, is a measure of how well adjacent
peaks in a separation are separated from each other. It can be expressed empiricaily by

the equation

R = 1 m.b m.a (1.22)
E(Wa +Wb)

where t,, and t;, are the migration times and W, and W,, are the baseline peak widths of

the two analytes. Resolution can also be expressed in terms of analyte mobilities (16)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

NO.S _
R = H, —H, ] (1.23)
4 | pL+p,

/

where [, —W, is the difference in electrophoretic mobility between the two analytes and

;_J. is their average electrophoretic mobility. Combining equation 1.15 and equation 1.23

gives

—_— 0.5 0-5
R =i w+p,,)Vv lib —H, =0-177(P'b —-p, v (1.24)
4 2D TEST Dl +1.,)

Equation 1.24 shows that resolution improves as the difference in mobility between the
analytes increases. It also shows that when the EOF travels in the same direction as the
analytes, it causes a decrease in resolution. In effect, the analytes will have less time to

separate before being swept out of the capillary. If the EOF opposes the mean analyte
mobility, resolution will improve as [, approaches —;. This approach is useful for the

separation of species having very similar electrophoretic mobilities, although it does lead
to long analysis times (16, 17).
The equation for resolution in CZE (1.24) also illustrates the one drawback of this

technique: there has to be a finite difference between the electrophoretic mobilities of two

analytes, 1.e. i, —U, #0, before any resolution can be achieved. For all neutral species
however, pu, =, =0 and resolution goes to zero. This problem was overcome by

Terabe in 1984 through the addition of a surfactant to the running buffer (18).

Surfactants, like sodium dodecal sulfate (SDS), are ionic molecules that also have a
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significant hydrophobic chain. At low concentrations the surfactant molecules remain
individually solvated in solution. However, when they are present in solution above the
critical micelle concentration (CMC), they form aggregates, or micelles of between 30
and 100 molecules. The addition of micelles to the running buffer in CE has become
known as micellar electrokinetic capillary chromatography (MECC). It is a popular
method for the analysis of small molecules because it allows for the separation of not just
anions and cations but also neutral species by CE.

All of the surfactant molecules in a micelle are aligned with their charges at the
surface and the hydrophobic chains in the interior. This orientation results in the
formation of a discrete hydrophobic phase in the separation capillary. Analyte molecules
will then partition between this phase and the hydrophilic bulk solution according to their
own hydrophobicity. This differential partitioning is the same separation mechanism that
is employed in reverse phase HPLC. However, partitioning of analytes between the
micelles and the running buffer does not, on its own, result in separation. There must
also be a difference in migration velocity between the two phases. Fortunately, the
charged outer surface of the micelle gives it a significant electrophoretic velocity. Thus,
the linear velocity of an analyte can be expressed as a combination of the electrophoretic

velocity of the micelles, v, and the EOF velocity (19)

vV, =N, v, +N_ v, (1.25)

where N, is the ratio of analyte molecules in the running buffer and N, is the ratio of

analyte molecules in the micelles. These ratios determine the relative contribution of
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each term in equation 1.25 to the overall analyte linear velocity. They can be expressed
in terms of the number of analyte molecules in the aqueous phase, n,, and the number of

molecules in the micellar phase, Ny

N - aq N [r— - (1,26)

n
v, = —“q——)vmﬁ- ——n—“‘i—)vm - (1.27)
Ny +0pe n, +n

In the limit of v__ =0, the second term goes to zero and equation 1.27 reverts to the

linear velocity expression for an analyte in classical chromatography. Thus, MECC can
be thought of as voltage pumped chromatography in which the micelles act as a
pseudostationary phase. Other concepts from classical chromatography can also be used
to describe analyte migration in MECC. The capacity factor, k, can be expressed as the

ratio of analyte molecules in the micelles to analyte molecules in the running buffer

(1.28)

-
il
il

Substituting equation 1.28 into equation 1.27 gives
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As with CZE, the linear velocities in the above equation can all be expressed in terms of

the capillary length and migration time

L L L
vV, =— v = — \V) :t—-

t €0 t mc
m €o mc

(1.30)

where t,, is the analyte migration time, t. is the migration time of an unretained neutral
molecule and t,. is the migration time of the micelles. Substituting these equations into

equation 1.29 and solving for t, gives an expression for the migration time of a neutral

species in MECC.
L =b_2_t2_ (1.31)
t
1+( = )k
Coe

Combining equation 1.31 with 1.21 and 1.22 then gives the expression for the resolution

of neutral analytes in MECC (19)

t

1_ co

g - N Ya-1Y k, e (1.32)
4 a )k, +I1 [t )( ‘
I+ ==k,
J
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where ¢ is the selectivity factor defined as k, /k, . The resolution equation in MECC is

very similar to that of standard chromatography. The only difference is the extra term
related to the micelle migration time.

In recent years the number of applications of MECC has expanded dramatically.
The ability of MECC to separate both ionic and neutral species has made it a valuable
analytical tool in areas ranging from environmental, forensic and clinical analysis (20-25)
to the analysis of foods and pharmaceuticals (26-30). These assays involved the
separation and identification of both neutral and ionic species using a number of different
surfactants under different running conditions. Chapter 2 of this thesis presents a
separation of 18 Fluorescein thiohydantion amino acids by MECC. This separation is
then used in Chapter 4 and Chapter 5 to evaluate the effectiveness of using fluorescein

isothiocyanate as a reagent for high sensitivity protein sequencing.

1.3 Laser Induced Fluorescence Detection

The relaxation of a molecule from its excited singlet electronic state back to its
ground state through the emission of a photon of light is called fluorescence. The emitted
light can be collected to give both qualitative and quantitative information about the
sample. Fluorometric methods, although limited to a rather small set of suitable
compounds, have found uses in almost all areas of the natural sciences. Their popularity
results from the high sensitivity, wide dynamic range and selectivity associated with

fluorescence detection. Chapter 2 of this thesis describes how laser induced fluorescence
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detection was used in conjunction with capillary electrophoresis to identify protein
sequencing products at the low zeptomole (1zmol =[x 107 moles) level.
The various processes involved in generating fluorescence are illustrated in the

electronic transition energy level diagram below (Figure 1.4).
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Figure 1.4 Electronic transition energy level diagram.
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First, the molecules absorb light having the same energy as the transition from the ground
state, Sy, to one of the vibrational levels of the first excited electronic state, S,. The
molecules rapidly relax from the excited vibrational levels to the ground vibrational level
of the excited state. Fluorescence then occurs when the molecules relax back to one of
the excited vibrational levels of the ground electronic state by emitting an appropriate
wavelength of light. Finally, vibrational relaxation returns the molecules to the ground
vibrational level of the ground electronic state.

The loss of energy to vibrational relaxation after both excitation and emission
leads to an emission tranmsition that has a lower energy than the original excitation
transition. This phenomenon, called the Stokes shift, is seen empirically as a shift in the
emission spectrum to higher wavelengths than the excitation spectrum. The difference in
wavelength between excitation and emission is beneficial because it makes it easier to
distinguish the fluorescent signal from the overwhelming signal of the excitation source.

There are a number of deactivation processes that compete with fluorescence.
They include both internal and external conversion, intersystem crossing,
phosphorescence and photodecomposition. Internal conversion describes any
intramolecular process that leads to non-radiative relaxation of the molecule. For
example, overlap between the vibrational energy levels of the excited and ground
electronic states can lead to the transition from a vibrational level of the excited
electronic state to an equally energetic excited vibrational level of the ground state.
Vibrational relaxation can then return the molecule to the ground state without the
emission of any light. Internal conversion is typically quite fast. In fact, for most species

it is the predominate means by which relaxation of the excited molecules occurs.
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External conversion involves transfer of the absorbed energy to solvent molecules, which
can then release the energy as heat. Intersystem crossing occurs when the spin state of an
excited electron is flipped. The change in spin is accompanied by a transition from the
excited singlet state to an excited triplet state. Relaxation from the excited triple state to
the ground singlet state can then occur by internal conversion, external conversion or by
phosphorescence. As with fluorescence, phosphorescence involves radiative relaxation
of the molecule back to the ground state. However, phosphorescence specifically
describes the transition from an excited triplet state to the ground singlet state.
Absorption of energy by a molecule can also lead to photodecomposition. This process,
also known as photobleaching, does not involve a transition back to the ground state, but
rather results in destruction of the molecule. |

The extent that each of the above mechanisms contributes to the overall relaxation
process depends on the relative rate at which each occurs. This relative rate is expressed

as quantum efficiency, @, which is defined as the rate of the decay process in question

divided by the sum of the rates of all of the decay processes. For exampie, the quantum

efficiency of fluorescence, ®4, can be expressed as

Kq

= (1.33)
k, +k,. +k, +k; +kp +de

fl

where kj is the rate constant for fluorescence and the other k values are the rate constants
of the other deactivation processes.
For most compounds, the rate of the non-radiative deactivation processes,

especially internal conversion, is much higher than that of fluorescence. Consequently
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the vast majority of molecular species have a vanishingly small fluorescent quantum
efficiency and are unsuited to fluorometric methods. Those species that do fluoresce are
typically aromatic compounds having a low energy m to 7 transition. This type of
transition has a higher molar absorptivity and hence, a shorter lifetime than that of other
electronic transitions. As a result, the rate of fluorescence is enhanced. Aromatic
compounds also tend to have a fairly rigid structure due to the extensive m bonded ring
system. The rigid structure leads to a decrease in the rate of internal conversion. The
combination of increased rate of fluorescence and decreased rate of internal conversion
results in an increased fluorescent quantum efficiency.

Fluorescent signal can be collected and used for concentration determination of a
good fluorophore. Of course, quantitative fluorescence detection requires a linear
relationship between the concentration of the analyte and the fluorescent signal that it
generates. Fluorescence, F, can be related to the power of the incident light according to

the equation:

F=k'(p, -P) (1.34)

where K’ is a constant related to the quantum yield of the analyte, P, is the power of the
beam incident to the sample and P is the power of the beam after it has traveled a distance
b through the sample. Hence, (P, - P) represents the amount of radiant energy absorbed

by the sample. Absorbance can be related to analyte concentration according to Beer’s

law
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where € is the molar absorptivity of the analyte, b is the absorbance pathlength and c is

the analyte concentration. Combining equations E.34 and 1.35 and solving for F gives

F=kP,(1-10%) (1.36)

Equation 1.36 describes a Taylor series and can be expanded to the form

2
Bl k,P{z.%bc ) (2.3;1':c) . (2.3§§>c)’ ] (137)

For conditions where ebc < 0.05, the contribution of the higher order terms of the

expansion becomes negligible and the equation camn be simplified to
F=2.3k’P,ebc (1.38)

and fluorescence varies linearly with analyte concentration. The other significant
implication of equation 1.39 is that fluorescent signal is also directly related to the
intensity of the incident radiation. Therefore, sensitivity can be improved by simply

increasing the radiant power of the excitation source. This feature of fluorescence
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detection results in limits of detection for a good fluorophore that are many orders of
magnitude better than those of UV absorbance detection.
Instruments for fluorescent detection, both quantitative and qualitative, all have a

similar basic design. This design is illustrated in Figure 1.5.

Excitation .A
Wavelength ® ' <
Selector N ' .
Source -~
¢ —= > Sample
% Excitation
Polychromatic Wavelength |
Light o

Emission
Wavelength
Selector

Photomultiplier
Tube

Figure 1.5 Schematic of a basic fluorimeter.

A monochrometer or an optical filter is used to select an appropriate excitation
wavelength from the polychromatic source, most commonly a xenon arc lamp. Other

wavelengths are prevented from reaching the sample because they would interfere with
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detection of the fluorescent signal. The excitation beam travels to the sample cell where
a small percentage is absorbed by the analyte. A significant amount of the excitation
beam is also scattered by the walls of the sample cell or by the sample solution itself. In
order to minimize the noise generated by this scattering, fluorescence is collected at 90°
to the incident excitation beam. Noise is further reduced by using a second
monochromator or optical filter set so that only light at the desired emission wavelength
passes through to the detector. Detection is performed using a photomultiplier tube
(PMT), which produces an electronic signal proportional to the amount of light that
reaches it. The entire analysis is performed in a light shielded housing to limit
background noise from room lighting.

While most fluorimeters use a continuous light source to excite the sample, it is
also possible to use light from a laser. Using a laser for excitation has a number of
implications for fluorescence detection. First, no excitation filter or monochrometer is
necessary because the laser emits a coherent beam of monochromatic radiation.
However, detection flexibility is reduced because only those molecules that absorb
significantly at the wavelength emitted by the laser can be analysed. Second, lasers are
often more powerful than a continuous light source. Because fluorescence is directly
related to the power of the excitation beam, improved sensitivity results from laser
induced fluorescence (LIF). A laser beam can also be focussed into a very small spot
using a standard microscope objective. This particular aspect of LIF detection makes it
ideal for use with CE. The typical inner diameter of a separation capillary is between 10
pum and 100 pm. As a result, detection volumes range from the low nanolitre to sub-

picolitre level. Careful positioning of the focussed laser beam allows for efficient
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excitation of analyte molecules even at these low sample volumes (31-34). Detection of
the fluorescent signal can then be carried out using a second microscope objective
positioned orthogonally to the incident laser beam.

The simplest design of an LIF detector for CE would involve on-column
excitation of the analyte and collection of the resulting fluorescence. However, this
approach is somewhat problematic because both the incident laser beam and the
fluorescent signal undergo a significant amount of scattering as they pass through the
curved capillary walls. The resulting increase in noise and decrease in analyte signal
adversely affects detector sensitivity. This problem can be reduced by carrying out
detection off-column in a sheath flow cuvette. Figure 1.6 shows a basic schematic for an

off-column LIF detector.
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Figure 1.6 Schematic of an off column CE-LIF detector using a sheath flow
cuvette.

The cuvette is a rectangular piece of quartz or glass containfing a rectan_gular inner
channel. Its smooth, flat walls allow for transmission of a perpend-icular laser beam with
a minimum of scatter. The outlet of the separation capill;':l.ry is insserted into the cuvette
with the end sitting just above the path of the laser beam. Sheath bruffer, having the same
composition as the running buffer, is then allowed to flow through the top of the cuvette,

past the end of the capillary and out the bottom of the cuvette to wasste.
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The purpose of the sheath buffer is twofold. First, it provides the electrical
contact that completes the electrophoretic circuit, with the metal cuvette holder acting as
the electrode. Second, it carries the eluent away from the end of the capillary. In so
doing, it prevents buildup of analyte in the detection region during the analysis. It also
serves to maintain the integrity of the eluent stream for a short distance past the end of
the capillary. In a static system, the eluent would fan out immediately after exiting the
capillary. However in the cuvette, the sheath buffer is constantly flowing past the
capillary. And when it reaches the end of the capillary, it pushes in toward the centre of
the cuvette channel. Consequently, the tendency of the eluent stream to spread out as it
exits the capillary is counteracted. It is this hydrodynamic focussing that allows for off-
column LIF detection. The laser beam can be positioned so that it intersects the focussed
eluent stream at a point just below the end of the capillary. Because the beam only
travels through the smooth cuvette walls, scatter is minimized and sensitivity is enhanced.
Figure 1.7 shows a picture of the interior of a sheath flow cuvette. The separation
capillary is sitting slightly off centre in the channel. The green spot below the capillary
tip is the fluorescent signal resulting from excitation of a 1x107° M fluorescein solution
being electrophoretically pumped through the capillary. Although the spot is wider than
the inner diameter of the capillary, it shows that the eluent stream remains cohesive

enough to allow for off column detection.
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Figure 1.7 Picture of the interior of a sheath flow cuvette.

The sensitivity of CE-LIF is truly extraordinary. Unlike UV absorbance, LIF has
no path length dependence. Therefore, the small detection volume of CE has no adverse
effect on the analyte signal. In fact, the combination of small sample volume and high
signal level leads to unparalled mass limits of detection (LODs). This group routinely
obtains mass LODs in the low attomole (1 x 10'® moles) to zeptomole (1 x 10! moles)
range, while both yoctomole (1 x 10™* moles) limits and even single molecule detection
have been reported (35-40). A picture of a typical CE-LIF instrument is shown in Figure

1.8.
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Laser Sheath Buffer
Reservoir

Mirror

High Voltage Focussing Collection
Electrode Objective Objective

Figure 1.8 A typical CE-LIF instrument.

A mirror is used to direct the laser beam to the focussing objective. The beam
then travels to the cuvette where it excites the analyte. Fluorescence is collected by the
microscope objective mounted in the housing behind the cuvette holder. This housing
also holds a spatial filter, an interference filter and a photomultiplier tube (PMT). Linear
translation stages and adjustable mirror mounts are used to align the various components.

The Plexiglas box in the foreground of the picture houses the injection end of the
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capillary and isolates the high voltage electrode. The plastic squeeze bottle in the
background acts as the sheath buffer reservoir; while the glass apparatus immediately in
front of the squeeze bottle acts as a constant level waste reservoir.

Much of the work described in this thesis was performed using a CE-LIF
instrument with the same basic design as the one described above. Chapter 2 describes
the development of a CE-LIF separation for 18 different fluorescein thiohydantion amino
acid derivatives. In Chapter 4, CE-LIF is used to evaluate how fluorescein isothiocyanate
affects each step of the standard protein sequencing chemistry. And in Chapter 5 it is

used to analyze fluorescent products generated from a novel protein sequencer.

1.4 Protein Sequencing

The successful determination of the amino acid sequence of insulin by Frederick
Sanger in 1953 unequivocally demonstrated that proteins had a definite chemical
structure. This work, for which Sanger received his first Nobel Prize in 1955, paved the
way for the incredible explosion in protein research that has occurred over the last haif
century. And to this day, protein sequence analysis retains its importance as a means for
understanding the structure-function relationship of biologically active proteins.

Proteins are a class of biopolymers responsible for regulating many of the
biological functions in all living organisms. They are composed of linear chains of
amino acids linked by the formation of a peptide bond between of the amine group of one
amino acid to the carboxylic acid group of another. All proteins are made up from the set

of twenty L-o-amino acids specified by the genetic code (see Appendix A). The specific
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sequence of amino acid residues for a given protein is known as its primary structure. It
is this structure that determines the three dimensional shape that gives a protein its unique
function. Therefore, one of the first steps to understanding how a protein works, or, in
the case of many diseases, why it doesn’t work, is to determine its amino acid sequence.
Over the past fifty years, a number of different techniques have been developed to
elucidate the primary structure of proteins and peptides. These methods can be divided

into four main categories, each with its own strengths and weaknesses

L. Sequential degradation from the amino-terminal residue.

2. Sequential degradation from the carboxy-terminal residue.

3. DNA sequencing of the gene that codes for the protein.

4. Fragmentation and analysis of the protein by mass spectrometry.

Sequential degradation of a protein from its amino-terminus (N-terminus) was the
first successful sequencing approach (41). Although the chemistry has changed over the
years the general approach remains the same: the N-terminal amino acid is derivatised,
isolated from the rest of the protein and analysed. The entire procedure is then repeated
on the truncated protein. Because the protein of interest is analysed directly, the resulting
sequence information is unambiguous. The lack of ambigu.;ity in the sequencing results is
a major advantage for this technique. The drawbacks of this technique are primarily
related to the significant analysis time required to isolate and identify each residue and

the lack of sensitivity associated with residue identification.
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Protein sequencing from the carboxy-terminus (C-terminus) (42-46) follows the
same general logic as sequencing from the N-terminus. As a result, the two approaches
typically share the same advantages and suffer from the same disadvantages. However,
the chemistry of C-terminal sequencing has not proven to be as reliable as that of N-
terminal sequencing. Therefore, the everyday use of C-terminal sequencing has not, as
yet, become commonplace in protein research.

Sequencing the gene that codes for a given protein is an elegant way to determine
its primary structure. The advantage of this approach comes from the speed and
sensitivity of DNA sequencing. Once the DNA sequence is known, the amino acid
sequence can be determined from the codons that make up the gene (47). The
disadvantage to this approach is that the location of the appropriate gene must be
determined. Finding the gene requires an oligonucleotide probe that is specific to the
protein of interest (3). However, creating the probe requires prior knowledge of at least
part of the protein’s primary structure. As well, many proteins undergo posttranslational
modifications that cannot be inferred from the DNA sequence. Such sites can oniy be
found by sequencing the protein itself.

Direct mass analysis of proteins is a relatively new, but rapidly expanding field
(48, 49). It takes advantage of the high analysis speed and sensitivity that are hallmarks
of mass spectrometry. However, this approach is currently most useful for identifying a
protein by comparing its mass spectrum to the spectra contained in an appropriate
database (50, 51). De novo sequencing by mass spectrometry has not become popular
due to the difficulty in interpreting the complex spectra that result even from small

peptides (52).
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Gene reading, C-terminal sequencing and direct mass analysis are all valuable
tools for protein structure research, but they each have a drawback that currently limits
their use for de novo sequencing. Elucidation of the complete structure of novel proteins
and peptides remains the forte of N-terminal degradation methods. Therefore, the
remainder of this chapter will focus on the chemistry, instrumentation and current
limitations associated with N-terminal protein sequence analysis.

The approach Sanger used to sequence insulin involved coupling the N-terminal
amino acid with 2,4-dinitrofluorobenzene (41). The derivatised amino acid was identified
colorimetrically after hydrolysis of the protein. It took him almost 10 years to
successfully sequence the entire 51 amino acid insulin chain using this method. The
reason the process took so long is because the protein had to be completely hydrolysed
after each coupling step. As a result, determination of each successive residue required
the preparation of fresh sample that had been cleaved in such a way that it was one
residue shorter than the last sample to be analysed. Only then could the next residue be
successfully labelled and analysed. Most of the 10 years that it took to sequence insulin
were spent not on the sequencing reaction itself, but rather on the chemistry associated
with selectively cleaving and isolating the peptide fragment required for successive
cycles. The extreme amount of labour and the large amount of sample required to

~ successfully sequence even a small protein using Sanger’s approach, make it unsuitable
as a method for high throughput protein sequencing.

In 1950, Per Edman proposed an alternate method for protein sequencing based
on the use of isothiocyanate chemisty (53). This method had the advantage that the

derivatised N-terminal amino acid could be selectively cleaved without destroying the
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rest of the protein. The truncated protein still retained an active N-terminal site, so the
entire process could be repeated. Each successive cycle would lead to the identification

of the next residue in the protein. This process is portrayed in Figure 1.9.
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Figure 1.9 General approach for the sequential Edman degradation of a
protein.
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The Edman degradation is not a simple one step process. It actually consists of
six discrete steps that must all work properly for the overall process to be successful. The
first step involves coupling between the N-terminal amino acid of the protein and
phenylisothiocyanate (PITC). When coupling is complete, excess PITC and other
reaction byproducts are washed away to prevent them from interfering with later product
identification. = After washing, the derivatized amino acid is cleaved from the
phenylthiocarbamyl (PTC) protein. It is then extracted and converted to a more stable
form. Analysis of this product gives the identity of the original N-terminal residue. The
entire process is then repeated on the truncated protein and the new N-terminal residue is
identified. Figure 1.10 shows a flowchart of the steps involved in the Edman

degradation.
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Flowchart of the steps in the Edman degradation.
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The utility of the Edman degradation arises because it allows researchers to

sequence multiple residues from a single sample. This ability is a direct result of the
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unique reactivity of isothiocyanates with the N-terminal amino acid of a protein. To wit,
the coupled residue can be cleaved from the remainder of the protein under conditions
that do not result in destruction of the rest of the peptide backbone. Furthermore, the
derivatised residue retains the singular feature of each amino acid, its unique side chain,
while the truncated protein retains an active N-terminal site. These points are illustrated
in the Edman reaction scheme shown in Figure 1.11.

Coupling involves nucleophilic attack on the isothiocyanate by the N-terminal
primary amine of the protein under basic conditions. The cleavage reaction is then
performed by treating the phenylthiocarbamyl (PTC) protein formed during coupling
with anhydrous acid. This process results in cyclization of the derivatised residue
through the sulfur from the isothiocyanate and the amide carbon. The resulting unstable
intermediate decomposes at the peptide bond to produce an anilinothiazolinone (ATZ)
amino acid and the truncated protein, which retains a primary amine functionality at the
new N-terminus. Hydrolysis of any other sites on the peptide backbone does not occur
because there is no water present during the cleavage reaction. The ATZ-amino acids
formed during cleavage tend to slowly isomerize to the more stable phenylthiohydantoin
(PTH) form. To prevent the presence of multiple products from each cycle, this
conversion is driven to completion with aqueous acid. The PTH-amino acid is then
analysed to give the identity of the original N-terminal residue while the truncated protein

is taken through another cycle.
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Figure .11  Reaction scheme for the Edman degradation.
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The reaction scheme shown in Figure 1.11 is applicable to all twenty of the coded
amino acids. But as with any such diverse group, some variability in the effectiveness of
the overall process is inevitable. For instance, proline, a secondary amine, and glycine
are not as amenable to the cleavage reaction as the rest of the amino acids. If the
cleavage reaction for these residues does not go to completion during the glycine or
proline cycle, then the unreacted PTC-proteins bearing these residues will be cleaved and
converted in the following cycle. They will then generate an extra peak during the
analysis of that cycle. This carryover, or lag, continues on through the rest of the
sequencing run. It is a significant problem because it can lead to difficulty in residue
identification in later cycles when the absolute yield is no longer very high. When the N-
terminal residue is known to be proline or glycine, lag can be minimised by i;lcreasing
the cleavage time. This approach is not taken in every cycle because it can lead to an
increase in non-specific hydrolysis of the peptide backbone due to the presence of trace
amounts of water. Backbone cleavage leads to the formation of new N-terminal residues
that will begin to be sequenced in the following cycle. As these secondary sites increase,
they produce increasing background signal during analysis, which limits sequence read
lengths.

Another problem encountered with the Edman method is 3-elimination of the
alcohol and thiol side chains of serine, threonine and cysteine. The mechanism of this

reaction for PTH-serine is shown in Figure 1.12 below.
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PTH-Dehydroserine

Figure 1.12  B-Elimination of PTH-serine during the Edman degradation.

The degree of B-elimination varies for the three amino acids. Threonine is the least
reactive followed by serine with cysteine being the most reactive. In fact, while both
PTH-threonine and PTH-serine can be detected no PTH-cysteine survives the conversion
process. Furthermore, PTH-cysteine and PTH-serine share the same elimination product.
The lack of a unique cysteine sequencing product makes identification of this residue
difficult. As a result, cysteine residues are typically mo&iﬁed prior to sequencing to a
form that is stable to the Edman chemistry. A number of different approaches have been
used to do this including conversion to pyridethyl-cysteine (54), carboxymethyl-cysteine
and cysteic acid (55).

There is one other problem that can interfere with the Edman chemistry: blockage

of the N-terminal amine by another functional group. Without a free amine group at the
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N-terminus, the coupling reaction will not work and no sequence information will be
obtainable from the sample. There are many examples of naturally occurring proteins
that have a blocked N-terminus (56, 57). Any protein that is N-terminally blocked must
be sequenced by another method. This problem is more severe for small peptides than
for proteins. Proteins are too big to be directly sequenced from N-terminus to C-
terminus. Instead, they are subjected to selective internal cleavage of the peptide
backbone (58). This process results in the formation of a number of smaller fragments
that can be individually purified and sequenced in their entirety. All of the internal
cleavage products have a reactive N-terminus, so the only fragment that would need to be
sequenced by alternate methods is the one containing the original blocked N-terminal
residue. Smaller peptides may not have a site that is amenable to internal cleavage. As
such, the entire blocked peptide would have to be sequenced by one of the other methods
discussed above.

Blockage of the protein can also occur during the Edman chemistry. N-terminal
glutamine residues are prone to cyclization to pyroglutamic acid. However the most
problematic form of N-terminal blockage results when oxygen present during coupling
causes desulfurization of the PTC-peptide (59). Without the thione present to act as a
nucleophile, the cleavage reaction will not occur. This kind of protein blockage reduces
the yield of PTH-amino acid from each cycle, which results in a corresponding decrease
in repetitive yield for the overall sequencing process. Even a decrease in repetitive yield
of only one or two percent can have a profound effect on the number of cycles that can be
performed on a single sample. The effect of repetitive yield on sequencing will be

discussed in more detail later in this section. Blockage of the sequencing sample during
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coupling is controlled by minimizing the amount of oxygen and by adding small amounts
of a reducing agent such as ditiothreitol.
Sequencer performance is evaluated using two standard figures of merit. The first

is simply the initial yield, IY, expressed as a percentage of the theoretical yield

IY = —Lx100 (1.40)

where Y, is the PTH-amino acid yield in cycle 1 and Y, is the theoretical yield based on
the amount of protein loaded onto the sequencer. Values of IY can be quite variable due
to differences in sample loading techniques and in the amount of washout from sample to
sample. For this reason, initial yield is best used to compare sequencing runs of the same
protein.

The second figure of merit for protein sequencing is the repetitive yield, RY,
which gives a measure of reaction completeness in each cycle. It can be determined

using the yields from two cycles and the equation

I
Y. G
RY =| i<j (1.41)

Yi
/

where Y; and Y; are the yields in Cycle j and Cycle i respectively. Although a calculation
of the repetitive yield between two cycles is useful, the overall repetitive yield is a much

more meaningful number. In order to calculate the overall repetitive yield, it is first
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necessary to express equation 1.41 into a form that can be conveniently graphed. The

first step in this process is to eliminate the exponential term

L
G-

logRY = 5 (log Y, —logY, ) (1.42)
i

Setting i =0 and rearranging then gives

jllogRY)=log Y, -log Y; (1.43)
or

log Y, =(logRY)j+log Y, (1.44)

Equation 1.44 has the form y=mx +b, so a plot of the log of the yield in each cycle
versus the cycle number will have a slope that is equal to the log of the overall repetitive
yield.

The relevance of repetitive yield in protein sequencing can be better understood
by considering a hypothetical sequencing run at three different repetitive yields. Table
1.1 shows how the overall yield for the sequencing process changes as the repetitive yield

changes (58).
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Table 1.1 Effect of repetitive yield on the overall yield at different cycles.
Overall Yield (%)
Repetitive Yield
Cycle 10 Cycle 20 Cycle 50 Cycle 100
99% 90 82 60 37
95% 60 36 8 0.6
90% 35 12 0.5 0.003

If one assumes that proper sequence assignment becomes difficult below an overall yield
of 35%, then a repetitive yield of 99% will allow for the analysis of 100 cycles from a
given sample. In contrast, a repetitive yield of 90% will give a sequence read length of
only 10 cycles. Of course, long read lengths are desirable because they make the most
use of a given sample. Table | clearly indicates the necessity of having as high a
repetitive yield as possible.

Manual sequencing using the Edman degradation is a very labour intensive
process. Analysing even a small protein in this manner can take years to complete.
However, the repetitive nature of the sequencing chemistry lends itself quite well to
automation. An automated sequencer has a number of advantages over manual
sequencing. First, throughput is increased because the instrument can be operated on a
24 hour basis. It is further increased because automation typically leads to a decrease in
cycle times. Second, the sequencing steps can be performed in a closed system. Isolating
the sample and all of the reagents minimizes contamination, which results in increased
yields for the PTH-amino acids and an increased repetitive yield for the overall process.

In turn, increased yields serve to improve sequencing sensitivity and to increase the
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sequence read length for a given sample. Third, automated instruments can be
miniaturized. Decreasing the size of the sequencer leads to a decrease in reagent
volumes. Decreasing the reagent volumes also reduces contaminants, resulting in cleaner
analyses and improved sensitivity.

The first automated protein sequencer, the Sequenator, was introduced by Edman
in 1967 (60). The coupling, wash, cleavage and extraction steps were all carried out in a
spinning cup. Reagents were delivered by pressurizing the various reservoirs with
nitrogen and opening the appropriate valve for a fixed period of time. The extracted
ATZ-amino acids were sent to a fraction collector were they were held until they could
be manually converted to PTH-amino acids and analysed by thin layer chromatography
(TLC). The spinning cup was used to increase reaction rates by producing a thin film of
protein with a very large surface area. Because the protein was not bound in any way to
the cup, non-polar wash and extraction solvents were used to minimize sample washout.

In 1971 Laursen introduced the solid-phase sequencer (61). It was primarily
intended for the analysis of small peptides that were susceptible to washout on the
spinning cup sequencer (58). The main modification incorporated by the solid-phase
sequencer involved covalent attachment of the protein to a solid support prior to analysis.
This approach had the advantage that none of the bound protein would be lost during the
wash or extraction steps. It also led to faster cycles with cleaner products because less
time was required for sample drying and stronger wash reagents could be used (62). As
with the Sequenator, the solid phase sequencer was only automated up to the extraction
step. The ATZ-amino acids were still collected on a fractionator for manual conversion

and analysis by TLC. This instrument did not achieve broad acceptance due to the
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inadequately developed coupling chemistry (58, 62). However, there are now coupling
methods available that can be used to reliably attach a protein through either its amine
sites (63) or its carboxyl sites (64, 65).

Even with the advances in coupling chemistry, solid-phase sequencing has not
seen a significant growth in popularity. Instead, most sequencing today is performed on a
gas-liquid phase instrument (4). This type of sequencer incorporates gas phase delivery
of both the coupling base and the cleavage acid with liquid phase delivery of all of the
other reagents. Gas phase delivery of the most polar reagents prevents sample washout
during coupling and cleavage. Furthermore, the sample is typically adsorbed to either a
polyvinylidene difluoride (PVDF) membrane or to a glass fibre mat (GFM) incorporating
a polycationic carrier such as polybrene. Most proteins and peptides adsorb strongky to
these matrices, so there is minimal sample loss with the fairly hydrophobic reagents used
during wash and extraction.

Modem sequencers also no longer employ TLC for identification of the PTH-
amino acid sequencing products. Instead they are analysed by HPLC with UV
absorbance detection. The retention time of the individual PTH-amino acid generated in
each cycle is used to confirm its identity. As well, analysis by HPLC allows for
quantitation of the PTH-amino acids in each cycle. This information can be used to more
reliably identify each residue, especially in the presence of background peaks in later
cycles resulting from the gradual increase in lag and non-specific cleavage of the peptide
backbone during analysis. In this way, sequence read lengths can be extended beyond

those obtainable using TLC.
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There is another significant advantage of using HPLC instead of TLC to separate
the PTH-amino acids: each sample can be automatically analysed after conversion.
Combined with on-line conversion, it allows for automation of the entire sequencing
process. The sample is applied, the instrument is programmed to perform the desired
number of cycles and the analysis is initiated. A block diagram of an automated protein
sequencer is shown in Figure 1.13.

A suitable solid support carrying the protein sample is inserted into the reaction
chamber. Coupling, wash, cleavage and extraction reagents are then delivered through
valve block A according to a preprogrammed sequence of steps. The extracted ATZ-
amino acid is carried from the reaction chamber to the conversion chamber; all other
reagents go to waste. A stream of argon is the used to dry the extraction solvent.
Aqueous acid is then delivered to the chamber through valve block C and conversion
occurs. The resulting PTH-amino acid is delivered to an HPLC system where it is

analysed.
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Figure 1.13  Schematic of an automated protein sequencer.

Automated sequencers have been a boon for protein researchers. They can

provide sequence information on samples down to the low picomole level (1, 4).
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Unfortunately many biologically active proteins cannot be isolated even at this level (2).
Analysis of these hard to isolate samples requires an improvement in sequencer
sensitivity. Presently, sensitivity is limited not by the sequencing chemistry, but rather by
the HPLC with UV detection systems used to analyse the PTH-amino acids. Further
improvements in this detection methodology are likely to result in only marginal
improvements in sensitivity. Therefore, sub-picomole sequencing requires an alternate
detection technology. A number of different detection systems have been suggested
including mass spectrometry (66) thermo-optical absorbance (9, 67, 68) and fluorescence
detection (10, 36, 69-79). The most promising approach involves the use of CE-LIF to
detect fluorescein thiohydantoin (FTH) amino acid sequencing products (33, 36, 69, 70).
The FTH-amino acids are produced when fluorescein isothiocyanate (FITC) is used for
coupling instead of PITC. This group has previously demonstrated zeptomole limits of
detection for FTH-amino acids analysed by CE-LIF (33, 36, 69).

High sensitivity protein sequencing using CE-LIF cannot be accomplished by
simply replacing PITC with FITC in the Edman chemistry. The more extensive nt-system
of FITC decreases the electrophilicity of the isothiocyanate moiety and hence, makes it
less reactive than PITC. A decrease in reactivity leads to a decrease in repetitive yield,
which severely limits the utility of FITC coupling. Fortunately, this problem can be
overcome by performing a second coupling using PITC to scavenge any N-terminal sites
that didn’t react with FITC. The cleavage and conversion reactions are identical for both
reagents so no other extra steps are required. This point is illustrated in the double

coupling flowchart below (Figure 1.14). Although a mixture of the FTH and PTH-amino
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acid is produced in each cycle, only the FTH-amino acid is identified because PTH-

amino acids are not fluorescent.

FTC-Protein
Protein | — L 'C 5 | FTC-Protein |_ LC o N
Coupling Coupling PTC-Protein
l Wash
Repeat
l Cleavage
. Truncated Protein
Truncated Protein Extraction +
— FTZ-Amino Acid
+
ATZ-Amino Acid
+

FTZ-Amino Acid
+
ATZ-Amino Acid

Conversion
-An:no Acid Analysis Identified
_— A .
PTH-Amino Acid FTH-Amino Acid

Figure 1.14  Flowchart of the double coupling Edman chemistry.
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Even using the double coupling approach described above, it is unlikely that a
standard automated sequencer fitted with a CE-LIF detection system would show much
of an improvement in sensitivity. All modern sequencers have been designed for use
with HPLC. The volume requirements of HPLC are four to five orders of magnitude
greater than those of CE. Therefore, the sensitivity advantage of CE-LIF would be lost
because only a tiny fraction of each sample would be analysed. This problem can only be
overcome by building a sequencer that is more compatible with the volume requirements
of CE. The design of such an instrument is described in Chapter 3 of this thesis. Chapter
4 then explores the effects of the double coupling chemistry with the miniaturized
sequencer on each step of the sequencing process. And finally, preliminary sequencing
data is presented in Chapter S that demonstrates how the minjaturized sequencer with
CE-LIF detection of FTH-amino acids can be used for sequencing at the low picomole
level. This proof of principle instrument shows great promise for one day being able to

sequence proteins and peptides at the low femtomole level.
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Appendix A: Structures of the 20 coded L-a-amino acids.
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Chapter 2
Identification of Fluorescein Thiohydantoin Amino Acids by Capillary
Electrophoresis with Laser Induced Fluorescence Detection as a Potential Method

for Improving Sensitivity in Protein Sequencing

2.1 Introduction

Protein sequence analysis describes any procedure that is used to determine the
primary structure, or the connectivity of the amino acids, of a protein sample. Although
there are a number of methods that can be used to sequence proteins (1-4), the most
common approach is to use the isothiocyanate chemistry developed by Per Edman almost
fifty years ago (2). The Edman chemistry has remained popular because it results in
cleavage of the labelled N-terminal amino acid from the protein and it can be repeated on
the truncated sample. By analysing the individual product generated in each successive
cycle, it is possible to piece together the primary structure of the protein being studied.

Commercial protein sequencers based on the Edman method rely on HPLC with
UV absorbance detection to identify the phenylthiohydantoin (PTH) amino acid products
of sequencing. Using this detection technology, modern sequencers can provide primary
sequence information on low picomole amounts of proteins and peptides (5, 6). They are
unable to analyse smaller amounts due to the inherent sensitivity limitations associated
with UV absorbance detection (7). Although this level of sensitivity has made
sequencing instruments valuable tools for protein characterization, it is still inadequate

for the primary structure analysis of a significant number of biologically active and
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clinically useful proteins and peptides. An instrument that could provide sequence
information on samples at the low femtomole level would open up new areas of research
for protein scientists (8).

Improving sequencer sensitivity to the femtomole level will require an
improvement in the detection technology used to analyse the sequencing products. While
a number of alternative detection methods have been investigated (9-12), they have not,
as yet, resulted in a significant decrease in the amount of protein needed for sequencing
sensitivity. This chapter will explore the use of capillary electrophoresis with laser
induced fluorescence detection (CE-LIF), one of the most promising alternatives to
HPLC with UV absorbance detection, for the high sensitivity analysis of protein

sequencing products. This group has previously achieved zeptomole (1 zmol =

<107 mol) and yoctomole (I ymol = 1x10™*mol) limits of detection (LOD’s) for a
number of different fluorescent products using CE-LIF (13-16). The ability to analyse
protein sequencing products at this level would represent a six order of magnitude
improvement over current detection methods and would bring the goal of femtomole
sequencing much closer to fruition.

Although CE-LIF is much more sensitive than HPLC with UV absorbance
detection, it is not compatible with standard Edman chemistry (13). The PTH-amino
acids that result do not fluoresce and hence, they are invisible to the LIF detector. The
Edman chemistry must be altered so that fluorescent sequencing products are generated.
A number of different reagents that would generate fluorescent sequencing products have
been investigated (17-23). The majority of these reagents are modified isothiocyanates

meant to replace phenylisothiocyanate (PITC) in the coupling step of the Edman
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degradation. The most thoroughly investigated of these modified coupling reagents is
fluorescein isothiocyanate (FITC) (13, 24, 25). It has been shown to work with both
manual and automated protein sequencing however the detection systems employed were
not sensitive enough to result in improved sequencing sensitivity (11, 26). This chapter
will present a separation scheme for the fluorescein thiohydantoin (FTH) amino acid
products generated from FITC coupling to eighteen of the twenty coded amino acids.
The ability to unambiguously identify these potential sequencing products with the
sensitivity afforded by CE-LIF is the first step in developing a sequencer that can

successfully sequence proteins and peptides at the low femtomole level.

2.2 Experimental

2.2.1 Fluorescein Thiohydantoin Amino Acid Synthesis

Fluorescein thiohydantoin amino acids were prepared according to the method of
Wu and Dovichi (27). Individual amino acids (Sigma Chemical, St. Louis, MO) were
dissolved in water to a concentration of 0.01 M. The addition of several drops of 12.5%
trimethylamine in water (Applied Biosystems, Foster City, CA) was necessary to
completely dissolve all of the tyrosine. Fluorescein iso&ﬁocyanate (Molecular Probes,
Eugene, OR) was dissolved in HPLC grade acetone (Sigma Chemical, St. Louis, MO) to
a concentration of 1 mM and stored at 4°C. To derivatise the amino acids, 20 uL of
amino acid solution was mixed with 20 pul. of | mM FITC and 120 pL of pH 9.1

carbonate buffer in a 1.5 mL micro-centrifuge tube. The coupling reaction was allowed
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to proceed in the dark for 4-8 hr. When coupling was complete, 120 uL of anhydrous
trifluoroacetic acid (TFA) (Sigma Chemical, St. Louis, MO) was added to each tube. The
conversion reaction was allowed to proceed for 12 hr in the dark. The FTH-amino acids
were then dried on a vacuum concentrator, redissolved in HPLC grade acetonitrile

(Sigma Chemical, St. Louis, MO) and stored at 4°C until needed.

2.2.2 Capillary Electrophoresis with Laser Induced Fluorescence Detection

The capillary electrophoresis instrument has been described in detail elsewhere
(28). An argon ion laser (Uniphase, San Jose, CA) was used to provide a 25 mW
excitation beam at A = 488 nm. The beam was focused with a 10x microscope objective
(Melles Griot, Nepean, ON) to a point approximately 100 um below the end of the
separation capillary (Polymicro Technologies, Phoenix, AZ). The capillary was fixed
inside a sheath flow cuvette that was housed in a locally constructed holder. Post-column
fluorescence was collected at a right angle to the incident laser beam using a 50x, 0.60
numerical aperture microscope objective (Melles Griot, Nepean, ON) and imaged onto an
iris adjusted to block scattered laser light. The image then passed through a 525 nm DF
40 nm interference filter (Omega Optical, Brattleboro, VT) to a photomultiplier tube
(Hamamatsu, San Jose, CA) operated at 1000 V. The photomultiplier tube output was
conditioned with a 0.1 s resistor-capacitor low-pass filter and recorded on a Macintosh
Quadra computer.

Separation of the FTH-amino acids was carried out in buffers containing varying

amounts of analytical grade sodium dihydrogen phosphate, sodium tetraborate, sodium
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dodecyl sulphate and magnesium acetate. The separation capillaries used in this work
were 60 cm long with an outer diameter of 150 pm and an inner diameter of 30 um. The
FTH-amino acids were analysed at a nominal concentration of 2 x 10~ M. Samples were
electrokinetically injected onto the capillary for 5 s at 25 V/cm and separated at 300

V/cm.

2.3 Results and Discussion

Developing an electrophoretic separation for the FTH-derivatives of the coded
amino acids is not a trivial exercise. The difficulty arises from the fact that the relative
difference in structure between the various FTH-amino acids is quite small. A

comparison of FTH-leucine and FTH-isoleucine (Figure 2.1} illustrates this point.
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Figure 2.1 Comparison of the structures of FTH-Isoleucine and FTH-Leucine.

The two molecules differ only in their amino acid side chains while sharing a
large fluorescein thiohydantoin moiety. As a result, their migration characteristics are
expected to be quite similar. This same argument applies to all of the eighteen FTH-
amino acid derivatives studied in this work. The FTH-derivatives of the other two coded
amino acids, lysine and cysteine, were excluded not because they could not be separated
but rather because of complications associated with the Edman chemistry.

The lysyl side chain contains a primary amine that is also quite reactive with
isothiocyanates. This secondary reactive site does not pose a problem for the standard
Edman chemistry because only one derivatizing reagent, PITC, is used and the reaction at

each of the two sites essentially goes to completion. As a result, only one product is
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observed when a lysine residue is sequenced. In contrast, the decreased reactivity of
FITC necessitates the use of PITC as a scavenger. Combining two reactive sites and two
derivatizing reagents leads to four possible doubly labelled sequencing products, three of
which fluoresce. Any lysine standard should, therefore, be composed of an appropriate
mixture of the three expected fluorescent products. The method used to label the amino
acids in this work would not produce such a mixture. Excess amino acid was used to
prepare the standards to minimize the amoﬁnt of unreacted FITC and other byproduct
peaks that could overload the detector and interfere with the analysis. Under these
conditions, the predominant products from lysine labelling would instead, be singly
labelled at either the & or € amine site.

Cysteine decomposes under the conditions used for Edman sequencing. As such,
it is typically identified after modification of the side chain thiol to a more stable form. A
number of modifications have been successfully employed to produce stable cysteine
derivatives (29, 30). Identification of the FTH-cysteine derivative that is best suited to
the overall FTH-amino acid separation, while important, is not a necessary requirement
for demonstrating that CE-LIF can be used to identify protein sequencing products. For
this reason, no cysteine derivatives were included in this work.

Because of the similarity in structure between all of the FTH-amino acids, it is not
possible to separate them simply using capillary zone electrophoresis (CZE) (10, 27, 31).
This chapter explores the use of micellar electrokinetic capillary chromatography
(MECC) along with modifications to the electroosmotic flow rate and careful control of
buffer pH to improve separation to the point where the FTH-derivatives of eighteen of the

twenty coded amino acids can be unambiguously identified.
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MECC is a very useful electrophoretic technique for the analysis of complex
mixtures. It employs a surfactant that produces micelles in the running buffer. Analyte
molecules can then partition between the micelles and the running buffer as they migrate
through the separation capillary. By combining the separation characteristics of CZE
with the partition effects of chromatography, it is often possible to separate analytes
having very similar electrophoretic mobilities.

The most common surfactant used in MECC is sodium dodecyl sulfate (SDS). In
this work the effect of SDS on the separation of FTH-amino acids was studied. Figure
2.2 shows the electropherograms obtained for the analysis of eighteen coded amino acids
at different SDS running buffer concentrations. Each FTH-amino acid peak is labelled
with the single letter code corresponding to its original amino acid. The two serine peaks
result from partial dehydration of its side chain alcohol during the Edman chemistry.
There is an extra peak in all of the electropherograms that has the same migration time as

FITC and has therefore been labelled as such.
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Figure 2.2 Effect of SDS concentration on the separation of 18 FTH-amino acids.
The separations were performed in 10 mM phosphate buffer at pH 7.0
with SDS concentrations of 5.0 mM, 7.7 mM, 10.0 mM and 12.5 mM.

Increasing the SDS concentration in the running buffer served to spread out the
FTH-amino acid peaks. The total analysis time increased from just over 9.5 min with 5.0
mM SDS in the running buffer to 13.5 min when the SDS concentration was increased to

12.5 mM. Of more importance however, was the effect that increasing the SDS
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concentration had on the front of the separation. In the 5.0 mM SDS running buffer there
were seventeen peaks in a 0.7 min migration window (7.1 min to 7.8 min). Even with the
increased efficiency associated with CE it would not be possible to adequately resolve all
of these peaks in such a small window. In contrast, the migration window for the same
seventeen peaks increased to 2.1 min (7.5 min to 9.6 min) in the 12.5 mM running buffer.
Not surprisingly, this three-fold increase in the migration window was accompanied by a
significant improvement in resolution among the FTH-amino acids.

By far the largest increase in migration time with increasing SDS concentration
occurred for the FTH-arginine peak. Such a large and singular increase indicates that its
interaction with SDS is much stronger than that of any of the other FTH-amino acids.
This result is somewhat surprising as partitioning into SDS micelles is more favorable for
hydrophobic compounds and arginine has a polar guanidino group on its side chain. As
such, it is unlikely that FTH-arginine would partition preferentially in the micellar phase.
Instead, it is more likely that the interaction is due to ion pairing between the guanidino
side chain, which is protonated in the pH 7.0 running buffer, and the negatively charged
dodecyl sulfate anion.

The rest of the FTH-amino acids behaved generally as expected. The more
hydrophobic derivatives showed a greater degree of interaction with the micelles than the

- hydrophilic ones did. This trend can be seen in Figure 2.3, which gives a plot of

migration time against SDS concentration for each FTH-amino acid.
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Figure 2.3 Migration time versus SDS concentration for 18 FTH-amino acids. The
separations were performed in 10 mM phosphate buffer at pH 7.0 with
SDS concentrations of 5.0 mM, 7.7 mM, 10.0 mM and 12.5 mM.
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Some general trends become apparent upon inspection of the plot in Figure 2.3.
First, migration times increased as the SDS concentration increased. However, this trend
was much less pronounced above an SDS concentration of 10.0 mM. And in fact, the
earlier migrating FTH-serine species and FTH-histidine actually showed a decrease in
migration time when the SDS concentration was increased from 10.0 mM to 12.5 mM.

The second trend was that, as a group, the FTH-amino acids with hydrophobic
side chains (A, V, W, L, I and F) showed a larger increase in migration time with
increasing SDS concentration than those with hydrophilic side chains. Furthermore,
within the group, the degree to which each analyte interacted with the micelles increased
with increasing side chain hydrophobicity. This trend can be seen most clearly by
comparing FTH-alanine, with a methyl side chain, to FTH-phenylalanine, witﬁ a phenyl
side chain. FTH-alanine showed only a small increase in migration time while the more
hydrophobic FTH-phenylalanine showed an increase in migration time that was second
only to that of FTH-arginine, which, as described earlier, has an entirely different
mechanism of interaction with SDS.

Although the addition of SDS significantly enhanced the separation of the FTH-
amino acids, it did not, on its own, effect separation of all the components. It shifted the
more hydrophobic species away from the hydrophilic species but it did not help to
separate the hydrophilic species from each other. In fact, when the SDS concentration
rose above 7.7 mM, FTH-asparagine, FTH-glutamine coalesced into one peak. The
comigration of these two components at higher SDS concentrations is problematic
because their structures differ by only a single methylene group. This similarity in

structure would be expected to make them one of the more difficult analyte pairs to
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separate. As such, it was decided that further improvement in the separation would be
attempted by using a running buffer containing 7.7 mM SDS and investigating other
avenues for enhancing the resolution of the FTH-amino acids.

One way to improve resolution in CE is to decrease the electroosmotic flow rate
(EOF) without changing the applied voltage (32). Because the voltage is fixed, the
electrophoretic mobilities of the various analytes will not be affected. Therefore, when
the EOF is lowered, analytes will be swept through the separation capillary more slowly
with the result that small differences in individual electrophoretic mobilities will be
magnified. In effect, the different analyte bands will be given more time to separate.

The most straightforward way to reduce EOF is to lower the pH of the running
buffer so that the silanol groups on the capillary wall remain protonated (33).
Unfortunately, this approach is not suitable for the FTH-amino acid separation. The
running buffer pH would have to be less than 4.5 to significantly reduce EOF, but the
fluorescence of fluorescein and its derivatives decreases significantly below pH 7 (34).
However, it has recently been shown that the addition of metal cations such as Zn**, Cu®*
and Mg** to the running buffer can also significantly reduce EOF (35). The metal cations
reduce the change in potential across the diffuse layer between the outer Helmbholtz plane
and the bulk solution. The electroosmotic velocity is directly related to this zeta
potential, so as it decreases so does the EOF. In this worl.c, magnesium acetate was used
to decrease the EOF. Figure 2.4 shows the effect on the FTH-amino acid separation of
adding 2.0 mM magnesium acetate to the running buffer. Higher concentrations were not

explored because they led to precipitate formation in the separation capillary.
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Figure 2.4 Effect of magnesium ion concentration on the separation of 18 FTH-amino

acids. The separations were performed in 10 mM phosphate/7.7 mM SDS
buffer at pH 7.0 with a magnesium acetate concentrations of 0.0 mM and
2.0 mM respectively.

As expected, the addition of magnesium ions to the running buffer significantly
reduced the EOF in the separation capillary. This effect can be seen in the increase in
analysis time from 11.5 min to just over 30 min. The decreased EOF also had the desired
effect on the FTH-amino acid separation: analyte peaks are more spread out and the
resolution at the very front of the separation has improved. There is also an extra peak in
the second separation (*). This peak disappeared when fresh FITC was used, indicating
that it is a FITC decomposition product and is not related to the FTH-amino acids.
However, it may be produced under the harsher conditions used for protein sequencing,

so its effect on the separation cannot be ignored.
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More surprisingly, adding magnesium acetate to the running buffer also had an
effect on the migration order of the FTH-amino acids. The most striking example of this
effect is the way FTH-arginine was overtaken by FTH-aspartic acid. Other changes in
migration order involved movement of the more hydrophobic FTH-amino acids to longer
migration times relative to the more hydrophilic ones. In this respect it seems that the
addition of magnesium acetate affected how the FTH-amino acids interacted with SDS.
Those FTH-amino acids that had a significant interaction with the micelles prior to the
addition of magnesium acetate saw an increase in their partition coefficients. In contrast,
the interaction between FTH-arginine and SDS was greatly decreased when magnesium
acetate was added. This difference in behavior for FTH-arginine is further evidence that
its mechanism of interaction with SDS differs from that of the other FTH-amino acids.

The change in migration order results from the fact that there is more than one
mechanism of separation at work during the analysis. If the separation mechanism was
based solely on the different electrophoretic mobilities of the analytes, as in capillary
zone electrophoresis, then reducing the EOF would improve resolution without altering
the migration order. However, the addition of SDS introduces two other separation
mechanisms, partitioning of analytes between the micelles and the running buffer and, in
the case of FTH-arginine, ion pairing with the SDS. As such, the migration time of each

- component derives from the particular balance that exists between the different
separation mechanisms that are acting on it. Therefore, the effect of any buffer additive
on the overall separation will depend on how it alters the balance between the different

separation mechanisms acting on each species.
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As with the addition of SDS to the running buffer, the addition of magnesium
acetate improved the separation of the FTH-amino acids but it did not lead to the
complete resolution all of the components. Further improvements in resolution require a
third method for altering analyte migration characteristics. One way to do this is to
change the pH of the running buffer. This approach has been used successfully for the
separation of PTH-amino acids by capillary electrophoresis with thermo-optical
absorbance detection (36, 37). A change in pH can lead to changes in one or both of the
electrophoretic mobility and the partition coefficient for a given analyte. In this respect,
it represents a method for modifying the FTH-amino acid separation that is
complementary to the addition of SDS and magnesium acetate to the running buffer.

As stated earlier, the fluorescent signal generated by the fluorescein moiety begins
to decrease as the pH drops below 7 (34). It was therefore decided that the effect of pH
on the FTH-amino acid separation would be evaluated between pH 6.6 and pH 7.3.
Figure 2.5 shows four electropherograms for the FTH-amino acid separation using

running buffers in this pH range.
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Figure 2.5 Effect of pH on the separation of 18 FTH-amino acids. The separations
were performed in 10 mM phosphate/7.7 mM SDS/2.0 mM magnesium
acetate buffer at pH 7.3, pH 7.0, pH 6.8 and pH 6.6 respectively.

The data in Figure 2.5 indicates that the running buffer pH had a strong effect on
the FTH-amino acid separation. This effect is probably due to a change in the
distribution of charged species for each of the FTH-amino acids. The fluorescein moiety

has two ionizable protons, one from the carboxylic acid functional group and one from
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the phenol. The pKa of the carboxylic acid is approximately 3.5, so it is completely
deprotonated at the pH of the running buffers used here. The phenol however, has a pKa
of approximately 6.5 (34). Therefore, there will be a combination of both the phenol and
the phenolate present for each of the FTH-amino acids in the pH range studied here. Due
to the change in charge, the two forms will have different electrophoretic mobilities and
will probably have different partition coefficients with the SDS micelles as well. As the
pH drops from 7.3 to 6.6, the ratio of the alcohol to the phenolate form will increase.
Such a change will alter the migration characteristics of each of the FTH-amino acids.
The magnitude of the change will depend on exactly how each component’s
electrophoretic mobility and partition coefficient is affected. Figure 2.6 shows how the

migration times of the various FTH-amino acids varied with running buffer pH.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



81

Migration Time (min)

llll[llll]lrllllflll[lT_lﬁllll[llIIrllll[lllll

6.6 6.8 7.0 7.2 7.4
pH

Figure 2.6 Migration time vs. running buffer pH for 18 FTH-amino acids. The
separations were performed in 10 mM phosphate/7.7 mM SDS/2.0
mM magnesium acetate buffer at pH 7.3, pH 7.0, pH 6.8 and pH
6.6 respectively.
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Lowering the running buffer pH served to spread out the FTH-amino acid peaks.
For the most part this effect was due to a decrease in migration time of the more
hydrophilic FTH-amino acids, while the more hydrophobic FTH-amino acids showed
very little change in migration time. Protonating the phenolate on the fluorescein moiety
lead to an increased partition coefficient for hydrophobic species with the micelles. This
increase is not surprising because the loss of a negative charge would reduce the
electrostatic repulsion between the FTH-amino acids and the dodecyl sulfate anions. The
partition coefficient for the more polar FTH-amino acids remained low even after
protonation of the phenolate so these species were affected more by the decrease in
electrophoretic mobility associated with loss of the negative charge. Because their
electrophoretic mobilities opposed the EOF, this decrease led to a decrease in -rnigration
time. This effect was most striking with FTH-aspartate and FTH-glutamate. Both of
these species have acidic side chains that would make partitioning into the micelles
unfavorable even with the loss of the negatively charged phenolate. As such, the
decrease in electrophoretic mobility could not be countered through increased interaction
with the micelles and their inigration times decreased dramatically.

The results in Figure 2.6 show that there is no one running buffer pH that allows
for complete separation of all of the FTH-amino acids studied. However, a comparison
of the analyses performed at pH 6.6 and pH 6.8 shows that combining the information
from both separations allows for the unambiguous identification of all of the components.
This point is illustrated in Figure 2.7. Using the complementary separations eliminates

any uncertainty in FTH-amino acid identification.
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Figure 2.7 Combined separations that allow for the unambiguous identification of 18

FTH-amino acids. @ The separations were performed in 10 mM
phosphate/7.7 mM SDS/2.0 mM magnesium acetate running buffer at pH
6.8 and pH 6.6 respectively.

Although neither separation gives adequate resoluﬁon of all the components, any
overlap in one of the separations is not present in the other. For example, FTH-
asparagine and FTH-glutamine comigrated at pH 6.8 but they were resolved at pH 6.6.
Conversely, FTH-alanine and FTH-glycine were baseline resolved at pH 6.8 but they

were poorly resolved at pH 6.6. The FITC byproduct peak (*) interfered with FTH-
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leucine in one separation and with FTH-isoleucine in the other. Only by using both
separations could the identity of either product be confirmed. Other examples of how the
two separations compliment each other include FTH-tyrosine and FTH-serine which are
only separated at pH 6.6 and FTH-histidine and FTH-proline which are only baseline

resolved at pH 6.8. These results are summarized in Table 2.1.

Table 2.1 Identification capabilities of the combined separations from

Figure 2.7.
Peak Resolved (yes/no)

Amino Acid pH 6.8 pH 6.6 Combined
FTH-Ala yes no yes
FTH-Arg yes yes yes
FTH-Asn no yes yes
FTH-Asp yes yes yes
FTH-GIn no yes yes
FTH-Glu yes yes yes
FTH-Gly yes no yes
FTH-His yes no yes
FTH-Ile yes yes yes
FTH-Leu yes yes yes
FTH-Met yes yes yes
FTH-Phe yes yes yes
FTH-Pro yes no yes

FTH-Ser 1 no yes yes
FTH-Ser 2 ves yes yes
FTH-Thr yes yes yes
FTH-Trp ves yes yes
FTH-Tyr no yes yes
FTH-Val yes yes yes

The table illustrates how performing separations at both pH 6.6 and pH 6.8 makes

it possible to identify all of the FTH-amino acids studied. However, the time associated
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with analyzing each protein sequencing sample twice would be a serious drawback for
any instrument using this detection system. The added time would include not only the
second analysis but also the time required to change the running buffers and equilibrate
the capillary. Fortunately, the unique design of the CE-LIF system makes it possible to
analyse multiple samples simultaneously with only minor modifications to the detection
apparatus. In fact, this group has developed CE-LIF instruments that can analyse up to
96 samples simultaneously (38). Using one of these multiple capillary instruments would
eliminate the extra time associated with performing two analyses.

One of the figures of merit for any separation is the efficiency of the system. One
of the advantages of CE is that it typically results in much higher efficiencies than HPLC.
The improved efficiency derives from the plug flow profile that is typical of CE as
opposed to the parabolic flow profile that is typical of HPLC (39). The advantage
afforded by high efficiency separations is in part due to the decreased peak width that
results. It is because of the high efficiency associated with CE that the FTH-asparagine
peak at 12.9 min. can be adequately resolved from the FTH-threonine peak at 12.8 min.
and the FTH-glutamine peak at 13.0 min in the pH 6.6 separation. Table 2.2 gives the
efficiency for each of the 18 FTH-amino acids from the pH 6.6 separation except where

otherwise noted.
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Table 2.2 Separation efficierncies for the 18-FTH-
amino acids analyssed by CE-LIF.
Amino Acid Efficiency
FTH-Ala * 2.6x10°
FTH-Arg 7.0x10°
FTH-Asn 2.6x10°
FTH-Asp 1.2%x10°
FTH-GIn 2.8%x10°
FTH-Glu 2.2%10°
FTH-Gly * 2.0x10°
FTH-His * 3.1x10°
FTH-Tle 4.1x10°
FTH-Leu * 3.7x10°
FTH-Met 3.1x10°
FTH-Phe 4.1x10°
FTH-Pro * 2.7x10°
FTH-Ser 1 3.0x10°
FTH-Ser 2 1.8x10°
FTH-Thr 2.4%10°
FTH-Trp 3.1x10°
FTH-Tyr 3.2x10°
FTH-Val 2.7x10°

* Efficiency calculated from the p_H 6.8 separation.

Separation efficiency, N, was determined using thie equation

2
N =5.54] _m @2.1)
Wos

where t, is the migration time for each compoment and wq; is the peak width at half

maximurm.
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Separation efficiencies in excess of 100 000 are typical for CE. In this respect the
results obtained for the FTH-amino acid separation are not surprising. There is however
one surprisingly high value. FTH-arginine had an efficiency of 700 000 theoretical
plates. The reason for this high efficiency is unclear but it is probably related to its strong
interaction with SDS. In general, the other FTH-amino acids that interacted significantly
with SDS also had higher efficiencies than those species that had less interaction with the
surfactant. This trend can be most clearly seen in the almost two-fold higher efficiency
of FTH-phenylalanine over FTH-glutamate even though the migration times for the two

peaks differ by only 0.6 min.

The other, more important, figure of merit for the FTH-amino acid separation is
the limit of detection attainable for each analyte. It is this value that will determine the
utility of the FTH-amino acids and the CE-LIF system for protein sequencing. The LOD

can be calculated using the equation
LOD =30, (%) (2.2)

where o, is the standard deviation in the baseline signal, C, is the nominal concentration

of the FTH-amino acid and h is its peak height. The mass LOD can then be determined

using the injection volume, Vol,, which can be calculated for electrokinetic injection

using the equation (40)

, .
Vol, = e “‘: Ve, 2.3)
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where u., is the electrophoretic coefficient of mobility of the analyte, u_ is the

electroosmotic coefficient of mobility, r is the capillary radius, V.

. Is the injection
voltage, t; is the injection time and L is the capillary length. Equation 2.3 simplifies to

the form

A AVAS
SLANMUY (2.4)
V_t

m-m

Vol.

where V_ is the running voltage and t_ is the migration time of the analyte. This

equation accounts for the fact that electrokinetic injection induces a bias based on the
mobility of each analyte. An analyte with a higher mobility will be preferentially
injected onto the capillary. Table 2.3 gives both the concentration LOD and the mass
LOD for each FTH-amino acid based on a nominal concentration of 2x10~ M for each

compotent in the analysis mixture.
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Table 2.3 Limits of detection (36) for 18 FTH-amino acids by CE-LIF.

Amino Acid Concentration Injection Mass
LOD Volume LOD
(M x107"?) (nL) (moles x1072")
FTH-Ala 5.0 0.81 4.0
FTH-Arg 9.6 0.47 4.5
FTH-Asn 7.8 0.91 7.1
FTH-Asp 17 0.50 8.4
FTH-GIn 10 0.90 9.4
FTH-Glu 12 0.53 6.5
FTH-Gly 4.8 0.80 3.8
FTH-His 5.2 0.83 4.4
FTH-[le 9.6 0.65 6.2
FTH-Leu 5.2 0.69 3.4
FTH-Met 5.7 0.77 4.4
FTH-Phe 6.0 0.62 3.7
FTH-Pro 54 0.78 4.2
FTH-Ser 13 0.89 12
FTH-Thr 9.3 0.88 8.2
FTH-Tmp 4.0 0.70 2.8
FTH-Tyr 7.3 0.86 6.3
FTH-Val 4.4 0.76 34

The limits of detection obtained for the FTH-amino acids using CE-LIF are
exquisitely low. They represent a six order of magnitude improvement over those
attainable using HPLC with UV abscrbance detection (41). These results illustrate quite
clearly the potential for improvement in protein sequencing sensitivity that exists through
the use of CE-LIF for identification of the FTH-amino acids.

It is important to note that the extreme mass sensitivity of CE-LIF derives in part
from the small sample volumes that are analysed. In this respect, CE-LIF is incompatible
with current commercially available sequencers. These instruments have been designed
with the volume requirements of HPLC in mind. As such, simply replacing the HPLC

system with a CE-LIF system would result in a volume mismatch that would effectively
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preclude any improvement in sensitivity. A new, highly miniaturized sequencer designed
with the volume requirements of CE-LIF in mind is required. Such an instrument is

described in Chapter 3 of this thesis.

2.4 Conclusions

As an analytical method, CE-LIF provides unparalleled sensitivity. This
sensitivity makes it an attractive candidate to replace the HPLC with UV absorbance
detection system currently used to identify the PTH-amino acid products of protein
sequencing. However, it is first necessary to produce a set of fluorescent sequencing
products and then to develop a separation for these products by CE-LIF. This work
describes such a separation for the FTH-amino acid products from 18 of the 20 coded
amino acids. In order to identify all of the FTH-amino acids unambiguously, it was
necessary to investigate a number of methods for improving resolution in CE. These
methods included using MECC, modifying the EOF in the separation capillary and
adjusting the running buffer pH. Even so, it was necessary to use two separations
performed at different running buffer pH’s to adequately resolve all 18 components.
Fortunately, the CE-LIF system can be modified to allow both separations to be

- performed simultaneously.

The CE-LIF separation of the FTH-amino acids had limits of detection in the low
zeptomole range for all of the analytes. It is seven to eight orders of magnitude more
sensitive than the best PTH-amino acid separation by HPLC with UV absorbance

detection. Such a dramatic improvement in sensitivity indicates that this approach could
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well lead to a significant decrease in the amount of protein required for sequencing.
Unfortunately, current sequencers are not compatible with the volume requirements of
CE. The construction of a sequencer that can be used with the CE-LIF system should

make femtomole protein sequencing a reality.
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Chapter 3

Development of a Syringe Pump Based Protein Sequencer

3.1 Introduction

In order to understand how a given protein or peptide functions it is important to
have a knowledge of its primary structure. By far the most commonly used method for
protein sequence analysis used today involves sequential degradation of the sample using
isothiocyanate chemistry first developed by Edman in 1950 (1). This method involves
coupling of the primary amine site on the amino (N) terminal amino acid of the protein
with phenylisothiocyanate (PITC) under basic conditions. Excess PITC and other
byproducts are then removed through a series of wash steps so that they will not interfere
with the final identification of the labelled amino acid. The derivatised amino acid is
then cleaved using anhydrous acid and extracted in organic solvents. The resulting
anilinothiazolinone (ATZ) amino acid 1is converted to the more stable
phenylthiohydantoin (PTH) form, which is then identified. The power of the Edman
method comes from the fact that the protein is not destroyed during the cleavage reaction.
Furthermore, it retains a primary amine moiety at the new N-terminus. It is therefore
possible to repeat the entire procedure on the truncated protein. As each successive cycle
of the Edman degradation is performed, another amino acid is identified and the primary
structure of the protein is revealed.

The repetitive nature of the Edman chemistry lends itself very well to automation.

In fact, Edman himself developed the first automated sequencer, the Sequenator, in 1967
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(2). This instrument essentially reproduced the conditions used for manual sequencing
from the initial coupling step through to extraction of the ATZ-amino acids. The
Sequenator, along with similar instruments that followed shortly thereafter, required
nanomole amounts of protein for sequencing (2-5). However, the difficulty in isolating
many proteins at this scale has since driven a push to improve sequencing sensitivity that
continues to this day. Currently, sequencers based on the Edman degradation can reliably
analyse proteins and peptides at the low picomole level (6). This increase in sensitivity
has resulted from advances including miniaturization and automation of the
instrumentation (7-11), optimization of the sequencing chemistry (10, 12), improved
protein immobilization (13-16) and enhanced detection sensitivity for the PTH-amino
acids (9, 17, 18).

As good as current sequencers are, they still cannot analyse the large number of
rare proteins and peptides that can only be isolated in femtomole amounts. Because
many of these proteins perform important biological functions, an instrument that is
sensitive enough to successfully sequence them would be extremely beneficial for protein
researchers. A number of approaches to femtomole Edman sequencing have been
investigated. = They typically incorporate a modified detection system, often in
conjunction with modifications to the degradation chemistry itself, that is much more

- sensitive than HPLC with UV absorbance (19-23). Chapter 2 of this thesis described one
such approach involving the use of capillary electrophoresis with laser induced
tfluorescence (CE-LIF) detection of fluorescein thiohydantoin (FTH) amino acid
sequencing products. Unfortunately, current sequencers are not compatible with CE-LIF.

They were designed to be compatible with HPLC detection methods. Consequently, they
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work best with sample volumes in the 10 pL to 100+ pL range. In contrast, CE sample
volumes are typically 1 nL or less. Coupling a CE-LIF system to a commercial
sequencer would therefore, lead to a volume mismatch that would undermine any
sensitivity enhancement associated with the improved detector. This chapter describes a
miniaturized protein sequencer that has been designed with the volume requirements of
CE in mind. By significantly decreasing reagent and sample volumes, it should be
possible to realize the sensitivity advantage of CE-LIF and successfully sequence

proteins at the femtomole level.

3.2 Experimental

3.2.1 Reaction Chamber Design

Three different reaction chamber designs were evaluated. The first design
incorporated polyimide coated fused silica capillaries of different inner and outer
diameters (id, od). Up to seven pieces of 50 pm id by 150 um od capillary tubing were
partially inserted into a 700 um by 850 um reaction capillary. Epoxy resin was then used
to hold the smaller capillaries in place. The free ends of the capillaries were connected to
individual syringe pumps and, for argon, to a two way solenoid valve. The protein
support sat in the reaction capillary immediately below the reagent delivery capillaries.

The second design was made from 1 mm by 4 mm glass tubing. Short glass side
arms were added to a longer central piece of tubing. The side arms acted as inlets into

which 100 um by 350 pm capillaries were inserted. Each capillary was in turn connected

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



97

to a syringe pump. Argon was delivered through one end of the central tube. The protein
support was inserted through the other end to a position below the last reagent inlet.

The third reaction chamber was made from a solid block of Teflon. A Imm
channel was machined through the centre of the block along its long axis. Six smaller
diameter channels (350 um) were then drilled so that they intersected the main channel at
a 45° angle. Teflon coated fused silica capillaries (100 um by 350 um) were inserted into
the small channels. The sequencing reagents were delivered through these capillaries
while argon was delivered through Teflon tubing inserted into the top of the central

channel. The protein support sat in the main channel below the last reagent port.

3.2.2 Temperature Control Unit

The temperature control unit was made from two thermoelectric heating devices
(Melcor, Trenton, NJ) mounted on opposite arms of a standard laboratory screw clamp.
Copper blocks were attached to both sides of the thermoelectric devices to enhance heat
transfer. Temperature control involved adjusting the voltage applied to the heating units
using a variable voltage, variable current power supply (Kepco, Flushing, NY). A
thermocouple (Cole Parmer, Concord, ON) was used to monitor the reaction chamber

temperature.
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3.2.3 Reagent Delivery System

The reagent delivery system, consisting of syringe pumps and the necessary
control circuitry, was built in-house. The pumps were made using stepper motors
(Eastern Air Devices, Dover, NH) mounted in pairs to an aluminum frame. A surplus
computer power supply capable of delivering 30 amps of current was used to power the
motors. Individual Hurst 220001 stepper motor drivers (Emerson, Princeton, IN), a
square wave generator and a 5 V power supply controlled step rate and direction for each
pump. The design and construction of the control circuitry has been described elsewhere
(24). Gas-tight 250 puL Hamilton syringes (Chromatographic Specialties, Brockville,
ON) were used to deliver all liquid reagents. The syringes were connected to the delivery
capillaries (Polymicro Technologies, Phoenix, AZ) with a 1 cm piece of 0.2 mm inner
diameter Teflon tubing (LC Packings International, San Francisco, CA) flared at each end
to accept the syringe tip and the capillary. Argon was delivered via a two-way solenoid

valve (Lee Company, Westbrook, CT) to dry the reaction chamber between steps.

33 Results and Discussion

A sequencer that is compatible with CE-LIF must. be able to work reliably with
low to sub-microlitre reagent volumes. This requirement impacts on every aspect of the
instrument design. First, the size of the reaction chamber must be significantly reduced
to ensure uniform delivery of all reagents over the protein support. Decreasing the size of

the reaction chamber then makes it necessary to decrease the size of the heating unit used
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for temperature control during the coupling and cleavage reactions. As well, the reagent
delivery system must be completely redesigned. The valves used in modemn sequencers
are too large to accurately and reproducibly deliver reagents at the low microlitre level.
In fact, there are currently no valve systems small enough to work reliably at this level.
The protein sequencer described here addresses all of the issues discussed above.
It is essentially a valveless instrument that uses syringe pumps to deliver the sequencing
reagents to a highly miniaturized reaction chamber. A number of different reaction
chambers were tested during instrument development. Each basic design is discussed
along with its individual merits and drawbacks. The construction of a miniaturized
heating unit made from thermoelectric devices is then described, followed by a
description of the syringe pump based reagent delivery system. The entire sequencer is

then presented in the configuration in which it will be used.

3.3.1 Reaction Chamber Design

In many ways, the reaction chamber is the heart of a protein sequencer. It is here
where much of the degradation chemistry takes place. An effective reaction chamber
must meet a number of requirements. It must allow for facile delivery of the sequencing
reagents to the sample. However, it must do this in such a way that cross contamination
is minimized. Furthermore, it has to allow for adequate removal of excess reagents and
extraction of the cleaved residue. If even one of these requirements is not met, then the

entire sequencing process will fail.
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A number of reaction chamber designs were investigated for use with the syringe
pump sequencer. The goal was to produce a miniaturized chamber that was more
compatible with the volume requirements of CE without compromising any of the
required functionality. This section will describe the various reaction chambers that were
investigated and discuss their advantages and drawbacks.

The first reaction chamber was made entirely from varying sizes of fused silica
capillary tubing. Reagents were delivered through a collection of small capillaries (50
pm by 150 pm) into a larger capillary (700 pm by 850 um) where the protein support
was held. The ends of up to seven delivery capillaries could be inserted into the reaction
capillary. They were held in place using ordinary epoxy resin. A schematic of this

reaction chamber is shown in Figure 3.1.

Reagent
Delivery ———>
Capillaries
Epoxy
Resin
Protein
Support
Reaction
Chamber ——»
Capillary
Figure 3.1 Schematic of a capillary based reaction chamber.
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The rationale behind designing a capillary based reaction chamber was that it
could be made quite easily and it would best match the volume requirements of CE.
Unfortunately, the need to pack all of the delivery capillaries tightly together led to
serious problems with reagents creeping up via capillary action toward the top of the
reaction chamber during delivery. As a result, reagents would end up above the ends of
the capillaries where they could not be removed efficiently. This problem led to high
levels of byproducts in the sequencing samples. Furthermore, mixing of the basic
coupling buffer and the cleavage acid interfered with the degradation chemistry by
making it difficult to maintain the required pH during both reactions.

A number of different configurations of the capillary reaction chamber were
investigated in an attempt to overcome the reagent mixing and wash problems.
Adjustments were made to the number of delivery capillaries along with their relative
positions both with respect to each other and the protein support. However, no
configuration was found in which seepage of the reagents by capillary action didn’t cause

significant contamination. A typical capillary reaction chamber is pictured in Figure 3.2.
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Figure 3.2 Capillary based reaction chamber.

The second reaction chamber design attempted to overcome the contamination
problem by spatially separating the various reagent inlets. The chamber was made in
house using 1 mm by 4 mm glass tubing. Individual reagent inlets were made by joining
short pieces of the same sized tubing to the longer central piece using standard
glassblowing techniques. Each inlet was tapered to a diameter of less than 350 pm just
before it joined the main channel. Reagent delivery capillaries (100 pm by 350 um) were

then inserted as far as they would go into each inlet port. As long as the capillaries had
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smooth, even ends, this type of connection would allow for low pressure reagent delivery
with no leakage. Argon was delivered through Teflon tubing connected to the end of the

central channel. A schematic of the glass reaction chamber is shown in Figure 3.3.

Reagent
Delivery
/ Capillary
/ Inlet Port

™S

Glass Tubing

Ar [nlet

Protein
Support

Teflon
Tubing

Figure 3.3 Schematic of the glass reaction chamber.

Although the glass reaction chamber did not suffer from the reagent creep
problem of the capillary reaction chambers, it had a drawback of its own that led to
significant contamination. The tapered inlet could not be positioned so that the
capillaries would sit precisely at the edge of the main channel. As a result, a dead
volume was produced between the end of the capillary an.d the main channel. A pool of
reagent would collect in this region and mix with the other reagents as they were
delivered. This mixing again led to high background and poor pH control during the

degradation reactions. A picture of the glass reaction chamber is given in picture 3.4.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



104

Figure 3.4 Glass reaction chamber.

The third reaction chamber was made from a single block of chemically inert
Teflon. A 1 mm central channel was drilled through the block, while five 350 um
channels were drilled so that they intersected it at a 45° angle. Teflon coated capillaries
(100 pm by 350 um) were inserted into the smaller channels so that their ends were flush
with the central channel. Sequencing reagents were delivered through these capillaries,

while argon was delivered through a piece of 1 mm od Teflon tubing inserted into the top
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of the central channel. The protein support was inserted through the bottom of the central
channel to a position just below the last reagent inlet. A schematic and a picture of the

Teflon reaction chamber are displayed in Figure 3.5 and Figure 3.6 respectively.

Ar Inlet Teflon
Tubing

Reagent

Delivery

Capillary

Reagent
Inlet
Teflon \ Protein
Block Support
Figure 3.5 Schematic of the Teflon reaction chamber.
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Figure 3.6 Picture of the Teflon reaction chamber.

The design of the Teflon reaction chamber eliminated the problems that plagued
both the glass and the capillary reaction chambers. Because the ends of the reagent
capillaries were flush with the central channel, there were no dead volume problems like
there were with the glass reaction chamber. Furthermore, the tight fit of the delivery
capillaries in the inlet channels prevented reagent seepage along the outside of the
capillaries during delivery. Consequently, excess reagents could not get trapped between

the capillaries and the channel walls from where they would slowly leak out and interfere
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with both the degradation chemistry and sample cleanup. Th-ese two improvements
allowed fhe Teflon unit to meet all of the requirements mentionecd above for a functional
reaction chamber. The open central channel made for easy delivexy of the reagents to the
protein support, while at the same time providing no dead spaces where they could build
up. Reduced reagent buildup produced less contamination and more efficient sample
cleanup and extraction. Because the Teflon reaction chamber was able to meet the

standards set out above; it was used for all of the other instrument «development work.
3.3.2 Temperature Control Unit

Modifying the heating unit proved to be the most su:mightforwarci step in
developing the miniaturized sequencer. It was made from two thermoelectric devices
(TED’s) connected in series and mounted onto either side of a stamdard laboratory screw
clamp. The TED’s each had a 1 cm?” surface area, which matched. the size of the various
reaction chambers quite well. Copper plates were attached to either side of the TED’s
using epoxy resin. These plates served to enhance heat transfer aand to provide uniform
contact with the different reaction chambers. For the capilla:ry and glass reaction
chambers, uniform contact was achieved by milling an appropriasely sized channel into
the inside plates. The chambers were positioned in these channelss and the two halves of
the heating unit were clamped around them. The Teflon reactiom chamber was simply
tightened in place between the plates. A schematic of the heating winit is shown in Figure

3.7.
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Copper Plates

/\

Copper Heat Thermoelectric
Sink Device

Figure 3.7 Schematic of the thermoelectric heating device.

A variable voltage, variable current power supply was used to control the heating
unit. The applied voltage was increased until the desired reaction chamber temperature
was reached. A thermocouple was used to measure this temperature. For both the glass
and Teflon reaction chambers, it was simply inserted into the main channel_ where the
sequencing sample would be positioned. The capillary reaction chamber however, did
not have a large enough opening for the thermocouple. 'I"herefore, the temperature was
set by inserting the thermocouple between the TED’s and adjusting the applied voltage
accordingly. It was then assumed that the reaction chamber reached this same
temperature during sequencing. The heating unit is pictured in Figure 3.8 holding the

Teflon reaction chamber.
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Figure 3.8 Picture of the thermoelectric heating device.

3.3.3 Reagent Delivery System

Most commercial protein sequencers use positive pressure displacement for

delivery of the various sequencing reagents. Each reagent bottle is connected to an argon
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manifold and an outlet valve. When the valve is opened, the pressure of the argon gas
forces the reagent through the delivery line to the reaction chamber. The delivery volume
is then a function of the argon pressure at the reagent bottle and the length of time that the
valve is left open. While this system works well for sequencers coupled to HPLC
analysis systems, it would not be compatible with the CE-LIF analysis system described
in the previous chapter. The valve system required to control reagent deliveries cannot
currently be miniaturized enough to handle the low to sub-microlitre reagent volumes
required.

A syringe pump reagent delivery system provides an elegant alternative to the
positive pressure displacement system. No valves are required to regulate the flow of the
reagents. Instead, delivery volumes are a function of the step size of the pump, the
number of steps taken and the size of the reagent syringe. The system would also be easy
to miniaturize. For example, a ten-fold decrease in reagent volume can be achieved by
leaving the pump settings constant and switching from a 250 pL syringe to a 25 pL

syringe. An argon pressure delivery system cannot come close to matching this

flexibility. As well, commercial stepper motors with step sizes of 1.25x10™" inches/step

are readily available. When combined with low volume syringes, these motors can easily

deliver reagents at the sub-microlitre level. A set of six syringe pumps was built using

- stepper motors like the one described above. This section will describe the pumps and

the means by which they were integrated with the reaction chamber and heating unit to
produce a protein sequencer compatible with CE-LIF.

The syringe pumps were constructed in-house by mounting two stepper motors

onto each of three aluminum housings. A front plate was attached to the end of each
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stepper motor screw to force it to move linearly instead of simply rotating with the motor.
The plates also pressed against the syringe plungers during reagent delivery. At the front
of each housing was a syringe mount. It consisted of a block of aluminum with a V-
shaped depression in the middle. A spring loaded clamp was attached to the top of the
mount to keep the syringes from moving during reagent delivery or withdrawal. Figure
3.9 and Figure 3.10 shows a syringe pump schematic and an overhead picture of the six

pumps respectively.

S Stepper Front
tepper Motor Plate Spring

Motor
Screw j / ;mp

Syringe
Mount

Aluminum
Housing

Figure 3.9 Syringe pump schematic.
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Stepper
Stepper ' Motor -
Motor Front Syringe Spring Aluminum

Screw Plate ~ Mount Clamp Housing

Figure 3.10  Syringe pump picture.

A spare computer power supply capable of delivering 30 amps of current was
used to power all six motors. The high current capacity was necessary because the
motors drew in excess of 2 amps each. The motors were controlled by individual Hurst
220001 stepper motor drivers. These integrated circuits controlled not only the step
sequence of the motors but also the step speed and direction. The step speed was set

using a square wave generator and the step direction was set using a standard 5 V power
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supply. A single circuit board was used for all six stepper motor drivers. The design and
construction of this board has been described elsewhere (24).

The schematic in Figure 3.11 shows how the various components of the
miniaturized sequencer were combined to make the complete instrument. The syringes
and the reagent capillaries were connected using short lengths of 200 um id Teflon
tubing. Both ends of the tubing were flared so that they would fit over the tip of the
syringe and the end of the capillary respeciively. Argon, the only reagent not delivered
by syringe pump, was delivered to the reaction chamber from a gas manifold via a two-
way solencid valve. The reaction chamber was held in the heating unit simply by
tightening the screw clamp (not shown in the schematic). The temperature of the heating
unit was maintained by the variable voltage power supply. The signals from the pulse
generator, the 5V power supply and the syringe pump power supply were transferred
through the individual stepper motor control circuits to the syringe pumps. A picture of

the syringe pump sequencer is shown in Figure 3.12.
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Figure 3.11  Schematic of tlne syringe pump sequencer.
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Figure 3.12  Picture of the syringe pump sequencer.

The syringe pump sequencer described here has the potential to be the first
sequencer compatible with the volume constraints of CE-LIF. Even the current, first
generation instrument is capable of delivering sub-microlitre volumes of the different
sequencing reagents. The stepper motors used to make the syringe pumps have a
minimum step size of 1.25x10™ inches, while a typical syringe has a barrel length of 3

inches. It therefore takes 24000 steps to deliver the entire contents of a full syringe.
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Thus the volume delivered per step for a 25 pL syringe is 1.0 nL. Of course it is
unrealistic to expect this kind of performance from the sequencer but it nicely illustrates

why the syringe pump design is so promising.
34 Conclusions

Development of a protein sequencer that is compatible with CE-LIF requires the
miniaturization of a number of components including the reaction chamber, heating unit
and reagent delivery system. Combining these components produces a sequencer that
can perform all of the Edman degradation steps up to extraction of the ATZ-amino acids.
Conversion to the PTH-amino acids must be performed off-line due to th;: lack of
appropriate valves for quantitative and selective delivery of the extraction solvent to an
appropriate reaction flask. In this respect the syringe pump sequencer is still not yet up to
the standards of commercial instruments. However, it is only a first generation
instrument designed to prove that Edman-type sequencing can be performed at a volume
scale that is compatible with CE-LIF. That question is addressed for the syringe pump

sequencer in the next two chapters this thesis.
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Chapter 4
Evaluation of Fluorescein Isothiocyanate as a Reagent for Modified Edman Protein

Sequencing

4.1 Introduction

Protein sequence analysis involves a series of chemical reactions that result in
cleavage of the derivatized N-terminal amino acid from the protein of interest. The
derivatized residue is then identified, typically by HPLC with UV absorbance detection.
Repeated cycles of this procedure allow for the identification of successive residues from
the protein. In this way its primary sequence is determined.

By far the most commonly used approach to protein sequencing today is the
Edman method. In the Edman method, phenylisothiocyanate (PITC) is coupled to the N-
terminal residue of the protein under basic conditions. The coupled residue is then
cleaved under acidic conditions, converted to a more stable isomer and identified. All
four of these processes must be carried out successfully in order for a protein sequencing
to work. In addition, there are other steps that, although they need not be considered to
understand the basic premise of the Edman method, are still necessary for the method to
- be practically applicable. These extra steps include protein immobilization, removal of
excess labelling PITC and extraction of the anilinothiazolinone (ATZ) amino acid
cleavage products. Table 4.1 shows all of the steps involved in a sequencing cycle and

the order in which they are performed.
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Table 4.1 Steps involved in an Edman protein sequencing cycle.
Step Description
1 Immobilization of the protein on a solid support.
2 Coupling of the N-terminal amino acid with phenylisothiocyanate.
3 Removal of excess PITC and other byproducts.
4 Cleavage of the derivatized N-terminal amino acid.
5 Extraction of the derivatized amino acid.
6 Conversion of the derivatized amino acid to a more stable form.
7 Identification of the derivatized amino acid.

There are currently a number of instruments on the market that use the Edman
method to sequence proteins. These instruments can provide sequence information on
low picomole amounts of proteins and peptides (1, 2). However, there are many
biologically active proteins and peptides that cannot be easily isolated even at this level
(2, 3). Consequently, a great deal of effort has been put into improving the sensitivity
associated with protein sequencing (1, 4-15). Much of this work has involved
modifications to the Edman chemistry to result in sequencing products that are amenable
to high sensitivity analysis (8, 16-24). One such modification involves replacing PITC
with fluorescein isothiocyanate (FITC) (6, 25-30).

Chapter 2 of this work describes a method for the analysis of the fluorescein
thiohydantoin (FTH) amino acids generated when FITC is used for coupling. The limit
of detection (LOD) for the FTH-amino acids is in the zeptomole range for all of the

analytes. This LOD represents a six order of magnitude improvement on the sensitivity

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.




121

of the UV absorbance detection ssystem used with the phenylthiohydantoin (PTH) amino
acids generated from the standarsd Edman chemistry. As such, the use of FITC shows
considerable promise for improvimg sequencing sensitivity.

Changing coupling reagents is a significant modification of the Edman method. It
could lead to problems with any one of the seven sequencing steps identified in Table
4.1. As such, it is important to dietermine which steps, if any, are adversely affected by
the use of FITC for coupling. Because the success of any one step depends directly on
the success of all of the preceding steps, it is necessary to evaluate the effects of FITC use
by starting at the final step and working backwards. Otherwise it would be impossible to
determine exactly from where any~ problems arose. Chapter 2 of this work describes how
the various FTH-amino acids can be identified using capillary electrophoresis ;x/ith laser
induced fluorescence detection (CE-LIF). This chapter will describe how each of the

remaining six steps in its turn is afffected by the incorporation of FITC for coupling.
4.2 Experimental
4.2.1 Materials and Reagents
The FTH-amino acids wes=re identified using the CE-LIF system described in
Chapter 2. The separation was «arried out in buffers containing varying amounts of

sodium dihydrogen phosphate, sodium tetraborate, sodium dodecyl sulphate and

magnesium acetate (Sigma Chemusical, St. Louis, MO). Polyimide coated fused silica

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



122

capillary was purchased from Polymicro Technologies (Phoenix, AZ). The separation
conditions used for each step are described in more detail below.

The instrument used to evaluate the various sequencing steps is described in
Chapter 3. Coupling buffer (NMM, 5% N-methylmorpholine in 70/30 methanol:water
with 0.1% cyclohexylamine) and wash solvent (0.1% cyclohexylamine in methanol) were
purchased from Millipore Canada (Mississauga, ON). FITC was purchased from
Molecular Probes (Eugene, OR), and was dissolved in HPLC grade acetone (Sigma
Chemical, St. Louis, MO) to give a 1x 107°M working solution. This solution was stored
at 4°C prior to use. 5% phenylisothiocyanate in heptane and B-lactoglobulin were
purchased from Applied Biosystems (Foster City, CA). Anhydrous trifluoroacetic acid
(TFA) was purchased from Sigma Chemical (St. Louis, MO). Teflon coated fused silica

capillary was purchased from Polymicro Technologies (Phoenix, AZ).

4.2.2 Conversion

A representative set of amino acids consisting of arginine, asparagine, isoleucine,
methionine, and proline (Sigma Chemical, St. Louis, MO) was used for the conversion
study. Individual fluorescein thiazolinone (FTZ) amino gcids were prepared by adding
100 uL of 1x107 M FITC in acetone to 500 uL of a 1x102M solution of each amino
acid in pH 9 carbonate buffer. The reaction was allowed to proceed at room temperature
for 4 hr. The coupling buffer was then removed using a C-18 sep-pack. Each sample
was applied to the cartridge, washed with water, eluted with methanol and dried on a

vacuum concentrator. The dried FTZ-amino acids were reconstituted in SO0 pL of
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methanol prior to use. A mixture of the FTZ-amino acids was created by aliquotting 25
uL of each analyte into a vial and drying off the methanol on a vacuum concentrator.
Conversion was carried out in 500 uL of 5% to 25% TFA for 10 min or 25% TFA for 5
min to 40 min. The FTH-amino acids were dried on a vacuum concentrator and stored at
4°C prior to analysis. Analysis was carried out on the CE-LIF system described in
Chapter 2. A pH 7.0, 10 mM phosphate/10 mM SDS running buffer was used with a 300
V/cm electric field strength. Injection was at 25 V/cm for 5 s onto a 60 cm long 50 um id
capillary. Samples were reconstituted for analysis in 500 pL of running buffer containing

1% acetonitrile.

4.2.3 Extraction

An FTZ-amino acid mixture was prepared as described for the conversion study
and reconstituted in 100 pL. of methanol. A 20 uL aliquot of the mixture was applied to a
phenylene diisothiocyanate derivatized glass fibre mat (DITC-GFM). After the mat
dried, a strip was cut that would fit into the central channel of the reaction chamber
described in Chapter 3. Extraction consisted of consecutive deliveries of 4 uL. of TFA to
the reaction chamber. Each volume of TFA was collected into a separate vial containing
20 pL of distilled, deionized water. Conversion was carried out at 65°C for 10 min. The
converted samples were dried on a vacuum concentrator and stored at 4°C prior to
analysis. Analysis was performed as described for the conversion study. The first
extraction sample was analysed at a 50 times greater dilution than the other samples to

prevent detector overload.
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424 C(Cleavage

The cleavage reaction was evaluated using FITC labelled canine albumin
(Molecular Probes, Eugene, OR). A 0.67 mM solution of FITC-canine albumin was
prepared in pH 9.0 10mM dibasic sodium phosphate/1% SDS coupling buffer. 30 uL of
this solution was applied to a DITC-GFM. The mat was heated at 55°C for Lhr. It was
then washed three times with 1 mL volumes of coupling buffer followed by three washes
with deionized water, methanol and acetone. The coupled mat was viewed on a
fluorescence microscope to determine if any protein was present. A strip of the canine
albumin-GFM was cut off and inserted into the reaction chamber.

Cleavage consisted of a 3 uL delivery of neat TFA followed by a S min hold step.
The cleaved FTZ-amino acid was extracted with three 4 pL. TFA deliveries. The extract
was collected into 48 uL of deionized water and converted at 65°C for 10 min. The
extraction and conversion procedures were repeated four times. After conversion the
samples were dried on a vacuum concentrator and stored at 4°C prior to analysis. The

samples were analysed according to the procedure described for the conversion study.

4.2.5 Wash

The efficiency of FITC removal was evaluated using 0.1% cyclohexylamine in

methanol as the wash solvent. A strip of DITC-GFM was loaded into the reaction

chamber and subjected to the procedure outlined in Table 4.2. This procedure is a
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modification of the method used by Li et al for coupling using the standard Edman

chemistry (31).

Table 4.2 Procedure used to evaluate wash efficiency.
Step Reagent Delivered/Function Time (s)
1 NMM 15
2 FITC 15
3 Hold 300
4 Ar, S psi 10
5 FITC 15
6 NMM 15
7 Hold 300
8 Ar 30
9 Wash 240
10 Ar 10
11 Wash 90
12 Ar 10
13 Repeat Steps 9-12 three more times --

All reagents were delivered at a flow rate of 8 uL/min. The wash solvent from each 90 s

delivery was collected, diluted to 500 pL in running buffer and analysed according to the

procedure described in the conversion study.
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4.2.6 Coupling

A peptide sequencing standard (Sigma Chemical, St. Louis, MO) was covalently
attached to a DITC-GFM according to the method described in section 4.2.4 of this

chapter. The sequence of the standard is given below:

Tyr-Ala-Glu-Gly - Asp- Val-His- Ala-Thr-Ser-Lys-Pro- Ala-Arg - Arg

A single sequencing cycle was performed according to the protocol in Table 4.3. All
reagents were delivered at a rate of 8ul/min. The TFA was collected into 36 pL of
distilled water. Conversion was carried out at 65°C for 10 min. The converted sample
was dried on a vacuum concentrator. The dried sample was reconstituted in 500 puL of
running buffer containing 1% acetonitrile. Analysis was carried out in a 60 cm long, 30
um inner diameter fused silica capillary. The running buffer was composed of 10 mM
phosphate/3.8 mM borate/7.7 mM SDS/2.0 mM magnesium acetate at pH 7.03. The

sample was injected at 50 V/cm for 5 s and analysed at 300 V/cm.
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Table 4.3 Sequencing protocol for Cycle | of the peptide standard.

Step Reagent Delivered/Function Time (s)
1 NMM 15
2 FITC 15
3 Hold 300
4 Ar, 5 psi 10
5 FITC 15
6 NMM 15
7 Hold 300
8 Ar 10
9 | Repeat Steps 5-7 —
10 Ar 30
11 Wash 720
12 Ar 30
13 Wash 720
14 Ar 180
15 TFA 23
16 Hold 300
17 TFA 30
18 Ar 3
19 Repeat Steps 17-18 twice more -
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4.2.7 Protein Attachment to Solid Supports

Derivatised glass fiber mats were prepared according to the method of Aebersold
et al (32). The underivatised glass fibre mats (Applied Biosystems, Foster City, CA)
were washed in anhydrous TFA for 2 hr, then dried under Ar for 5 hr. Next, they were
immersed in a solution of 2% (v/v) 3-aminopropyltriethoxysilane (Sigma Chemical, St.
Louis, MO) in 95% acetone:water for 2 min. The silanized mats were washed ten times
with 3 mL volumes of acetone for 5 min each time. The mats were then dried under Ar.
The silane linkage was cured by heating the mats at 110°C for 45 min. Efficiency of
silanization was monitored by coupling FITC with a derivatised GFM in pH 9 carbonate
buffer. Coupling was carried out at 58°C for 45 min followed by five washes with 3 mL
of carbonate buffer, five washes with 3 mL of distilled water and five washes with 3 mL
of acetone. The coupled GFM was compared to an unsilanized GFM that had undergone
the same coupling protocol using a fluorescence microscope.

Twenty 9 mm diameter aminopropyltriethoxy-GFM’s (AP-GFM’s) were coupled
with 10 mL of 0.3 M phenylenediisothiocyanate (DITC) (Sigma Chemical, St. Louis,
MO) in 10% (v/v) pyridine/DMF. Coupling was carried out for 2 hr with mixing.
Coupled GFM’s were washed with four 5 mL volumes of methanol and four 5 mL
volumes of acetone, dried under Ar and stored at 4°C prior to use. Efficiency of DITC
coupling was monitored with [*S]-methionine ([**S]-Met) (Amersham, Oakville, ON).
Each mat was soaked with 1.6 uL of 30 mM [*S]-Met and 20 pL of 10 mM of dibasic
sodium phosphate:1% SDS coupling buffer at pH 9.0. Coupling proceeded at 55°C for 1

hr. Coupled DITC-GFM’s were washed with 2Xx1mL coupling buffer,
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4x1mL deionized water, 3X1mL methanol and 3x1mL methanol. Quantitation of

bound [**S]-Met was carried out on a scintillation counter.

4.3 Results and Discussion

4.3.1 Conversion

Conversion of the FTZ-amino acids into their FTH-amino acid counterparts
involves the same reaction as the conversion of ATZ-amino acids to PTH-amino acids.
However, substituting the fluorescein moiety for the phenyl moiety may lead to a change
in the rate or efficiency of the reaction. In this work, both the %TFA and the reaction
time were varied to determine what effect, if any, they had on conversion efficiency. In
order to simplify the interpretation of the data, a set of five amino acids — arginine,
asparagine, isoleucine, methionine and proline — was used to evaluate the conversion
reaction. The first four were chosen because their side chains are, in turn, basic, acidic,
non-polar, and polar. Proline was chosen because it is the least reactive amino acid with
the Edman chemistry.

The effect of TFA on conversion was evaluated using solutions of 5%, 10% and

" 25% acid in distilled water. Figure 4.1 shows the results obtained for the different TFA

concentrations.
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Figure 4.1 Effect of TFA concentration on the conversion efficiency for five FTH-
amino acids.

All of the electropherograms look quite similar. Only the FTH-proline peak
appears to change significantly with %TFA. This observation is borme out by the

comparison of peak heights shown in Table 4.4.
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Table 4.4 FTH-amino acid peak heights at differerat TFA concentrations.
TFA Conc. Peak Height (V)
(%) FTH-Pro FTH-Met FTH-Ike FTH-Asp FTH-Arg
5 2.6 6.3 5.8 2.7 1.9
10 3.5 6.2 5.7 2.7 1.9
25 4.4 6.6 57 2.6 2.0

The FTH-proline peak height increased with increasing TFA concentration. Conversion
of the other four FTZ-amino acids did not appear to be sensitive to changes in TFA
concentration.

There is one unknown peak (*) in the three electropherograms shown in Figure
4.1. TIts peak height decreased as the TFA concentration increased. This fact, combined
with the corresponding increase in the FTH-proline peak, suggests that the unknown peak
results from unconverted FTZ-proline.

The effect of reaction time was studied by allowing the conversion reaction to
proceed for 5 min, 10 min, 20 min and 40 min in 25% TFA in distilled water. The

electropherograms obtained for the various conversion times are shown in Figure 4.2.
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Figure 4.2 Effect of reaction time on the conversion efficiency of five FTH-amino

acids.

Again, all of the electropherograms are quite similar. The only FTH-amino acid
peak that shows a significant change is FTH-proline. Its signal increased with increasing
conversion time. The unknown peak was also still present but it decreased steadily as the

reaction time increased. This correlation again suggests that the unknown peak is FTZ-
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proline. The effect of conversion time on the peak heights of the FTH-amino acids is

summarized in Table 4.5.

Table 4.5 FTH-amino acid peak heights at different conversion times.
Conv. Time Peak Height (V)
(min) FTH-Pro FTH-Met FTH-Ile FTH-Asp FTH-Arg
5 3.0 5.6 5.1 2.2 20
10 4.0 6.6 6.1 2.5 2.5
20 49 6.2 5.6 2.3 25
40 5.5 5.7 53 2.2 2.2

The height of the FTH-proline peak increased by 2.5 V from the S min reaction to
the 40 min reaction. This trend is not surprising because proline is the least reactive
amino acid with the standard Edman chemistry. The other four FTH-amino acids all
followed a similar trend. Peak height increased when the conversion time was increased
from 5 min to 10 min. It then started to decrease as the conversion time was further
increased.

The above results indicate that switching from FITC to PITC in the sequencing
chemistry does not adversely affect the conversion reaction. The results further indicate
that conversion should be carried out in 25% TFA for 10 min. With the exception of

proline, these conditions allowed for complete reaction of all of the amino acids studied.
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It is expected that the other coded amino acids will behave in much the same manner as

the test group.

4.3.2 Extraction

Extraction efficiency was evaluated using the same representative set of amino
acids used in the conversion study and neat TFA as the extraction solvent. Because the
syringe pump based sequencer is designed to be used with covalently bound proteins,
highly polar solvents can be used without fear of sample washout. The use of polar
solvents is necessary because FITC is more polar than PITC. Less polar solvents would
not be as effective in extracting the FTZ-amino acids. TFA was chosen for extraction
because it is also used for the cleavage reaction, which immediately precedes extraction,
and in the conversion reaction which follows it. The resuits of the extraction study are
shown in Figure 4.3. Three successive extractions were performed on a single piece of
DITC-GFM to which the FTZ-amino acids had been added. The first extraction sample
was analysed at a 50 times greater dilution than the other two samples to prevent

overloading of the LIF detection system.
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Figure 4.3 Extraction of selected FTH-amino acids by anhydrous TFA. Each

extraction consisted of consecutive deliveries of 4 uL of TFA to the
reaction chamber. Extraction 1 was analysed at a 50-fold greater dilution
than Extraction 2 and Extraction 3.

The results clearly indicate that neat TFA is an excellent solvent for extraction of

the FTZ-amino acids. The individual extractions consisted of only 4 uL of TFA. Even

with such a small volume of solvent, the first extraction removed greater than 95% of the

total FTZ-amino acids. And after the second extraction greater than 99% of the FTZ-

amino acids were removed. It is apparent that TFA will work quite well for extraction of

the cleavage products generated from the use of FITC in the Edman chemistry.
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4.3.3 Cleavage

The cleavage reaction, which liberates the derivatized N-terminal amino acid
from the protein sample, is the same regardless of which isothiocyanate is used for
coupling. However, the rate of cleavage may be affected by the choice of label. As such,
a reaction time suitable for the complete cleavage of the phenylthiocarbamyl (PTC)
amino acids produced through PITC coupling may not result in complete cleavage of the
fluorescein thiocarbamyl (FTC) amino acids produced through FITC coupling. And any
FTC-protein molecules that do not undergo cleavage in a given cycle are still available
for cleavage in successive cycles. This delayed cleavage, or lag, causes spurious peaks to
appear in the electropherograms of later sequencing cycles and makes data inte'rpretation
more difficult. Lag also decreases repetitive yield, which limits the number of cycles that
can be performed on a given sample. It is therefore necessary to determine how long it
takes for the cleavage reaction to go to completion.

The cleavage reaction was evaluated using FITC labelled canine albumin
covalently attached to a DITC-GFM. Prior labelling of the protein did not interfere with
coupling to the DITC-GFM because on average, ten lysine residues per molecule were
labelled while canine albumin actually has thirty lysine residues per molecule (33, 34).
Attachment to the mat could still occur through one or more of the unlabelled lysine
residues.

The success of the cleavage reaction was evaluated by analysing the converted
extract for the presence of FTH-glutamic acid. Although FITC coupling to the canine

albumin was not complete, enough of the N-terminal glutamic acid sites should have
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been labelled to generate a discernable signal after cleavage and conversion. The results

of the cleavage study are shown in Figure 4.4 and Figure 4.5.
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Figure 4.4 Cleavage of the amino-terminal residue from FITC-canine albumin using

anhydrous TFA. Cleavage consisted of a 3 pyL delivery of neat TFA
followed by a 5 min hold step. The cleaved FT'Z-amino acid was
extracted with three 4 pLL TFA deliveries.

Figure 4.4 shows the electropherogram from cleavage of the N-terminal glutamic

acid residue, and the electropherogram from the N-terminal residue spiked with an FTH-

glutamic acid standard. There are two main peaks in each separation. The identity of the

first peak is unknown but the second peak is the expected FTH-glutamic acid. This

conclusion can be drawn from the fact that the amplitude of the second peak grew in the

spiked sample and no new peak was observed. There is an unexplained shift in migration
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time for the spiked sample, but it is related to the CE system and was not observed for

any other samples analysed in this work.
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Figure 4.5 Successive TFA cleavage steps on FITC-canine albumin. Each
step consisted of a 3 uL delivery of neat TFA followed by a 5 min
hold step. The cleaved FTZ-amino acid was extracted with three 4
pL TFA deliveries.

The successive cleavage results in Figure 4.5 indicate that the reaction essentially
went to completion with the first cleavage. There was, at best, only a small FTH-

glutamic acid peak in the second cleavage and none in the third. Cleavage with liquid
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TFA is therefore, an efficient way to generate identifiable sequencing products from

FITC labelled protein samples.

4.3.4 Wash

Because of the extreme sensitivity of the CE-LIF detection system, the removal of
excess FITC and other byproducts from the reaction chamber after coupling is critical. In
order to ensure complete coupling, a large excess of FITC is used. Therefore, the signal
resulting from FITC and other fluorescent byproducts would mask the signal generated
by the desired FTH-amino acids and severely limit the sensitivity of the syringe pump
based sequencer. The more polar nature of FITC makes it necessary to use a strong
solvent in order to remove it effectively. The solvent chosen for this work was 0.1%
cyclohexylamine in methanol because it is currently used in other solid phase sequencers
that use the standard Edman chemistry, and therefore can be obtained with a very low
level of contaminants.

Efficiency of the cyclohexylamine/methanol wash solvent was evaluated by
performing a coupling reaction on a DITC-GFM followed by successive deliveries of the
wash solvent. After an initial 32 uL wash step, successive 12 uL. washes were performed

~and collected. They were then analysed to determine if byproduct levels were

decreasing. The results of the first four 12 uLL washes are shown in Figure 4.6.
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Evaluation of the wash efficiency of 0.1% cyclohexylamine in methanol.
The wash solvent from each 12 pL delivery was collected, diluted to 500
pL in pH 7.0, 10 mM phosphate/10 mM SDS running buffer and analysed.

The results in Figure 4.6 show a significant decrease in byproduct peak signal in

successive washes.

In fact, the two main peaks in Wash 1 are almost completely

eliminated by Wash 4. The first of these peaks migrates at the same time as FITC and

has been labelled as such. The identity of the other main peak (*) has not been

determined but is presumably the fluorescent analog of the diphenylthiourea generated
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when PITC is used for coupling. The decrease in these two peaks indicates that 0.1%
cyclohexylamine in methanol is an effective wash solvent for FITC based protein

sequencing.

4.3.5 Coupling

Successful modified Edman sequencing requires efficient coupling of FITC with
the protein sample. If the coupling reaction does not work, then the N-terminal amino
acid will not be cleaved and no product will be generated. In this work, the coupling step
was evaluated by performing a single sequencing cycle on a strip of DITC-GFM to which
peptide sequencing standard had been covalently attached. The sequencing protocol was
a modified version of the one previously used with the standard Edman chemistry and the
syringe pump based sequencer (31). The only difference was the use of FITC for
coupling instead of PITC. Coupling success was evaluated by analysing the converted
extract for the presence of FTH-tyrosine, the expected first residue from the peptide

standard. Figure 4.7 gives the results from the first cycle of the peptide standard.
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Figure 4.7 Cycle 1 from a peptide sequencing standard using FITC for coupling. The
sample was prepared in 500 uL of 10 mM phosphate/3.8 mM borate/7.7
mM SDS/2.0 mM magnesium acetate running buffer at pH 7.03.

The results of the first cycle indicate that a small amount of FTH-tyrosine was
produced. There is a small peak in the lower electropherogram that increased
considerably when the sample was spiked with an FTH-tyrosine standard. Although the
peak is quite small in the unspiked sample, it still indicates that the coupling reaction
worked. Furthermore, the sample was diluted to 500 uL for analysis. Less than | nL of
this sample was then injected onto the separation capillary. It is therefore not surprising
that the peak is so small. It is also important to consider that the sequencing protocol has
not yet been optimized for use with FITC. A low signal level is therefore not unexpected.
The results obtained here do indicate that coupling with FITC is possible and it gives a
useful starting point for optimizing the entire sequencing protocol; this work is described

in Chapter 5 of this thesis.
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4.3.6 Protein Attachment to Solid Supports

In standard automated sequencers the protein sample is typically adsorbed to a
solid support. It is held in place due to its stronger affinity for the support than for the
wash and extraction reagents used in the sequencing chemistry. This approach works
because PITC and the ATZ-amino acids are soluble in fairly nonpolar solvents that will
not cause sample washout. When FITC is used for sequencing, more polar wash and
extraction solvents are required to adequately remove excess reagent and collect the FTZ-
amino acids. A consequence of using more polar solvents for sequencing is that
adsorption of the protein to the solid support is no longer strong enough to prevent
washout. Samples must be covalently bound to the support if FITC is to be used as a
coupling reagent. There are commercially available solid supports for covalent protein
attachment. They consist of PVDF membranes or glass beads chemically modified to
have a functional group available to react with either primary amine or carboxylic acid
sites on the protein. Unfortunately these supports are not amenable for use with FITC
sequencing. The PVDF membranes dissolve in the acetone used to make the FITC
coupling solution, while the pores in the glass beads make it impossible to adequately
wash away excess FITC after coupling. Figure 4.8 shows a picture of DITC-glass beads

- after a FITC coupling and wash cycle. The picture was taken using a fluorescence
microscope to illustrate the amount of fluorescent material present even after extensive
washing. The extreme sensitivity of the CE-LIF detection system would be compromised
because the samples would have to be run at a significant dilution so that the FITC and

other fluorescent byproduct peaks would not swamp the detector.
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Figure 4.8 Glass beads after coupling and wash.

Glass fiber mats represent an alternative to glass beads as a solid support for
covalent protein attachment. The mats are amenable to the same chemistry as the beads
and their more open structure should allow for improved washing (32, 35). The mats
used in this work were chemically modified to covalently bind proteins through both the
N-terminus and any lysyl side chains. The first step in the derivatization process is the
attachment of aminopropyltriethoxy silane to the GFM. After silanization, the free
aminopropyl group is available to undergo further reaction with
phenylenediisothiocyanate. This reaction leaves a free isothiocyanate that can couple
with any primary amine sites on the protein sample to be sequenced.

The success of the silanization reaction was monitored by coupling the free amine
groups with FITC and viewing the mat under a fluorescence microscope. Figure 4.9
shows a picture of a FITC coupled AP-GFM along with a blank consisting of a bare GFM

that had undergone the same coupling and wash protocol.
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Labelled AP-GFM Bare GFM

Figure 4.9 Comparison of an AP-GFM and a bare GFM after FITC coupling.

The AP-GFM shows a diffuse fluorescent signal that is not present on the bare
GFM. This diffuse signal results from fluorescent groups that are uniformly spread
throughout the mat. The fact that it is only present in the AP-GFM image indicates that
the silanization reaction did indeed work. The localized fluorescent spots in both images
are due to small crystals of FITC that were not completely washed off.

The degree of DITC coupling to the AP-GFM was monitored using radioactive
[**S]-Methionine. It is a small molecule that should react quantitatively with any free
isothiocyanate sites on the DITC-GFM. Once the [**S]-Met is attached to the mat, it can
be quantitatively analysed with a scintillation counter. The mat is immersed in scintillant
that absorbs the energy from the B-particles emitted from the radioactive decay of the
[**S]. The scintillant releases the energy through phosphorescence. The phosphorescence

signal is measured to determine the amount of [**S]-Met and hence the number of active
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sites for protein attachment on the DITC-GFM. Table 4.6 gives the results of scintillation

counting measurements on three DITC-GFM’s labelled with [*S]-Met.

Table 4.6 Scintillation counting measurements from three [**S]-Met labelled DITC-
GFM’s.
Sample Raw Counts Corrected Counts [**S]-Met Load
(CPM) (CPM) (nmol)
Underivatised Mat © 4969 - 0.0
Mat 1 1 489 093 1484 084 2.48
Mat 2 1 206 940 1201971 2.01
Mat 3 1 160 660 1 155691 1.93
AVG 2.1
S.D. 0.3

The average [**S]-Met load is 2.1 nmol. Only one strip of DITC-GFM can be
loaded in the reaction chamber for sequencing. The strip corresponds to approximately
10% of the total mat. Therefore, approximately 200 pmol of active sites are available to
bind protein samples for sequencing. Although this load capacity is much less than that
of commercial protein sequencers, it should still be sufficient for the syringe pump based
sequencer. This instrument, in combination with the CE-LIF detection system, is being
developed to improve the sensitivity of protein sequencing. As such, a low sample

capacity will not impede instrument function.
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4.4 Conclusions

Automated protein sequence analysis involves a number of discrete steps that
must all be carried out successfully. If any one of the individual steps fails, then the
entire process will fail. In the fifty years since Edman first developed his method of
protein sequencing, all of the sequencing steps have been optimized for use with PITC as
the coupling reagent. However, the sensitivity of PITC based sequencing appears to have
reached its lower limit. Further improvements in sequencer sensitivity will require a
switch to a more sensitive coupling reagent. The work described here explored the use of
FITC as a replacement for PITC in the sequencing chemistry. Such a significant
modification could have led to problems in any of the seven sequencing steps. As such,
the effect of FITC was evaluated for each step, starting with the final step and working
backwards through each succeeding step. It was found that every step could still be
performed successfully when FITC was used for coupling.

The work described in this chapter paves the way for further studies aimed at
bringing together all of steps that were evaluated here. These studies are the subject of
the next chapter of this thesis. Chapter 5 describes how the individual steps were
combined and optimized to allow for successful protein sequencing at the low picomole

level using the syringe pump based sequencer.
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Chapter §

Fluorescein Isothiocyanate as a Coupling Reagent for High Sensitivity Protein
Sequencing in a Syringe Pump Based Instrument with Product Identification by

Capillary Electrophoresis with Laser Induced Fluorescence Detection

5.1 Introduction

The most common approach used today to determine the primary structure of
proteins and peptides is based on a series of chemical steps developed by Pehr Edman
almost fifty years ago (1). In the Edman method, phenylisothiocyanate (PITC) c;ouples to
the N-terminal amino acid of the protein being sequenced. Subsequent steps result in
cleavage and extraction of the labelled residue followed by its conversion to a
phenylthiohydantoin (PTH) amino acid. The PTH-amino acid is analysed to identify the
original N-terminal amino acid. Successive cycles are used to establish the primary
structure of the protein.

Although commercial instruments can generate sequence information from as
little as a few picomoles of sample, there are a large number of biologically active
proteins and peptides that cannot easily be isolated even at the picomole level (2, 3). A
protein sequencer that could generate structural information on femtomole amounts of
sample would open up new areas of research in biochemistry (3). Currently, sequencer
sensitivity is limited by the HPLC with UV absorbance detection systems used to identify

the PTH-amino acid sequencing products (4). A number of alternative methods for
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product identification have been explored in an effort to overcome the limits of
sensitivity associated with UV absorbance detection (5-14). This chapter describes a
method for high sensitivity protein sequencing using capillary electrophoresis with laser
induced fluorescence detection (CE-LIF) for product identification.

CE-LIF is one of the most sensitive methods currently available for the analysis
of biomolecules. Mass limits of detection for CE-LIF are routinely in the low attomole (1
x 1078 moles) to zeptomole (1 x 1072 moles) range with yoctomole (1 x 103 moles)
LOD’s reported in the literature (10, 15-19). This extreme mass sensitivity is due, in
part, to the small detection volume that is probed in CE: typically less than | nl.. As a

result, the absolute amount of an analyte that is detected is small even at relatively high

concentrations. For example, an analyte with a concentration LOD of 1x10°M would
have a | fmol mass LOD in a | nL detection volume. Mass sensitivity is further
enhanced by the extremely low concentration LOD’s that can be obtained using laser
induced fluorescence. Fluorescence signal is directly proportional to the power of the
incident excitation source. The collimated beam from a laser directs a large amount of
energy to the detection region; thereby increasing the signal generated as the analyte
molecules pass through. Increasing the signal generated by an analyte leads to an
improved concentration LOD. A good fluorophore can have a concentration LOD of less
than 1x10™"?*M. The combined effects of low detection volume and enhanced signal
make CE-LIF an ideal candidate to improve the detection sensitivity associated with
protein sequencing.

Standard sequencing instruments have been designed for use with HPLC

detection systems. As such, the reagent and sample volumes have been optimised with
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the volume requirements of HPLC in mind. Because the volume requirements of CE are
much smaller than those of HPLC, it is not possible to simply attach a CE system to a
standard sequencer. This group has developed a rminiaturised sequencer that is more
compatible with the volume requirements of CE (7). It allows for a significant reduction
in both the reagent volumes used for sequencing and the sample volume used for
analysis. The instrument was evaluated using the standard Edman chemistry and
capillary electrophoresis with thermooptical absorbance detection (CE-TOAD) to identify
the PTH-amino acids. Much like commercial instruments, the sensitivity of the
miniaturised sequencer was limited to the low picomole level by the detection system
used for product identification. By switching to CE-LIF for product analysis, it should be
possible to overcome this limitation.

Before any sensitivity enhancement can be realized using CE-LIF for protein
sequencing, it is first necessary to generate products that are strongly fluorescent. This
requirement necessitates a modification to the standard Edman chemistry. A number of
different labelling reagents have been suggested as possible candidates to generate
fluorescent sequencing products (12, 20-28). The most promising of these reagents is
fluorescein isothiocyanate (FITC) (9-11, 29-34). It reacts with amino acids in the same
manner as PITC but it generates fluorescein thiohydantoin (FTH) amino acids that are
quite amenable to high sensitivity analysis by CE-LIF (9, 10). Using FITC for
sequencing does have a problem however: it contains an extensive conjugated 7t system
that reduces the reactivity of the isothiocyanate moiety. A decrease in reactivity leads to
a decrease in repetitive yield, which, in turn, severely limits the length of sequence that

can be determined for a given sample. This problem can be overcome by the continued
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use of PITC during coupling, but as a scavenger instead of a primary reagent. [t reacts
with sites missed by the less reactive fluorescent label thereby minimizing lag. The rest
of the sequencing chemistry remains the same so both the fluorescently labelled amino
acids and the PITC labelled amino acids are cleaved. Combined cleavage minimizes
protein loss during sequencing, which also serves to extend sequence reads. This double
coupling approach has been demonstrated with both manual sequencing and automated
instruments (11, 29-31). Again however, the detection methods used were not sensitive
enough to improve the overall sequencer sensitivity. The advent of CE-LIF shows

promise of overcoming this limitation.

5.2 Experimental

5.2.1 Protein Sequencing

The protein sequencer was built in house and has been described in Chapter 3.
Coupling buffer (NMM, 5% N-methylmorpholine in 70/30 methanol:water with 0.1%
cyclohexylamine) and wash solvent (0.1% cyclohexylamine in methanol) were purchased

- from Millipore Canada (Mississauga, ON). FITC was purchased from Molecular Probes
(Eugene, Or). It was dissolved in HPLC grade acetone (Sigma Chemical, St. Louis, MO)
to give a working solution with a concentration of 1x10”M. This solution was stored at
4°C prior to use. 5% phenylisothiocyanate in heptane and high purity B-lactoglobulin

sequencing standard were purchased from Applied Biosystems (Foster City, CA).
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Anhydrous trifluoroacetic acid (TFA) was purchased from Sigma Chemical (St. Louis,
MO). Teflon coated fused silica capillary was purchased from Polymicro Technologies
(Phoenix, AZ).

Table 5.1 shows a typical sequencing protocol including the reagent delivered in
each step, the length of time for each step, and comments. Coupling buffer (NMM),
FITC, PITC and neat TFA were delivered at 8 pL/min. Wash 1 and Wash 2 (0.1%
cyclohexylamine in methanol) were both delivered at 80 ul/min. Wash 2 and neat TFA
shared the same delivery capillary. The acid was only connected for the cleavage and
extraction steps. Coupling buffer, FITC and PITC solutions were withdrawn from the
delivery capillaries after coupling to prevent leakage into the reaction chamber during
cleavage and extraction. The reaction chamber was held at 50°C throughout the
sequencing protocol. B-lactoglobulin was covalently coupled to diisothiocyanate-glass
fiber mats (DITC-GFM’s) prior to sequencing according to the method described in
Chapter 3. Protein loads of 25 pmol, 10 pmol and 1 pmol were obtained by adding 1 uL
of coupling solution containing the desired amount of protein to a fresh strip of DITC-
GFM cut so it would fit into the reaction chamber. Each strip was inserted into the
reaction chamber immediately prior to sequencing and removed before the next sample
was analysed. Sequencing conditions were the same for all three samples with one
exception: total coupling time was increased from 30 minutes/cycle for the 25 pmol

sample to 45 minutes/cycle for both the 10 pmol and | pmol samples.
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Table 5.1 Typical sequencing protocol.

Step | Reagent Delivered/Function | Time (s) | Comments
NMM 8
2 Ar 1
3 NMM 8
4 FITC 15
5 Hold 900 Couple
6 Ar 10
7 Repeat Steps 3-6 933 Couple
3 Repeat Steps 3-6 933 Couple
9 Withdraw FITC 3 Reduce contamination
10 NMM 8
1t PITC 15
12 Hold 300 Scavenge
13 Ar 10
14 Repeat Steps 10-13 333 Scavenge
15 Ar 30
16 Withdraw NMM and PITC 3 Reduce contamination
17 Wash 1 187 Deliver full 250 4L syringe volume
18 Wash 2 187 Deliver full 250 pL syringe volume
19 Ar 60 Dry the reaction chamber
Switch Wash 2 with TFA
20 TFA 12 Fill delivery capillary
21 TFA 23
22 Hold 300 Cleave
23 Ar 1 Collect the TFA
24 TFA 30 Extract
25 Ar 1 Collect the TFA
26 TFA 30 Extract
27 Ar 30 Collect the TFA
Switch TFA with Wash 2
28 Wash 2 187 Deliver full 250 uL syringe volume
29 Wash | 187 Deliver full 250 uL syringe volume
30 Ar 300 Dry the reaction chamber

Conversion of the fluorescein thiazolinone (FTZ) amino acid intermediates was
performed off line. They were extracted with neat TFA into a 200 uL vial containing 50

puL of distilled, deionized water. The solqtion was mixed, heated at 65°C for 10 minutes
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and dried on a vacuum centrifuge. The converted FTH-amino acids were stored at 4°C

until analysed.

5.2.2 Sample Analysis

Capillary electrophoresis was carried out as described in Chapter 2 of this thesis
with some minor modifications. The separation capillary had an inner diameter of 30
um; the sample was electrokinetically injected at 50 V/cm for 5 seconds; and the aqueous
running buffer for all samples consisted of 15.0 mM sodium dihydrogen phosphate, 3.75
mM sodium tetraborate, 7.7 mM sodium dodecyl sulphate and 2.0 mM magnesium
acetate at a pH of 6.86. Sequencing samples were dissolved in either 50 or 500 pL of
running buffer containing 1% acetonitrile prior to analysis. FTH-amino acid standards

were prepared as described in Chapter 2. They were analysed at a nominal concentration

of 2x10°M for each derivatised amino acid.

53 Results and Discussion

The performance of the syringe pump sequencer was evaluated by analysing
successively smaller amounts of B-lactoglobulin covalently coupled to a DITC-GFM.
Instrument performance was monitored with respect to both the efficiency of the
sequencing chemistry and overall sensitivity using protein loads of 25 pmol, 10 pmol and

1 pmol respectively.
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Sequencing results for the first five cycles from a 25 pmol load of B8-lactoglobulin
are shown in Figure 5.1. Samples were injected from 50 uL of running buffer to prevent
peaks from overloading the detector. Inspection of the electropherograms in Figure 5.1
shows that identification of the expected FTH-amino acid is straightforward in all five
cycles. The expected sequence for the first five residues of B-lactoglobulin is given

below:

L-I-V-T-Q

Even the FTH-leucine peak in cycle 1 is easy to identify. This residue, along with any
lysyl residues, covalently couples to the DITC-GFM and should therefore give very little
signal. The presence of such a strong FTH-leucine peak indicates that coupling of the
protein to the DITC-GFM was not very efficient. There is an increase in signal in cycle 2
as protein molecules that were coupled via the N-terminal leucine become available for
sequencing. Cycle 3 has a very prominent FTH-valine peak but it co-migrates with a
byproduct peak. The relative contribution of both components to the overall peak is
difficult to determine because of the variability in intensity of the byproducts from cycle
to cycle. Cycle 4 and cycle 5 both show a marked decrease in signal compared to earlier

cycles. However, identification of the FTH-amino acid peaks is still not difficult.
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Electropherograms of the first five cycles from 25 pmol of 8-
lactoglobulin. Samples were reconstituted in SO pL of mobile phase
containing 1% acetonitrile. = The standard was run at a nominal

concentration of 2x10°M for each FTH-amino acid.
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Table 5.2 gives the calculated yields for the five cycles from 25 pmol of 8-

lactoglobulin. The yield for each cycle was calculated using the nominal concentration

and peak height of the corresponding FTH-amino acid from the standard separation.

Table 5.2 Yield for five cycles from 25 pmol of B-lactoglobulin.
Cycle Expected Residue Yield Yield

(pmol) (%)
1 Leu 0.28 1.1
2 [e 1.4 5.6
3 Val 1.2 4.8
4 Thr 0.90 3.6
5 Gln 0.39 1.6

The initial yield for a sequencing run measures the percentage of the applied

sample that is actually available to be sequenced. It gives an indication of both the

efficiency of protein binding and the effectiveness of the sequencing chemistry in

generating measurable products. Because the B-lactoglobulin covalently coupled to the

DITC-GFM through both the N-terminal amino acid and any lysine residues, the yields

for these cycles will be substantially reduced. As such, the yield in the first cycle is not a

true indication of the initial yield. The initial yield is more accurately determined from

cycle 2 since any protein molecules coupled through the N-terminal amino acid become

available for sequencing in the second cycle.

Therefore, the initial yield from the
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analysis of 25 pmol of B-lactoglobulin was 5.6%. This value is extremely low.
Commercial solid supports typically give initial yields of between 30% and 70%.

There are a couple of factors that could explain the low initial yield obtained with
the syringe pump based sequencer. First, double coupling chemistry produces a mixture
of both FTH-amino acids and PTH-amino acids in each cycle. Only the FTH-amino
acids are detected so the calculated initial yield does not include any PTH-isoleucine that
was produced in cycle 2. The 5.6% initial yield may simply be indicating that the FITC
coupling chemistry is not yet optimised. Second, a substantial amount of product may
have been lost during the manual conversion of the FTZ-amino acid intermediates to the
FTH-amino acids. This process involves a significant amount of sample handling and
exposes the unstable intermediates to the atmosphere. Incorpcrating on-line cénversion
into the current sequencer design would reduce this type of sample loss.

Although the yields from all five cycles are quite low, they do serve to illustrate
the potential sensitivity of the sequencer. Identification of FTH-leucine in cycle 1 was
straightforward even though only 280 fmol of product was generated. Furthermore, the
sample was injected from 50 pL of running buffer. This volume could easily be
decreased by as much as two orders of magnitude without having a serious impact on
sample injection. With such a reduction in sample volume, 2.8 fmol of FTH-leucine
would generate the same signal as 280 fmol did in Figure 5.1. This illustration provides a
striking example of the potential of the sequencer. It also demonstrates that
improvements in initial yield are not critical to improvements in overall sequencer

sensitivity. If 2.8 fmol of product represented a 5.6% initial yield, then the protein load
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would be only 50 fmol. The ability to sequence even this small an amount of protein
would be a significant improvement over current instruments.

Of more importance to the potential utility of the syringe pump sequencer is the
repetitive yield that can be attained. A high repetitive yield is necessary for extended
sequence reads. The overall repetitive yield for a sequencing run can be determined from
a log-linear plot of yield vs. cycle number. Figure 5.2 shows this plot for the analysis of
25 pmol of B-lactoglobulin. Again, because of loss of the N-terminal amino acid to

coupling with the DITC-GFM, the yield from the first cycle was not included in the plot.

10

Yield (pmol)

0.1

1 4 i

3 4 5
Cycle Number

o~

Figure 5.2 Yield vs. Cycle Number for cycles 2-5 from 25 pmol of B-lactoglobulin.

The equation of the best fit line for the sequencing data is
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log Y, =(logRY)b+log Y, (5.1)

where RY is the overall repetitive yield and Y, is the theoretical yield of cycle 0. Hence
the overall repetitive yield is determined from the inverse log of the best fit line for the
sequencing data. Commercial instruments typically have repetitive yields of 95% or
greater. If the repetitive yield drops much below this, the amount of protein lost in each
cycle is too great to allow for an extended sequence read, especially for small protein
loads that are close to the instrument’s limit of sensitivity. The overall repetitive yield
determined from the plot in Figure 5.2 was 67%. That is, one third of the protein
available to be sequenced in each cycle is lost to subsequent cycles. So for a protein
sample giving an initial yield of 1.4 pmol, the expected yield in the tenth cycle would be
only 25 fmol. In contrast, the expected yield in the thirtieth cycle for the same sample
with a 95% repetitive yield would be 300 fmol. An amount of product that could still be
easily identified by CE-LIF.

It is important to determine the reasons why the repetitive yield was so low and
how it can be improved. One possible cause for the low repetitive yield is incomplete
coupling between the isothiocyanates and the protein. However, this would lead to a
significant amount of lag in successive cycles. Inspection of the electropherograms in
Figure 5.1 shows very little lag. Therefore, something else must be reacting with the N-
terminal amino acid and blocking it from further sequencing.

Blockage occurs when a contaminant reacts with the protein during coupling.
Protein molecules that react with the contaminant can no longer undergo cleavage and are

lost to further sequencing. The most problematic contaminant in protein sequencing is
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atmospheric oxygen. It reacts readily with the thiocarbamyl (TC) protein produced by
both FITC and PITC coupling (35). Commercial sequencers are painstakingly designed
to minimise the amount of oxygen contamination for this reason. The syringe pump
based sequencer is not as well isolated from atmospheric oxygen as commercial
instruments. Each reagent is manually drawn into its delivery syringe. The reagents are
exposed to the atmosphere during this process and undoubtedly absorb some oxygen.
Oxygen could also be diffusing directly into the reaction chamber during coupling. The
chamber is made of Teflon, which is slightly permeable to oxygen. And the outlet from
the reaction chamber is open for the entire sequencing cycle. Oxygen can diffuse into the
reaction chamber through either of these routes. Furthermore, there are extended hold
steps during coupling that would allow significant amounts of oxygen to reach the
protein. The addition of an on-line conversion apparatus would help isolate the reaction
chamber and eliminate this problem.

The results for the five cycles from 25 pmol of B-lactoglobulin clearly indicate
that double coupling sequencing with a syringe pump based instrument is feasible.
Identification of the expected residue was unambiguous in every cycle. Both the initial
yield and repetitive yield were low but these problems are typical for a first generation
instrument. They should improve as modifications are made to the reaction chamber and
“other components are brought on line.

Notwithstanding the low initial and repetitive yield, the signal from 25 pmol of B-
lactoglobulin was still well above the limit of detection for the CE-LIF system.
Therefore, the protein load was reduced to 10 pmol to further evaluate the potential of the

sequencer. The sequencing protocol was modified in an attempt to improve coupling
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efficiency. The FITC coupling time was increased from 30 minutes/cycle to 45
minutes/cycle. The first cycle was performed using PITC as the sole coupling reagent in
order to minimize the coupling time. This modification would, in turn, minimize the
amount of protein lost to oxygen contamination during a cycle in which most of the N-
terminal residues were already covalently coupled to the DITC-GFM.

Sequencing results from cycles 2—5 for the 10 pmol sample are shown in Figure
5.3. Cycle 1 was not shown because no fluorescent products were generated. It is again
possible to identify the expected FTH-amino acid in each cycle. In fact, cycle 2 and
cycle 3 had to be injected from 500 pL of running buffer to prevent the analyte signal
from overloading the detector. The signal dropped significantly in cycle 4 and cycle S so

those samples were both analysed from 50 uL of running buffer.
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Figure 5.3 Electropherograms of cycles 2-5 from 10 pmol of B-lactoglobulia.
Samples from cycles 2 and 3 were reconstituted in 500 pL of running
buffer containing 1% acetonitrile. Samples from cycles 4 and 5 were
reconstituted in 50 pL of running buffer containing 1% acetonitrile. The
standard was run at a nominal concentration of 2x10°M for each FTH-
amino acid.
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The yield was again calculated for each cycle. The results are shown in Table 5.3.

Table 5.3 Yield for four cycles from 10 pmol of B-lactoglobulin.

Cycle Expected Residue Yield Yield
(pmol) (%)
2 [le 1.8 18
3 Val 2.1 21
4 Thr 0.69 6.9
5 Gln 0.42 4.2

The initial yield increased to 18% for the 10 pmol sample from 5.6% for the 25
pmol sample. This 3-fold increase, accompanied as it is by the increased FITC coupling
time, suggests that the double coupling chemistry is not yet optimized. Further
optimization will require modifying the coupling temperature or the amount and
concentration of FITC. Simply extending the coupling time further is not practical
because it would result in extremely long cycle times. And the extreme sensitivity of the
CE-LIF system means that even an 18% initial yield is good enough for low femtomole
sequencing.

The overall repetitive yield was again calculated for the five cycles by plotting

yield vs. cycle number. The plot is shown in Figure 5 .4.
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Figure 5.4 Yield vs. Cycle Number for cycles 2-5 from 10 pmol of B-lactoglobulin.

The overall repetitive yield for the 10 pmol sequencing run was only 57%. This
value represents a 10% drop compared to the 25 pmol analysis. The only significant
difference in the sequencing protocols for the two analyses was the increased FITC
coupling time. It indicates that increasing the coupling time has an adverse effect on the
overall repetitive yield. This correlation further suggests that oxygen contamination is
limiting the repetitive yield. Longer coupling times allow more oxygen to diffuse into
the reaction chamber and react with the TC-protein.

A comparison of individual repetitive yields for each cycle from repeat analyses
of the same protein can provide information on the cycle to cycle reproducibility of the
sequencing conditions. Although repetitive yields can vary considerably for different

residues in different samples, they should be consistent for individual residues from
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successive analyses of the same protein. Sample to sample differences for the same
protein indicate that the sequencing conditions are not very reproducible. Individual

repetitive yields are calculated using the equation

L

b-a
RY = (%] x 100 for a<b (5.2)

a

where Y, and Y, are the yields from cycles a and b respectively and RY is the repetitive
yield for cycle b. Table 5.4 gives the individual repetitive yields from cycles 3-5 for both
the 10 pmol and 25 pmol B-lactoglobulin samples. Due to the loss of the N-terminal
amino acid through coupling with the DITC-GFM, RY calculations were made using the

yield from cycle 2 for Y,.

Table 5.4 Comparison of individual repetitive yields from 25 pmol and 10 pmol of
B-lactoglobulin.

Cycle Expected Residue | 25 pmol Repetitive Yield | 10 pmol Repetitive Yield
(%) (%)
3 Val 88 117
4 Thr 80 62
5 Gin 65 62
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The individual repetitive yield results from 25 pmol of B-lactoglobulin are
considerably different from those obtained from 10 pmol of B-lactoglobulin. The
repetitive yield in cycle 3 increased from 88% to 117% respectively. This increase does
not appear to be due to an increase in the unresolved byproduct peak. In fact, the relative
contribution of the byproduct in cycle 3 from the 10 pmol sample appears to be smaller
than in the corresponding cycle from the 25 pmol sample. Comparison of cycle 4 from
both sequencing runs shows the opposite trend from cycle 3: the repetitive yield dropped
from 80% to 62%. And in cycle 5 there was no appreciable difference between the two
samples. Variations of this kind in repetitive yield indicate that the sequencing
conditions are not reproducible from cycle to cycle.

There are a number of byproduct peaks in the electropherograms from both the 25
pmol and the 10 pmol samples. For the most part each peak is present in every cycle but
with differing intensities. This variability is further indication that cycle to cycle
sequencing conditions are not consistent. One of the byproduct peaks has the same
migration time as FITC and has been labelled as such on all of the electropherograms.
The other major peaks are probably fluorescent analogues of diphenylthiourea (DPTU)
and diphenylurea (DPU), two common byproducts from the standard Edman chemistry.
Contamination of the reaction chamber, both by oxygen and the sequencing reagents
themselves, is the most likely explanation for the minor byproducts. Oxygen can react
with the byproducts in much the same manner as it can with the coupled protein.
Contamination by the sequencing reagents results because the syringe pump sequencer

has no valves. There will always be some mixing of the reagents where the delivery

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



170

capillaries end. This type of contamination will always be problematic with the current
reaction chamber design.

Many of the byproduct peaks do not co-migrate with any of the FTH-amino acid
peaks so they do not interfere with sequence determination. However, there are a number
of byproducts that migrate between 15 and 18 minutes. These peaks migrate in the same
region as the majority of the FTH-amino acids. As such, interference between the
byproducts and the FTH-amino acids is a problem, especially for FTH-valine and FTH-
proline. The presence of these byproducts and the variable signal they generate could
lead to errors in sequence analysis. Signal from a byproduct could be mistaken for signal
from an FTH-amino acid or conversely, the signal from an FTH-amino acid could be
buried by the signal from a byproduct. Both cases would lead to an incorrect ;equence
assignmént for the cycle in question. This type of chemical noise will be more
problematic as the protein load is decreased.

There is a byproduct peak in cycle 2 for both protein samples that is not present in
any other cycle. In order to determine whether this peak is due to the protein sample or
way related to the solid support, two cycles were run using a blank DITC-GFM. The

results of the blank runs are shown in Figure 5.5.
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Figure 5.5 Electropherograms of two blank cycles run on an uncoupled DITC-GFM.
Samples were reconstituted in 50 pL of mobile phase containing 1%
acetonitrile. The standard was run at a nominal concentration of

2% 10 M for each FTH-amino acid.

Cycle 2 again contains a significant peak (*) that is not present in cycle 1. The
absence of protein and the fact that the extra peak only appears in the second cycle
indicates that the peak results from a contaminant coupléd to the DITC-GFM. If the
byproduct was not covalently attached to the mat, then it would have been removed when
the GFM’s were washed or it would have generated a signal in the first cycle. Instead, it
appears to be activated in the first cycle, then coupled with FITC and cleaved in the

second cycle in much the same way as protein molecules coupled through the N-terminal
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amino acid. The peak however, does not correspond to any of the common amino acids.
In all cases it migrates between FTH-tryptophan and FTH-leucine. There is also no
discernable secondary sequence in the five cycles run from 25 pmol of B-lactoglobulin.
The combination of these two facts suggests that the contaminant is not another protein.
The signal generated for cycle 2 and cycle 3 from 10 pmol of B-lactoglobulin was
well above the limit of detection for the CE-LIF. In fact, the sample had to be diluted by
an order of magnitude to prevent detector overload. To further evaluate the sensitivity of
the syringe pump sequencer, the protein load was decreased to | pmol. Figure 5.6 shows

the electropherograms of cycles 2-5 from 1 pmol of B-lactoglobulin.
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Electropherograms of cycles 2-5 from | pmol of B-lactoglobulin. Samples
were reconstituted in 50 uL of running buffer containing 1% acetonitrile.
The standard was run at a nominal concentration of 2x10°M for each
FTH-amino acid.
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The signal from the FTH-amino acids is greatly reduced compared to the higher
protein loads. The expected peaks can be identified in each cycle but they are not the
main peaks in the electropherograms. Analysis of an unknown at this protein load would
not be possible. Chemical noise would lead to significant errors in the sequence
determination.

The sensitivity of the syringe pump sequencer is limited not by the sensitivity of
the CE-LIF detection system but rather by chemical noise from byproducts generated
during sequencing. The peaks generated by the FTH-amino acid products from | pmol of
B-lactoglobulin were no larger than a number of the minor byproduct peaks. As a result,
identification of the actual sequencing products from 1 pmol of an unknown protein
would be extremely difficult. Improving the sensitivity of the sequencer will require a
reduction in chemical noise so that the signal from the FTH-amino acids is significantly
greater than the signal from the interfering byproducts. A reduction in chemical noise
would also lead to a reduction in sample volume used for product analysis. The current
50 puL sample volume is at least two orders of magnitude greater than that required for
injection in CE. Reducing the sample volume would result in a corresponding increase in
the signal generated by the FTH-amino acids. As such, modifications to the sequencer
that reduce the chemical noise will result in lower sample volumes and lead to immediate
improvements in instrument sensitivity. In this respect, the syringe pump instrument
differs from commercial sequencers. They are limited by the lack of sensitivity
associated with identification of the PTH-amino acids using HPLC with UV absorbance
detection. Significant improvements in sensitivity for this type of detection system are

unlikely so it will be difficult to decrease the protein requirements of any sequencer using
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this approach. In contrast, a large decrease in chemical noise is expected as revisions and
improvements are made to first generation instruments like the syringe pump sequencer.
For exampie, the first automated sequencers based on single coupling and using manual
conversion required nanomoles of protein, while current sequencers using the same
chemistry can sequence proteins at the low picomole level. A similar progression for the
sequencer described here is not unreasonable. Such a progression would result in a

sequencer that could successfully analyse proteins at the low femtomole level.

54 Conclusions

High sensitivity sequencing using FITC for coupling and CE-LIF fox; product
identification is a viable alternative to the standard PITC chemistry using HPLC with UV
absorbance detection. The data presented here demonstrates that a first generation
sequencer designed to be used with double coupling chemistry and CE-LIF detection can
generate sequence information on low picomole amounts of protein. The current design
suffers from low repetitive yield, which severely limits the number of cycles that can be
run from a single sample. However, modifications to the reaction chamber and on-line
conversion of the FTH-amino acids will result in improved repetitive yields and will
allow for extended sequence reads.

Furthermore, the sensitivity of the sequencer is currently limited by chemical
noise, not the CE-LIF detection system. In fact, the sensitivity of the CE-LIF system
could be improved by at least two orders of magnitude by simply decreasing the sample

volume used for injection. As improvements are made to the design of the sequencer and
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conversion of the FTH-amino acids is brought on line, chemical noise will decrease
significantly. It will then be possible to reduce the sample volume used to analyse the
FTH-amino acids. The resulting decrease in sample volume will generate instant
sensitivity improvements for the overall sequencing process. When these improvements
are realized, the syringe pump sequencer based on the use of FITC for coupling and CE-
LIF for product identification will be able to successfully sequence low femtomole

amounts of proteins and peptides.
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Chapter 6

Conclusions and Future Directions

6.1 Introduction

The ability to analyse ever smaller amounts of proteins and peptides is becoming
increasingly important in many different research disciplines. For this reason, a great
deal of effort is currently being put forth both to develop new high sensitivity methods
for protein analysis and to improve the sensitivity of methods that are already in use by
protein researchers. This thesis describes the construction and evaluation of a unique,
syringe pump based protein sequencer that promises to improve the sensitivity associated
with primary structure analysis by two to three orders of magnitude.

Sensitivity enhancement with the syringe pump sequencer results from the use of
capillary electrophoresis with laser induced fluorescence (CE-LIF) for analysis of the
sequencing products. Chapter 2 of this work describes the optimization of a separation
for the fluorescein thiohydantoin (FTH) amino acid derivatives of eighteen of the twenty
coded amino acids. These FTH-amino acids are the expected sequencing products when
fluorescein isothiocyanate (FITC) is used as the primary sequencing reagent. The limits
of detection for the separation varied from a low of 3.4 zmol to a high of 12 zmol. This
sensitivity is seven to eight orders of magnitude better than that obtained by HPLC with
UV absorbance detection of the phenylthiohydantoin (PTH) amino acid products

commonly generated during sequencing.
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Commercial protein sequencers have been designed for use with HPLC. As a
result, their volume requirements are not compatible with those of CE. Injection volumes
in CE are typically no more than one or two nanolitres, so if CE-LIF is to be used for
product identification, then a sequencer must be developed with this volume in mind.
Chapter 3 describes a protein sequencer designed specifically to be used with CE-LIF
detection. It incorporates syringe pumps for reagent delivery to a highly miniaturized
reaction chamber.

The production of FTH-amino acid sequencing products requires a modification
of the standard Edman chemistry whereby phenylisothiocyanate (PITC) is replaced by
FITC. In Chapter 4 the effect of switching to FITC as the primary coupling reagent is
evaluated for each step of the sequencing process. The results demonstrate that f"ITC can
be used for sequencing with the syringe pump instrument.

Finally, Chapter 5 presents sequencing data using the syringe pump sequencer
with FITC coupling and product identification by CE-LIF. The data clearly demonstrate
that sequence information can be obtained from as little as one picomole of protein using
this instrument. However, low repetitive yields severely limited the number of cycles
that could be analysed from a given sample. Even so, the sequencer clearly showed that
it has the potential to significantly improve the sensitivity associated with primary

structure analysis of proteins and peptides.
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6.2 Discussion

Although the syringe pump instrument was able to provide sequence information
from | pmol of protein using the FITC coupling chemistry, the repetitive yield was too
low and the chemical noise was too high to allow for the analysis of more than five
residues. These problems must be addressed before the sequencer can be considered as a
viable alternative to the standard Edman sequencers currently available. The
development of a sealed reagent delivery system and reaction chamber to prevent
contamination from atmospheric oxygen during sequencing should result in both an
improved repetitive yield and a reduction in chemical noise.

One way to produce a sealed sequencer involves building a miniaturized valve
block having the same basic design as one first proposed by Wittmann-Liebold (1). The
miniaturized valve block can be constructed by endmilling a channel along one surface of
a Teflon block and then drilling adjacent inlet holes for each reagent through the block.
A 100 pm deep channel with a width of 500 pm would be compatible with the reagent
volumes currently used for sequencing with the syringe pump sequencer. The inlet holes
can be drilled to match the outer diameter of the reagent delivery capillaries. There will
also have to be an outlet hole drilled directly through one end of the channel. The
corresponding outlet capillary will be connected to a sepa;rate reaction chamber so that
disassembly of the valve block will not be necessary whenever a sample is loaded. The
reagent valve block can be sealed using a Teflon membrane and a second Teflon block.
The membrane will be positioned between the two blocks, which will then be bolted

together. The second block will have holes drilled through it that will match the position
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of the inlet holes in the first block. These holes will allow for pressurization of the
membrane with argon, which will in turn, seal the inlet holes on the other block. Reagent
delivery can then be accomplished by releasing the pressure on the membrane over the
desired reagent inlet hole followed by pumping the desired volume from the appropriate
syringe pump. After delivery the membrane can be re-pressurized to prevent leakage. A

schematic of the valve block is shown in Figure 6.1.
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Figure 6.1 Schematic of an air tight valve block for the syringe pump sequencer.
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A sealed reaction chamber can be constructed in a similar fashion to the valve
block. A channel can again be endmilled into a Teflon block, but this time it will have to
be widened in the centre so that it can hold a protein coupled glass fibre mat (GFM).
Inlet and outlet holes will have to be drilled through the block intersecting the channel at
each end. The outlet line will also have to be valved to prevent diffusion of oxygen into
the reaction chamber during coupling and cleavage. This design will also make sample
loading much easier and more reproducible than it is currently because it will be possible
to accurately position the mat in the chamber instead of blindly inserting thin strips into a
narrow channel. The reaction chamber can be sealed by tightening a smooth glass plate
over the Teflon block. Using the glass plate will make it possible to monitor reagent
delivery during sequencing and make troubleshooting easier. The reaction chamber can
be heated through the Teflon block using a F:ltier device positioned so that it sits under

the GFM well. Figure 6.2 shows the basic design of this reaction chamber.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



184

Glass Plate

2 /
/‘ Teflon Block /‘
/ 7
From Valve Block To Conversion

Figure 6.2 Reaction chamber schematic.

By using the valve block and reaction chamber above it should be possible to
dramatically reduce contamination during coupling and cleavage. Such a reduction
should lead to a significant improvement in repetitive yield. This improvement will
result in the longer sequence reads required for the syringe pump sequencer with the
FITC based chemistry to be useful for the analysis of unknown samples.

The sealed sequencer should also lead to a reduction in the size of the byproduct

peaks in the sample electropherograms. Because it is this chemical noise that currently
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limits the sensitivity of the syringe pump sequencer, any decrease will lead to an
immediate improvement in sequencer sensitivity. All of the results presented in Chapter
5 were obtained using on a 50 pL sample volume due to the size of the byproduct peaks
in the separation. Even so, it was possible to sequence five residues from a | pmol

sample of B-lactoglobulin. As such, a decrease in chemical noise that allows for a

reduction in sample volume will make femtomole sequencing possible with the syringe
pump sequencer. For example, if the sample volume can be decreased to | uL, a volume
that still allows for reproducible injection in CE, then it should be possible to sequence 20
fmol of protein. This sensitivity, in combination with increased sequence read lengths,
will make the syringe pump sequencer a viable alternative to current sequencers for the
high sensitivity analysis of proteins and peptides.

Although the modifications described above should make femtomole sequencing
possible, the instrument will still require a significant amount of manual sample handling
during the conversion and analysis steps. If these steps could also be automated, then the
utility of the syringe pump sequencer would be further increased. The main obstacle to
automated conversion and analysis will be the small sample volume required for CE.
Significant miniaturization of the conversion chambers used by current sequencers will
be necessary before the manipulation of 1 pL samples will be possible. This work will
benefit from current advances in the field of microfluidics. By using the same
microlithography techniques employed in microchip fabrication, devices can be produced
that are able to isolate and move and mix solutions at the low nanolitre level (2). These
devices can also be used to carry out chemical reactions and analyse the resulting

products (2, 3, 4). While these methods are still in the early stages of development, they
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meet the exact requirements of an on-line conversion and analysis system for the syringe
pump sequencer.

The protein sequencer described in this thesis incorporates major modifications
with respect to existing instruments in three major areas: the detection methodology, the
sequencing chemistry and the reagent delivery system. This first generation, proof of
principle instrument was shown to have a sensitivity comparable to that of state of the art
Edman sequencers. If it follows the trend established during the development of standard
Edman sequencers, a further 100-fold to 1000-fold improvement in overall instrument
sensitivity can reasonably be expected as the syringe pump sequencer is further refined
and the FITC coupling chemistry is optimized. Such an improvement would make
protein sequencing at the low femtomole level straightforward and would give

researchers a valuable new tool for the study of weakly expressed proteins and peptides.
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