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Abstract

Analysis of ever decreasing amounts of sample requires ever increasing
sophistication in analytical techniques. This thesis describes the use of capillary
electrophoresis (CE) separation and laser-based thermo-optical detection for the
analysis of minute amounts of biologically important samples: purine and pyrimidine
bases, nucleosides, DNA, and derivatized amino acids specifically relevant o peptide
and protein sequencing. This thesis also describes the development of a miniaturized
peptide sequencing instrument designed to match the volume requirements of CE and
permit high sensitivity determination of the derivatized amino acid products from

sequencing.

Peptide (and protein) sequencing is the process of determining primary amino
acid sequence. Knowledge of primary sequence is important for revealing evolutionary
history, identifying abnormal function and providing access to genes. Researchers are
always trying to find ways of improving the sensitivity of peptide sequencing, limited
now to about one picomole of peptide. Traditional methods of identifying the
sequencing products, phenylthiohydantoin (PTH) amino acids, revolve around
chromatography. Commercia! sequencing instruments use reversed-phase high
performance liquid chromatography (HPLC) with ultraviolet (UV) absorbance but the
detection ability of this technique is just under one picomole. This thesis explores the
use of CE as an alternative separation scheme and laser-based thermo-optical

absorbance as an aiternative detection scheme for PTH amino acids.

CE provides high speed, high efficiency separations compared to HPIL.C;
analysis times are 5 times faster and peak efficiencies are 10 to 100 times higher.
Laser-based thermo-optical detection is an absorbance based method of detection
independent of optical path length so high sensitivity detection in capillary tubes is



possible. Limits of detection are 1,000 times better with thermo-optical absorbance
compared to conventional UV detectors used in HPLC. In this thesis, CE with thermo-
optical detection of PTH amino acids from peptide sequencing show superior separation

and detection compared to state-of-the-art HPLC.

Interface of the CE system directly to a commercial peptide sequencer to
improve sequencing sensitivity is not possible because the sample volume requirements
differ by four to five orders of magnitude. The design and characterization of a highly
miniaturized peptide sequencer are presented in this thesis, with the intention of
matching the volume requirements more closely to CE analysis. The development of
micro-scale analytical techniques, like those described in this thesis, will provide new

avenues to study samples that are difficult to isolate or purify in large amounts.
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CHAPTER 1

INTRODUCTION




1.1  Introduction

“If it were possible to obtain sequence information on [one to ten femtomoles of
protein] the impact on biology and medicine would be tremendous, and we would see
the establishment of new fields of research™ [1]. Peptides and proteins constitute over
variety of roles, from transport and storage of small molecules to immune response.
Determination of the primary structure of peptides and proteins is a fundamental part of
understanding protein structure and function. As Lloyd Smith implies in the quote
above, if the primary sequence of very small amounts of protein could be determined
then previously inaccessible biomolecules could be studied. It is the development of
sequence analysis of femtomole amounts of peptides and proteins.

The micro-scale analytical techniques described here are capillary
electrophoresis, laser-based detection and polypeptide microsequencing. State-of-the-art
polypeptide sequencing involves derivatization and cleavage of the terminal amino acid
from a peptide followed by identification of the cleaved amino acid. Determination of
the derivatized amino acids is typically done by high performance liquid
chromatography (HPLC) with ultraviolet (UV) absorbance detection; however,
identification of femtomole quantities is difficult. Capillary electrophoresis (CE) is a
relatively new, high-efficiency separation technique, complementary to high
performance liquid chromatography (HPLC). CE is particularly well suited to analysis
of less than one picomole of sample and is compatible with laser-based detection

Laser-based thermo-optical absorbance detection in capillaries offers better
sensitivity than conventional absorbance detection. It is well suited to determination of

the derivatized amino acid products from sequencing. Initial work on developing a



separation and detection scheme for dimethylaminoazobenzene thiohydantoin
derivatized amino acids is presented in the first part of Chapter 2. Building a detector
to identify phenylthiohydantoin (PTH) amino acids was made possible by the recent
commercial availability of an inexpensive UV excimer laser. This work is discussed in
the second part of Chapter 2. In Chapter 3, the feasibility of CE/laser-based detection
of PTH amino acids is applied to manual peptide sequence analysis. Chapter 4
describes the design and characterization of a micro-scale sequencer compatible with
the volume requirements of the CE/laser-based analysis system. In Chapter §,
identification of a few other important biomolecules is explored using the novel UV

laser and capillary electrophoresis.

The work presented in this thesis draws together the speed and efficiency of
capillary electrophoresis, the high sensitivity of thermo-optical absorbance detection
and the principles of polypeptide sequencing to advance the field of microsequencing

and hopefully help to establish new fields of research in the biosciences.

1.2  Capillary Electrophoresis

Electrophoresis has been a tool of the biological sciences since the 1930s (2].
However, the past fifteen years have seen the rapid growth of capillary electrophoresis,
a technique first described by Hjerten in 1967 [3]. Figure 1.1 demonstrates the rate of
publications cited in Chemical Abstracts by searching for ‘capillary’ and
‘electrophoresis’ appearing together. Between January 1990 and January 1992 alone

there were almost eighty reviews covering capillary electrophoresis [4].



Number of Publications

Publication Year

Figure 1.1 Number of publication titles containing the words ‘capillary’ and
‘electrophoresis’ for years 1980 to 1992,

The general principle of electrophoresis is the separation of charged species in
an electrolytic medium under the influence of an externally applied electric field. Joule
(resistive) heating generated by the applied field results in temperature gradients that

degrade separation performance. Subsequent density gradients and convection also

surface-to-volume ratio (IDs from 2 um to 250 um) reduces Joule heating because of
good heat transport. Better heat dissipation through the capillary walls permits use of

nigher electric ficlds leading to improved separations. The small inner diammeter of

capillary tubes minimizes convection thereby reducing band broadening. Also, the
ultrasmall volumes associated with capillary electrophoresis lend themselves well to
determination of very small sample sizes in very small detection volumes.

The onslaught of capillary electrophoresis (CE) has brought us several similar
modes: capillary zone electrophoresis (CZE), micellar electrokinetic capillary



chromatography (MECC), capillary gel electrophoresis (CGE), capillary
isotachophoresis (ITP) and capillary isoelectric focusing (IEF). While each type of CE
has its own special features, this work will focus on CZE in order to present some
theoretical concepts, and on MECC, which is the mode of electrophoresis employed for

most of the experiments.

Capillary Zone Electrophoresis

Capillary zone electrophoresis (CZE) is an open tubular method tor scparating
species based on their charge-to-mass ratio. Each end of the buffer-filled capillary is
immersed in a vial of buffer with a high voltage electrode at the injection end and a
grounded electrode at the detection end. A Plexiglas safety box is interlocked to the
high voltage switch to protect the user during operation. The capillary tubes are almost
exclusively made of fused silica. Current (i) is measured in the return circuit. A

schematic of the basic CZE apparatus is shown in Figure 1.2,




Besides electrophoresis, there is another phenomenon that contributes to the
movement of species in CZE: electroosmosis. It is prudent to discuss the two processes
together because the equations governing CZE separation contain terms from both
electrophoresis and electroosmosis.

Briefly, electroosmosis is the bulk flow of solvent (buffer) in a capillary tube

when an electric field is applied from one end to the other. It does not cause separation,

surface that is in contact with an aqueous solvent becomes charged. Oppositely charged
solvent molecules are attracted to the surface and an electric double layer is formed. In
fused silica tubing, the interior surface becomes net negatively charged because of
silanol groups. Cations from the aqueous solvent line up along this surface to maintain
electroneutrality and a electric double layer is formed. When an electric field is
applied, the cationic solvent molecules are strongly attracted to the negative electrode
and migrate toward it. This migration causes the rest of the aqueous solvent to be
dragged toward the anode—electroosmosis. Several authors have dealt with this
phenomenon in deuail [2, 3, 5-8).

Figure 1.3 presents a simple diagram of electroosmotic flow compared to
parabolic flow from a pressure pumped system such as liquid chromatography. In
pressure driven flow, solvent at the tube centre moves with a maximum velocity based

on pressure, tube radius and solvent viscosity. At the walls, velocity is zero. As the

based on applied voltage, solvent viscosity and diffusion coefficient. At time L, the



bulk solution begins to catch up with the cationic layer and the net eftect 1s a Nat Nlow

profile, sometimes called plug flow.

" pressure driven
. parabolic flow

19109 392
L]

voltage driven - -
slectroosmotic -
flow . . -

LI T I I I

......

Figure 1.3 Electroosmotic versus parabolic flow |9).

Electroosmotic flow (EOF) is the velocity of the bulk solvent, v,,. EOF is a
function of the electroosmotic coefficient of mobility, p.,, and electric field strength,

E, as defined below:

Voo = tiu E = 2%5 (1.1)

The electroosmotic coefficient of mobility, u,,,. depends on pH and solvent composition
where ¢ is the dielectric strength, n is the viscosity and § is the zeta potential measured
at the plane of shear close to the solvent-surface interface. For the experiments
described in Chapter 2, a typical EOF at pH 7 is about 1.4 mm/s. Zeta potentials are
on the order of -10 to -150 mV [8).



As mentioned already, movement of ionic species in CZE is a function of both
electrophoresis and clectroosmosis. In the simplest sense, an ionic solute travels from
the high voltage end to the detection end of the capillary with a given electrophoretic
velocity, v,,. Velocity depends on the electrophoretic coefficient of mobility of the
solute, p.,, and the electric field strength, E, such that:

Vep = Mo E (L.2)

where the unique electrophoretic mobilities of different species allows separation in
CZE. An ion has a given u,, which contributes to its velocity of migration. Combined
with the electroosmotic flow arising from the composition of the buffer, the linear

velocity of charged species in CZE is defined as:

\Y)
Vs ov v, = (g ) E = (u, +u) = (1.3)

where electric field strength, E, equals applied voltage, V. over total length of
capillary, L,. Even though an anionic solute is attracted to the positive electrode, the
EOF is generally much stronger and all charged species are swept toward the negative
electrode: v, > > v,,. The migration time, t,, for a species is simply distance
traveled to the detector, L, , divided by the velocity of travel, v. The result is that
migration time in CZE is proportional to capillary length squared and inversely
proportional to applied voltage. Faster separations are achieved in short capillaries run
at high voltages:

2
t, = L. _ L (1.4)
1 4

- (g + 11,V

Contrary to chromatographic theory, longer columns do not increase efficiency
in CZE. In liquid chromatography, for example, several factors contribute to column
bandbroadening such as longitudinal diffusion, non-uniform parabolic flow profile of

velocities across the tube (trans-column resistance to mass transfer) and resistance to



mass transter in the stationary phase. In electroosmotically driven svstems. the force s
uniformly distributed across the entire length of the tube; there 18 no pressure drop
available to create parabolic flow. Combined with the absence of a stationary phase. the
major contribution to bandbroadening in CZE is longitudinal diftusion. Bandbroadening

or peak variance, 62, can be described by the Stokes-Einstein equation:
o’ =2D1, (1.5)

where D is the diffusion coefficient of sample in the mobile phase measured m cm?/s
and t,, is the time that the diffusion was allowed to occur. A means of quanttatively
describing the tendency of a particular chromatography column o0 produce
bandbroadening is the plate number, N, also called the etficiency. Plate height. H, or
height equivalent to a theoretical plate (HETP) is the distance travelled by a solute, 1,
divided by the number of theoretical plates:

= L

H= 4 (1.6
N )

In the rate theory of column bandbroadening, plate height is defined as the variance ot
the band or peak per unit distance x; along the column through which ihe band centre

has migrated. When the centre of the band has reached the detector then x; = L

A

H=- (1.7)

\r-'n

Combining Equations 1.6 and 1.7, then substituting in Equation 1.5 gives the following
expression for the number of theoretical plates or column efficiency in CZE:
= Lii = Lii Lf - (Eﬁi,%yn )V
& 2Dt

o L 2D
(b + 4, )V

(1.8)

Equation 1.8 shows that column efficiency is a function of the electrophoretic and
electroosmotic coefficients of mobility, the applied voltage and the solute diffusion

coefficient, but not the column length. For this reason, high efficiency separations can
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be achieved in CZE by using high voltages, and fast separations can be achieved by
using short capillary tubes (see Equation 1.4). The main reasons people use long
capillaries (>20 cm) are that current and Joule heating are lower, and detectors are
casier to install the further they are from the injection end. An easy method for
calculating the plate number can be derived from the first part of Equation |.8:

i 1
Nele ol (1.9)

= ; » ?

Since the width at half-height. W, ,, of a Gaussian peak is defined as (8 /n2)" *xa,,
Equation 1. 10 provides a quick, routine method of calculating plate number where t is
migration time. For CZE, efficiencies are on the order of 10* to 10* theoretical plates.

y2

; |t .
N =554 - 1.10
(=] (1.10

03

Another important concept in separation theory is resolution. Resolution is the
separation between peak centres in terms of the average baseline width of the peaks.
So. for peaks i and j the resolution, R, is typically expressed as:

R - I‘-«;"-u (.10

Z(W! +W)

where t,,, and t,, , are the migration times and W, and W, are the baseline peaks widths.
Since CZE peaks have migration times and not retention times as in conventional
chromatography, it is also possible to represent resolution in terms of mobility. The
electroosmotic coeffieicent of mobility is the same for both the i, and j, peak, and
therefore reduces to W, ; which is equal to 40. From the first part of Equation 1.8
o=L/(N)°$, therefore resolution can be expressed as the relative difference in
mobilities of species i and j by Equation 1.12:



1

Mg )~ ,
Rz%(“"" ]ﬁ (1.12)

where Ap,, equals (K., ; - H.,,) and 4, is the average electrophoretic mobility [10]. It
the expression for theoretical plates (Equation 1.8) is substituted into Equation 1.12,
then the voltage has to be quadrupled just to double the resolution and therefore control

of species’ mobility is tlie key to improving resolution, as shown in the tollowing

equation:

(LK)

Control of mobility in CE can be etfected by modifying the capillary inner surtace or
by modifying the buffer. The following section discusses one of the more common

methods for changing the buffer to allow separation of neutral species.

Micellar Electrokinetic Capillary Chromatography

Equations 1.1 through 1.13 apply to charged species, in that a neutral species
has zero electrophoretic mobility. To separate neutrals and molecules with very similar
charge-to-mass ratios, addition of surfactant is helpful [11). Above the critical micelle
concentration (CMC), surfactant molecules aggregate to form spherically shaped
micelles having a hydrophobic interior and charged exterior. As mentioned above, it is

rect to talk about retention time in CZE because nothing is retained. In micellar

electrokinetic capillary chromatography (MECC) though, micelles formed from the
surfactant molecules provide a pseudo-phase into which analyte can partition, providing
a means of retention. MECC is essentially voltage-pumped chromatography, in contrast
to conventional liquid-pumped chromatography. Since chromatography requires two
phases between which analyte is distributed, one can consider the buffer (o be the
‘mobile’ phase and micelles the pseudo ‘stationary’ phase. Therefore, we can define
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Ry as the number of analyte molecules incorporated into the micelle and n,, as the

[ 12) in chromatographic terms as:

V= ,eg——— v, + ,ﬁﬁi V. (1.14)
n_‘ +n_ ] ng +n

where v, _ is the mobility of the analyte in the micelle. The micelles are essentially a

stationary phase pumped through the capillary by electroosmotic flow. The capacity
factor, k', is the ratio of the number of analyte molecules inside the micelle to those
outside and can be expressed as:

k'=lme (1.15)

The migration velocity can also be expressed as length over time, by analogy to
Equation 1.4, therefore:

vele andv =L andv =:‘—* (1.16)

where t, is the observed retention time, t; is the retention time of the aqueous phase or
unretained compound measured as EOF and t,_ is the retention time of the micelle.
Combining Equations 1.14 through 1.16 gives an expression for the retention time of a
neutral solute in MECC:

t g,isatj (1.17)
I+(:—‘)k'

Alternatively, this equation can be rearranged to calculate k' after measuring t, , t, and
L empirically. The actual velocity of a neutral solute in MECC depends on
electroosmosis (00, and therefore, we can substitute the relationship between micellar
and aqueous phase for i, in Equation 1.3 to get:

V=(F—*l*k.ﬂ.._)E (1.18)
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where i, . is the electrophoretic coefficient of mobility of the micelle.

In the same manner as CZE, all species in MECC migrate trom the positive
electrode (anode) to the grounded or negative electrode—this is true even for anionic
micelles. Sodium dodecyl sulfate (SDS) is perhaps the most popular surtactant tor
MECC and forms micelles when present above 8 mM. SDS forms large (radius ~3 nm)
negatively charged micelles that are dragged along with the electroosmotic tlow and
elute at the detection end of the capillary. Figure 1.4 is a representation of MECC
using SDS and shows the partitioning of neutral solutes in the micelle. Micelles have a
substantial electrophoretic coefficient of mobility, directed toward the positive
electrode. However, the electroosmotic flow (EOF) of the bulk solvent (buffer) is much
stronger than the electrophoretic flow of the micelles. As shown in Figure 1.4, micelles
are also swept toward the negative electrode, with analyte, and past the detector. SDS

wus the surfactant used in all MECC experiments discussed in this thesis.

Sodium Dodecyl Sulfate - ..
S . SDS micelle
{ r. ot clae ey
4 1 $ - ‘ ) ! Eﬁ

Figure 1.4 Micellar ele: okinetic capillary chromatography using SDS.
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Several examples of non-ionic, cationic and zwitterionic surfactants exist for
MECC separations of various molecules [13-16]. Solute migration in MECC is similar
to that of CZE. While there is an additional contribution to bandbroadening, namely
resistance to mass transfer in the pseudo-stationary phase, this effect is small and the

same equations can be used to estimate N. The resolution in MECC [12] is expressed

as:

.
-1y k -7
R=‘m(“ 'I ! b (1.19)

te ) !

where the separation factor a is equal to k'; /k'; which are the capacity factors of the iy,
and j,, analytes. Details for optimizing the migration time, resolution, and resolution
per u.it time in MECC are discussed in depth by several authors [17-19]. lonic species.,
as well as neutrals, are routinely separated by MECC. Depending on their charge,
some ionic solutes ion-pair with micelles whereas others partition within. The

mechanisms for ionic solute interactions with micelles are not as well established and

will not be addressed here.

For some separation applications, the electroosmotic flow (EOF) is supressed by
coating the inner walls of the capillary to block silanol groups. This process is briefly

described in Chapter § where it has been applied.

1.3  Thermo-Optical Absorbance Detection

Detection in Capillary Electrophoresis
Detection of weakly absorbing samples has always been difficult and detection
in nanolitre volumes presents a challenge. To preserve the high-speed/high-efficiency
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characteristics of capillary electrophoresis, a suitable method of detection must be

employed. Very small amounts of analyte must be detected in very small volumes.

detection methods are all used with CE quite successfully {4}, fluorescence continues to
be the most sensitive method of detection for CE. Limits of detection for
tetramethylrhodamine labeled amino acids are in the 102! mol range [20]. For
molecules that don't naturally fluoresce or are cumbersome to label with a tluorophore,
UV/Visible absorbance methods are the most routinely used.

All commercially available CE instruments have conventional on-column
UV/Visible absorbance detectors; they are simple and inexpensive. Unfortunately,
these detectors are not highly sensitive because absorbance depends on optical path
length and in capillaries, the path length is very short. Light passing through an
absorbing medium loses intensity at a rate dl/dl proportional to both the absorbing
species’ concentration, C, and the instantaneous intensity, I, such that:

-=— =/ (1.20)

where B is a proportionality constant called the absorption coefficient and [ is the path
length. Rearranging Equation 1.20 and integrating over path length gives the Beer-
Lambert Law expressing light transmission through an absorbing sample:

Iiige!"g SECIO;HE (lzl)

where €=0/2.303 and is called the molar absorptivity. The exponent, /C, is often
simplified to absorbance, A. The absorbance is therefore related to transmittance, T,
by:

A=-log, T where T= (1.22)
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Initially, modified HPLC detectors were used for CE; however the detector
volume was usually too large. Essentially, the illumination slit width was much larger

than capillary inner diameters. Walbroehl and Jorgenson [21] built a UV absorption

capillary [22]. Minimum detectable concentrations for various proteins were about 5x
104 M.

Bruin er al. [23] evaluated several arrangements for UV absorbance detection
in CE. A focusing lens, rather than slit or pinhole, in front of the capillary resulted in
higher sensitivity. One obvious method of increasing detection sensitivity is to increase
optical path length. To maintain the high resolution separation capability of narrow
bore capillaries, illumination along the column axis is necessary. Z-shaped and U-
shaped detection cells showed about four times better signal-to-noise ratios [23]
compared with the focusing lens type detector. In another effort to increase optical path
length without increasing cell volume, Wang et al. [24) designed a multireflective
absorption cell. A 40-fold improvement in sensitivity was achieved compared to a
single-pass cell. A concentration detection limit of 6.5x10* M was obtained for
brilliant-green dye.

Yeung [25] described an absorbance detection technique whereby the excitation
beam was directed along the axis of the entire capillary. All components contribute to
absorption initially, and, as they elute out of the column one by one after separation,
transmitted intensity steps up for each component. Each step height is equivalent to the
integrated peak area. Regardless of the detector configuration, researchers use both

conventional light sources (lamps) and lasers in absorbance-based measurements. Each
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year new schemes are developed to increase detection sensitivity while preserving high

efficiency separation in CE.

Photothermal Methods

The use of lasers in microchemical analysis continues to grow, especially as
lasers become more reliable and more affordable. The high radiance. spectral purity,
and temporal and spatial coherence of lasers make them an ideal optical source in the
analytical chemistry laboratory [26]. Lasers that emit high energy picosecond pulses
take advantage of temporal coherence, whereas spatial coherence allows the laser beam

to be focused to spot sizes approaching the wavelength of light without loss of power.

For probing properties of analyte in the ultra-small volumes of capillary
electrophoresis, lasers are nearly perfect. Laser beams can easily be directed to the
target and focused down to a small spot with a simple lens. Conventional optical

transmission methods for determining analyte concentration are path length dependent.

via absorbance of light is thermo-optical absorbance, a method of photothermal laser
spectroscopy [27].

Photothermal methods involve the measurement of heat produced from
radiationless relaxation after absorption of a photon. The emitted heat can be measured

directly by measuring the temperature change: AT~ 105 to1 K at ambient

some property of the sample that changes with temperature like density, conductivity or
refractive index. Photoacoustic spectroscopy [28, 29] involves the measurement of the
pressure wave caused by an acoustic wave generated from thermally induced density
changes in a sample. Photothermal conductivity modulation [30, 31] involves the
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measurement of resistance changes generated from thermally induced electrical
conductivity of a sample. Thermo-optical spectroscopy involves the measurement of
deflected, defocused or refracted light after passing through a thermally modulated
refractive index gradient in a sample. All photothermal techniques respond to very
small relative temperature changes, therefore modulated light sources are used for
excitation followed by integrated, averaged or phase-sensitive detection of the resultant
signal.

The thermal lens effect described by Leite er al. [32] in 1964 is a classical
example of a thermo-optical technique where a laser beam becomes defocused after
passing through a refractive index gradient. Weakly absorbing samples placed inside a
He-Ne laser cavity act as a divergent lens because absorption of the laser beam by the
transparent liquid causes localized heating and formation of a refractive index gradient.
Absorbances around 2 to 6x10* were calculated for benzene, CS,, toluene,
nitrobenzene and CCl, No tabulated absorbances of these materials were previously
recorded [32]. Hu and Whinnery [33] noted that thermal lens techniques could probe a
refractive index gradient caused by a temperature change of 10-3°C and absorbances as
small as 10 cm'' were measured for weakly absorbing liquids ana solids. They
measured absorbances of several organic solvents using an extracavity thermal lens.
Long er al. [34] also applied the extracavity thermal lens method to measure
absorptivities of 10 Lmol-'cm-!. Absorbance detection limits of 7x10* cm-! for CCI,
were reported using time resolved thermal lens calorimetry [35).

Similar single beam thermal lens techniques have been used but with

Bornhop and Dovichi [36. 37] developed a simple nanolitre refractive index (RI)
detector for a fluid filled cylindrical cuvette. Beam deflection and refraction from the
induced thermal lens combined with complicated diffraction effects from the tube walls
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provided intensity-sensitive detection of glycerol solution down to ARI=6%10". Bruno
et al. [38] improved the thermal stability of the RI detector by surrounding the sample
tube with a sheath of refractive index matching fluid. A position sensitive detector was

used to monitor beam deflection caused by refractive index changes.

The thermal lens is desirable for studying essentially transparent samples
because increased laser power produces a proportional temperature rise within the
sample volume [39]. The concomitant refractive index change enhances the thermal
lens signal. the result is a linear relationship between signal and sample absorbance. A
drawback for its use in microchemical analysis is that the thermal lens signal is. to a
first approximation, proportional to path length. The further the laser beam travels
through the sample, the more it interacts with the thermal lens producing a larger
signal. For analysis of small volumes of sample or short path length samples, the

crossed-beam thermal lens is preferred [40, 41].

Crossed-Beam Thermal Lens

In the crossed-beam technique the thermal lens is produced by one laser—the
pump beam—and the thermooptical signal from a defocused beam passing through the
lens is produced by a second laser—the probe beam. The two beams are coplanar,
directed at right angles to each other and focused on the sample as shown in Figure
1.5. The pump and probe beams interact only at their intersection, comprising a
volume of a few picolitres. A cylindrical thermal lens is formed rather than a spherical
thermal lens as produced by the single beam experiment. The spatial coherence of the
laser beam allows it to be focused to a small spot. This characteristic aids in studying
small volume samples because signal is inversely proportional to spot size of the pump
laser beam [42]. In Figure 1.5, the cylidrical thermal lens is detected by a photodiode,
in the far field, as a uniform change in intensity. A typical pump laser is the argon ion



laser (A=488 nm) and a typical probe laser is a low power helium neon laser

(A=633 nm).

Pump laser

Figure 1.5 The crossed beam thermal lens. The pump beam propagates along the y
axis, the probe beam, along the x axis and refraction occurs in the z direction at the

intensity change using a photodiode (39).

The crossed-beam thermal lens technique is also called photothermal refraction,
since the probe beam is refracted by the thermal gradient formed during absorption of
the pump beam. Since the temperature increase is proportional to sample absorbance,
the change in refractive index with temperature is also proportional to sample
absorbance. Sample absorbance is proportional to sample concentration,
photothermal refraction is essentially absorbance detection. While the thermal lens
signal is proportional to the sample's absorbance of probe laser photons, it is not
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dependent on the sample path length. The temperature rise in a static, homogeneous

sample produced by a pulsed, Gaussian pump beam can be expressed as:

S )
2.303E<C {-Z(x +2' )/ w } (1.23)

AT, x,2,t)= \ d .
g (X1 2nkt(.(l+2t/t‘.)“p (1+21/1,.)

molar absorptivity, C is the sample concentration, k is the thermal conductivity, o is
the pump beam spot size and ¢, is the time constant characterizing the temporal response
as defined below in Equation 1.24. The numerator in the exponent defines the volume
of intersection of the pump and probe laser beams in an x-y-z coordinate system |27].
This equation applies for a sample container that has flat walls and does not interfere

with the laser beams. Equation 1.23 was constructed using an impulse response

o’C 2 ,
Sl (1.24)
ak 4D

where C, is the heat capacity, p is the density and D is the thermal diftusivity.

In many experiments it is more convenient to use a mechanically chopped
continuous wave (cw) pump laser rather that an expensive pulsed laser. Convolution of
the impulse response function with the appropriate excitation function, e.g. a
trapezoidal-based function, is used to obtain a response function for a chopped pump
beam. A simple approximation to this waveform is a step excitation function. Equation
1.25 describes the temperature rise in a static, homogeneous sample produced by a cw
pump beam turned on at t=0 and having an average excitation power, P:

2.303PsC 2x? +22)/ o | o ,
S o e S EOR ) T

where Exp are the exponential decay functions. Equation 1.25 indicates that the

temperature rise within a static sample increases linearly with pump laser power per
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unit area (P/rnw?) and therefore the sensitivity of the thermooptical effect increases.
Hence, to improve sensitivity a higher power pump laser could be used or the beam

could be focused to a smaller spot.

In separation experiments the sample is flowing rather than static, therefore a
model of temperature distribution in flowing samples is necessary. Ignoring thermal
gradients generated by flow, the temperature rise in a flowing. homogeneous sample
produced by absorbance of a pulsed Gaussian pump beam is:

-2[::’+(.-+v:)’]/m2
C(1+2e/¢,)

2.303P:C
AT, (x,2.1) = e
"m«v‘t ) ch(l+2’/") w{

(1.26)

where V is linear flow velocity, assumed to be constant across the beam intersection
volume [43]. Equation 1.26 applies to low flow rates directed along the : axis and
through a sample cell similar to the static experiment. Equation 1.26 is derived for the

impulse excitation response function.

The probe laser, directed at right angles to the pump laser, interrogates the
temperature gradient and, hence, refractive index gradient generated by the pump

beam. The refractive index change, An, is related to temperature rise, AT, by:

An =%AT (1.27)

While dn/dT varies from solvent to solvent with temperature, wavelength and pressure,
it is considered constant for the small temperature changes produced in the crossed-
beam thermal lens and for the narrow bandwidths of the probe laser. If dn/dT varies
considerably over the temperature rise then it must be integrated from initial

temperature, T, , to AT according to Equation 1.28:
To +AT . _
Aa= (#/0) T (1.28)

As shown in Figure 1.5, signal is detected as a change in the probe beam centre
intensity at some distance (far-field approximation) from the laser beams' intersection.
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Since the probe beam is aligned on axis at the minimum of the temperature gradient,
the probe beam is defocused equally on each side.

A similar experiment to photothermal refraction is photothermal deflection. The
probe beam is directed slightly off axis at the maximum of the temperature gradient and
thereby deflected away from the heated region. A position sensitive detector is used to
measure the change in position of the probe beam (43]. The deflection angle of the
probe beam depends on the optical path length through the retractive index gradient
according to Equation 1.29:

¢=*I—;dx (1.29)

remember that, in flowing samples, the cylindrical thermal lens formed by the pump

beam absorbance is distorted by removal of heat.

Capillary Thermo-Optical Absorbance

A combination of the crossed-beam thermal lens technique and the refractive
index detector described by Bornhop and Dovichi {37] led to development of an on-
column, thermo-optical absorbance detector for capillary chromatography and capillary
clectrophoresis [44-49]. Figure 1.6 shows the typical arrangement of components in the
thermo-optical absorbance detector. A pump laser beam is focused on, and at right
angles to, a cylindrical capillary tube, which is shown in cross-section. The pump beam
is modulated by a mechanical chopper. providing a reference frequency to the lock-in
amplifier. A probe laser beam, coplanar to the pump beam, is focused at right angles to
both the capillary tube and pump beam in an x-y-z configuration. Thermo-optical
absorption of the sample results in movement of the probe beam, which is detected by
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the photodiode as a change in beam intensity. The modulated signal intensity. equal to
the frequency of the chopper, is measured using the lock-in amplifier. Figure 1.7

shows a more detailed diagram of the pump-probe beam orientation at the capillary.

\ Mirror
Probe Laser — — —
7X Lens
Chopper
Pump Laser — Capillary Tube
ref
Lock-in
Amplifier

Figure 1.6 Experimental setup for capillary thermo-optical absorbance detector. The
mechanical chopper is operated at 50 or 75 Hz. The analog output of the lock-in
amplifier is displayed on a strip chart recorder.

Figure 1.7 shows the configuration of the pump and probe beams with respect
to the capillary tube. Sample absorption of light from the pump beam followed by
radiationless decay of electronically excited states causes localized heating—the
photothermal effect. The induced temperature gradient results in a refractive index
gradient. The probe laser beam is focused on, and at right angles to, both the capillary
tube and pump beam. The probe beam is, though, directed slightly off the axis of the

beam are observed because it passes through several mediums of different refractive
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index: air, then fused silica, then sample solution, and so on. Intensity sensitive rather
than position sensitive detection is used. Signal from the photodiode is phase-referenced
to the chopping frequency by using a lock-in amplifier. While the modulated
component of the probe beam intensity is a measure of sample absorbance, the

unmodulated component is proportional to refractive index.

Probe beam
Capillary Tube
Pump beam ID=50 um
T OD=190 um
Diffraction fringes

Figure 1.7 Detailed thermo-optical absorbance detection. Movement of diffraction
fringes is monitored by the photodiode as a change in probe beam intensity.

The diffraction fringe patt * of the probe beam can be described by
conventional light scattering theory for a beam passing through concentric tubes.
However, because of the crossed-beam configuration of the experiment photothermal
refraction and deflection occur in conjunction with diffraction of the probe beam. In
addition, the experiment is designed for chromatographic detection so flowing sample
will distort the cylindrical thermal lens by continuous removal of heat in the detection
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attomoles. Bruno e al. |49) employed the same thermo-optical absorbance detection
method to obtain detection limits of 36 pg dansyl (5-dimethylamino naphthalene-1-
sulphonyl) derivatized amino acids.

In the work described in this thesis, capillary thermo-optical absorbance
detection has been used. In Chapter 2, the use of two different pump lascr sources are
described. The first is a chopped cw laser and the second is a pulsed laser. Kettler and
Sepaniak [50] point out that the crossed-beam photothermal refraction signal will be
different for a chopped cw beam versus a pulsed beam. A cw laser has better beam
properties and the photothermal signal has a longer rise time than with pulsed lasers,
Unfortunately, no inexpensive cw lasers are available in the near UV where many
interesting species absorb. Second and fourth harmonics of other laser frequencies will
produce cw UV light, but, finicky frequency doublers are required. The main drawback
of pulsed lasers is that the peak power density is about 0.2 GW/cm?, enough incident
moderate power must be used with the sacrifice of some sensitivity: in crossed-beam
thermal lens measurements, signal is proportional to pump laser power and inversely
proportional to pump beam spot size [27]. In the following chapters, the thermo-optical
absorbance detector has been used to identify species separated by capillary

electrophoresis.

1.4  Peptide and Protein Sequence Analysis
Terminology

F. Sanger was a landmark in science. Sanger proved that protecins do indeed have
unique structures. While biological activity depends on secondary, tertiary and

quaternary structure, the primary structure of a protein dictates this active, three
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dimensional configuration. Knowledge of the amino acid sequence can reveal
evolutionary history, elucidate abnormal function and disease and provide access to

genes.

bonds—hence the name polypeptide. The primary structure of a polypeptide refers to
the sequence in which the amino acids are linked—by convention from the a-amino (N)
terminus to the a-carboxyl (C) terminus. Polypeptides of less than fifty amino acids are
reterred to as, simply, peptides. Large polypeptides that fold and take on tertiary and
quaternary structure are referred to as proteins. Most biologically important peptides
and proteins contain L-a-amino acids, the structures of which are listed in Appendix A.

The twenty amino acids in Appendix A are all the ones that are coded for in eukaryotic

myoglobin is a protein containing 153 amino acid residues.

Complete analysis of a protein or peptide involves several steps. some of which

and sequence, determining its activity via a bioassay, and obtaining its three-
dimensional structure via x-ray crystallography and nuclear magnetic resonance
(NMR). The work in this thesis focuses on peptide sequence analysis—only one of the

important steps in characterizing a protein or peptide.

Primary Structure Determination
The amino acid sequence of a peptide or protein can be determined in two, very
different, ways. The first, traditional way to access primary peptide structure is by

sequential determination of each amino acid residue of the isolated and purified
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polypeptide. Sanger [51] first used 2 ,4-dinitrofluorobenzene (FDNB), which reacts
with the amino (N)-terminus of a peptide to form a covalent bond that is stable to
subsequent acid hydrolysis. The resultant amino acid derivatized with dinitrobenzene is
yellow and therefore can be identified colorimetrically. Other N-terminal reagents

include Dansyl chloride and Dabsyl chloride (see Appendix B). Methods for

as routinely and therefore will not be discussed here. The most popular approach to
primary structure determination. though, involves the Edman method that was
described by Pehr Edman in 1950 [52]. Figure 1.9 shows a very simplified scheme for
stepwise sequencing of a purified peptide. In cycle 1, the first (N-terminal) residue is

cleaved using Edman degradation chemistry and identified by chromatographic

The second way to access primary protein structure is from the nucleotide
sequence of the gene that codes for the protein of interest. All protein molecules are
translated via RNA from the DNA sequence of a particular gene. Advances in
technology in the past decade have improved DNA sequencing techniques and now it is
a very rapid, accurate method. Knowledge of the genetic code [53] allows one to
directly read the corresponding protein primary sequence from the DNA sequence. The
main difficulty is in finding the protein-defining sequences in the genome. Even then,
the DNA sequence does not always reveal functional relevance without first knowing

part of the amino acid sequence of the protein molecule. In many cases, protein



30

oligonucleotide probe required for isolating the gene via recombinant DNA methods
[t]). While some may think that knowing a DNA sequence precludes the need for
protein sequence analysis, Wittmann-Liebold et al. [54] point out that, “since the rapid
development of gene technology in the last few years, protein sequence analysis has

become even more important”.

Edman degradation —

6

¥

chromatographic analysis

cycle 1 cycle 2 _ cyﬁg § cycle 4 __cycleS

Figure 1.9 Scheme for sequencing a peptide.

An important method of peptide sequencing that deserves mention here, because
of its high sensitivity, is direct probe sequence analysis by mass spectrometry (MS)
[55. 56). Several different methods of sample ionization have been used to determine
the entire structure of small peptides by MS, but this is a huge field unto itself and will
not be discussed further.
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Edman Degradation

The Edman method of sequence determination involves reaction of
phenylisothiocyanate (PITC) with the N-terminus of a peptide, as shown in Figure
1.10. The first step, coupling, is done under basic conditions at about 50°C. In the
second step, cleavage, the resulting phenylthiocarbamyl (PTC) peptide is cyclized
under anhydrous acid conditions at about 50°C to produce a thiazolinone (ATZ)-
derivatized amino acid (originally the N-terminal amino acid) and a truncated
polypeptide. The ATZ amino acid and remaining peptide are separated by organic
extraction so the peptide can undergo a second cycle of reaction with PITC, generally
refered to as degradation. In the third step, conversion, the ATZ is converted to the
more stable phenylthiohydantoin (PTH) form using aqueous acid at about 65°C and
identified by chromatography. In 1950 when Edman described this procedure, the PTH
derivative was hydrolysed back to the amino acid for identification |S2}. The
sequencing reaction, which is most often done with phenylisothiocyanate and typically
called the Edman degradation, can also be done with other isothiocyanate compounds.
which are discussed briefly in this section and in Chapter 2. Details of the reaction

chemistry shown in Figure 1.10 are presented in Chapter 3.

The steps involved in the Edman degradation are laborious. requiring several
extracting, washing and drying steps and then identification of the PTH amino acids.
Croft [59] estimates that in 1960, it took three years and ten grams of material to
sequence a peptide having 50 amino acid residues. In 1967 Edman and Begg (60}
developed an automated peptide sequencing system that was quickly commercialized
and later dubbed a “liquid-phase sequencer”. Compared to manual methods, the
automated sequencer was not only faster for sequencing a single peptide but required

ten times less material. Reducing the amount of peptide necessary to obtain useful
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sequence information is very important since isolation and purification of peptides is
time consuming and costly.

Reduction in the amount of peptide needed was. and still is. the impetus for
designing better sequencers. In 1971 Laursen [61] introduced a method 0 sequence a
peptide that was covalently attached to a resin: solid-phase sequencing. Reduced sample
wash-out from stringent Edman reagents and solvents meant it was now possible to
degrade 100 nmol of peptide. One of the major limitations in amount of peptide
sequencable was the minimum amount of PTH amino acid that could be visually
detected; identification of the PTHs was by thin layer chromatography (TL.C) with

new degradation reagents were developed.

In 1976 Chang and co-workers [62] introduced dimethylaminoazobenzene

derivatives (DABTHs) are coloured red and are visible in low picomole quantities after
TLC separation. Other Edman-type reagents that have been used to sequence peptides
include  fluorescein  isothiocyanate  (FITC)  [63-66], Boc-aminomethyl-
phenylisothiocyanate (BAMPITC) [54], dimethylamino-naphthyl-5-sulfonyl-amino-
phenylisothiocyanate (DNSAPITC) [54] and 3-|4'(ethylene-N,N,N-thrimethylamino)
phenyl]-2-isothiocyanate (PETAPITC) [67). Determination of DABITC labeled amino
acids is covered in detil in Chapter 2. The main reason these highly sensitive
derivatizing reagents have not made huge in-roads as routine sequencing agents is
because their coupling reaction with the amino-terminus of a peptide is not quantitative.
Usually a double coupling step with PITC or methylisothiocyanate (MITC) is required
to clean up any unreacted peptide molecules. PITC is still the best Edman reagent with

respect to quantitative reaction, even if it is not highly sensitive spectrophotometrically.
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Besides improvements in the Edman chemistry, improvements in
instrumentation have been successful in reducing the amount of peptide required for
sequencing. Development of the gas-liquid-solid phase peptide/protein sequenator in
1981 [68]. followed by improvements in narrow-bore reversed-phase HPLC for PTH
residue identification [69], brought routine sequencing down to the picomole level.
Unfortunately, many biologically important peptides and proteins are only available in
quantities less than one picomole [1, 70} and so researchers are continuing to strive for
more sensitive methods of obtaining primary sequence information. To appreciate the
motivation behind the research described in this thesis, it is important to understand
some of the steps involved in sequencing a protein and, therefore, why the amount of

starting material is so critical.

Several steps are involved in obtaining the primary sequence of an unknown
peptide or protein. In cases where the polypeptide is short, N-terminal sequencing can
be performed after purification. When the protein is large, internal sequencing is
performed by fragmenting the large protein into small, more manageable peptides that
are then sequenced. Regardless of the approach, some or all of the following seven
steps must be performed to assemble the complete sequence of an unknown
polypeptide.

1. The material must be pure. The protein of interest must be isolated from
other cellular contents by centrifugation, dialysis, electrophoresis or chromatography or
a combination of all of these. An easy way to check purity is by isoelectric focusing
(IEF) to see if a single charged species is present or by mass spectrometry (MS) to see
if a single molecular mass is present. Also, the biological activity or the property that
attracted attention to the protein should remain constant upon further attempts to purify.

2. The material must have unique N- and C-termini. The protein may have
more than one chain and/or disulfide bridges. End-group determination (see Appendix



34

Besides improvements in the Edman chemistry, improvements in
strumentation have been successful in reducing the amount of peptide required for
quencing. Development of the gas-liquid-solid phase peptide/protein sequenator in
)81 [68]. followed by improvements in narrow-bore reversed-phase HPLC for PTH
sidue identification [69], brought routine sequencing down to the picomole level.
nfortunately, many biologically important peptides and proteins are only available in
antities less than one picomole [1, 70} and so researchers are continuing to strive for
ore sensitive methods of obtaining primary sequence information. To appreciate the
divation behind the research described in this thesis, it is important to understand
me of the steps involved in sequencing a protein and, therefore, why the amount of

rting material is so critical.

Several steps are involved in obtaining the primary sequence of an unknown
stide or protein. In cases where the polypeptide is short, N-terminal sequencing can
performed after purification. When the protein is large, internal sequencing is
‘formed by fragmenting the large protein into small, more manageable peptides that
then sequenced. Regardless of the approach, some or all of the following seven
ps must be performed to assemble the complete sequence of an unknown
ypeptide.

1. The material must be pure. The protein of interest must be isolated from
er cellular contents by centrifugation, dialysis, electrophoresis or chromatography or
ombination of all of these. An easy way to check purity is by isoelectric focusing
F) to see if a single charged species is present or by mass spectrometry (MS) to see
single molecular mass is present. Also, the biological activity or the property that
acted attention to the protein should remain constant upon further attempts to purify.

2. The material must have unique N- and C-termini. The protein may have

e than one chain and/or disulfide bridges. End-group determination (see Appendix




36

residues, it should be cleaved into smaller fragments. Sequence information beyond
about 50 residues is not reliable because of accumulated impurities, incomplete
reactions, non-specific cleavages and incompletely extracted ATZ-amino acids.

4. Polypeptide chains may be cleaved into manageable fragments for internal
sequence analysis. The purified polypeptide is separated into at least two aliquots and

each subjected to a different method of cleavage. Cleavage methods are either

and have to be denatured first by heating, acid oxidation or cystine reduction. After
fragmentation, the peptides must be separated by chromatographic or electrophoretic
methods. Amino acid composition can be performed on a small amount of each peptide
to aid subsequent sequence determination. Comparison to the amino acid composition

in step 3 provides a material balance.

5. The sequence of separated, purified peptides is determined. Peptides can be
sequenced by Edman degradation as described earlier in this section.

6. The peptide sequences are assembled. Overlapping regions of peptides are
used to decide the order in which fragments occur from the N- to C-termini in the
protein. For example, chymotryptic peptides will show the order in which tryptic
peptides must be arranged. Some ambiguities usually exist, but generally only one
arrangement of the whole chain is consistent with the sequences of the previously
cleaved peptides.

7. Location of disulfide bridges, if any, must be determined. Also, other non-
amino acid moieties like covalently bound prosthetic groups or carbohydrates are
located. To find disulfide linkages, intact protein must be used. First radiolabeled
iodoacetate is used to label free cysteines then the protein is oxidized to break -S-S-
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bridges. Fragmentation and isolation to create the same peptides as in step 4 will
distinguish the bonding from the non-bonding cystines. Next. iodoacetate labeling then
fragmentation with the same cleavage reagents without first breaking the -S-S- bridges
will give different peptides that., when isolated and sequenced. will show bridge
locations. Identification of covalently bound prosthetic groups like heme in

cytochrome ¢ or carbohydrates in glycoproteins |[71] are also necessary but beyond the

scope of this paper.
Table 1.1 _Methods of fragmentation for large polypeptides.
Reagent Cleavage at ‘—’ Exceptions Conditions
tryp;in Arg, Lyrs—X -when Pro is the pH 89
(enzymatic) next residue. 37°C
a- Trp, Tyr, Phe, Leu—X, and -when Pro is the pH 8.9
chymo(rypsin Met, Asn, Gin, His, Thr—X, next residuc. 37°C
(enzymatic) but to a lesser extent than top

4.
thermolysin | X—hydrophobic amino acids | X—Leu—Pro pHs ]
(enzymatic) 30°C
pepsin similar to chymotrypsin but pH 2
(enzymatic) less specific, 22°C

aromatic amino acids—X—
—aromatic amino acids

Leu—X—Leu
staphylococcal | Glu—X -when Pro is next. | pH 4.0
protease Asp—X Asp-X in carbonate | pH 7.8
(enzymatic) some Ser—X buffer.
cyanogen Xi—Met—X; to give N-acetyl-Met low pH
bromide Xi—homoserine lactone and 25°C
(chemical) NHL- X2
hydroxylamine | Asn—Gly low pH
(chemical) 45°C
BNPS-skatole | Trp—X low pH
(chemical) 22°C
N-bromosuc- | Tyr, Trp—X not as specific as pH 4
cinimide BNPS-skatole 22°C

(chemical)
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The previous seven steps constitute a basic regime for determining the primary
structure of an unknown peptide or protein. Comparison of a short N-terminal sequence
with published sequences can often aid positive identification of a protein. There are
many cases where N-terminal sequencing is impossible due to a blocked or masked N-
terminal amino acid. Initially, lack of sequence information was thought to be because
the peptide was cyclic [71]. Later, researchers discovered that a large percentage of
proteins simply do not have a free a-amino termial group available for coupling with
PITC. The most coinmon block is the N-terminal acetyl group. Another culprit is
pyrrolidone carboxylic acid (pyroglutamic acid) formed under slightly acidic conditions
trom cyclization of an N-terminal glutamine. In these cases. internal sequencing
strategies (fragmentation into shorter peptides) are required and/or sequencing from the
C-terminus must be performed. Similarly, the location of various reactive groups in a
protein may determine its secondary structure such as folding and coiling. These
aspects are the essence of 3-dimensional protein structure and the basis of specific

reactivity: however they also will not be further addressed in this paper.

The steps above indicate how difficult primary sequence analysis is. While
S5 pmol of pure peptide may be sequenced by modern methods, one requires at least 100
times more material to get to the sequencing stage. As mentioned above. many
important peptides and proteins are present in biological systems only in trace amounts.
To address this problem improvements in sample isolation, sample preparation, sample
immobilization, sequencing chemistry, and sequencing instrumentation are continuously
being made. The introduction sections of Chapters 3 and 4 go into more detail about
these current efforts. In Chapter 3, improvements in identification of PTH amino acids
by CE/thermo-optical absorbance detection are discussed. Manual Edman degradation

is used to generate the PTH derivatives. In Chapter 4, improvements in sequencing
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instrumentation are discussed. A miniaturized peptide sequencer is developed to match

the volume requirements of CE/thermo-optic determination of PTH amino acids.
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Appendix B: N-terminal derivatizing reagents.
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CHAPTER 2

CAPILLARY ELECTROPHORESIS
AND
THERMO-OPTICAL ABSORBANCE DETECTION
OF
AMINO ACID DERIVATIVES
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2.1 Introduction

The amino acid sequence of a protein is of fundamental value in the study of the
structure and function of the molecule. The Edman degradation procedure, described in
Chapter 1, is commonly employed to determine the amino acid sequence of proteins
[1]. The power of the Edman degradation is demonstrated by its popularity: there are
very few routinely used competing technologies for protein sequencing. However, the
conventional approach to protein sequencing suffers from several limiwations. For
example, the macroscopic size of the protein sequencing instruments and the use of
conventional liquid chromatography for amino acid detection requires that relatively
large amounts of protein or peptide be available for sequencing. Approximately a
picomole of purified peptide is required for accurate sequence determination. While
mass-spectrometry offers hope for sub-picomole protein sequencing [2], it is important

to investigate improvements in current technology.

In this ~hapter, the use of capillary electrophoresis separation with thermo-

the Edman degradation products: derivatized amino acids. In section 2.2,
dimethylaminoazobenzene isothiocyanate (DABITC) derivatives of amino acids are
studied. DABITC is an Edman-type degradation reagent offering enhanced detection of
amino acid derivatives because of its high molar absorptivity in the visible portion of
the spectrum. In section 2.3, phenylisothiocyanate (PITC) derivatives of amino acids
are studied. PITC is the traditional Edman degradation reagent used in commercial
instruments. Improvements in separation and detection are explored and compared to
conventional HPLC in an effort to improve sequencing sensitivity. Section 2.4 of this
chapter presents conclusions of the experiments done with DABITC and PITC.



2.2 Dimethylaminoazobenzene Thiohydantoin (DABTH) Amino Acids

To improve detection limits for the determination of cleaved amino acid
products, modified Edman degradation schemes have been developed. In each case, the
isothiocyanate functional group remains while the phenyl group is replaced with a
different chromophore. Perhaps the best developed modified Edman degradation
scheme is based on 4-N, N-Dimethylaminoazobenzene 4'-Isothiocyanate (DABITC) |3}
This molecule couples with the N-terminus of the polypeptide under basic conditions 1o
produce the thiocarbamy! (DABTC) peptide and cyclizes under acidic conditions to
cleave the terminal amino acid as a  thiohydantoin  (DABTH).
Dimethylaminoazobenzene derivatives have a strong absorbance in the blue portion of
the spectrum, € 240,000 Lmol-''cm!, and are usually separated by use of liquid

chromatography with absorbance detection at =440 nm.

This highly colored reagent produces improvements in the minimum
concentration of amino acid detected and hence peptide that can be analyzed.
Additional improvements in the mass of protein required for analysis will follow from
reduction in the size of sequencing instrumentation. This section of Chapter 2 describes
for separation and identification of minute amounts of DABTH derivatives of amino
acids. Capillary electrophoresis offers significant advantages in both sensitivity and
speed over liquid chromatography. DABITC, used in a double coupling scheme with
phenylisothiocyanate (PITC), could play an important role in the development of an

atto-scale protein sequencer.
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2.2.1 Experimental

Twenty standard DABTH amino acid derivatives were prepared using a method

similar to Chang's [3]). Amino acid (Fluka) stock solutions, 5x102 M, were prepared in

triethylamine, pH 10.6 and stored at 4°C. Where necessary, the pH was adjusted by
addition of 1 M NaOH. A 4x10-3 M DABITC (Sigma) stock solution was prepared in
acetone and stored at -10°C. To prepare the DABTH amino acid derivatives, 100 uL of
each amino acid solution was mixed with 50 pL. DABITC stock solution ina 1.5 mL
disposable centrifuge vial, placed in a (52+2)°C water bath for one hour, and then
dried in a vacuum oven at 30°C. The orange-yellow DABTC amino acid derivatives
were acidified with 40 puL water and 80 pL of a 1:2 mixture of 6 M hydrochloric
acid/glacial acetic acid. After heating for 50 minutes and drying under vacuum, the red
DABTH amino acids were dissolved in 500 uL of a 10 mM phosphate buffer, pH 2.5,
to yield a 4x10# M solution. Figure 2.1 shows the reaction of DABITC with alanine to
form DABTH alanine. A sample made up of 30 uL of each of 20 DABTH amino acids,
final concentration of 2x10-* M, was prepared in a disposable centrifuge tube.

Capillary electrophoresis of the DABTH amino acids was performed with a
1.1-m long, 50-um inner diameter fused silica capillary from Polymicro. A mixed
10 mM sodium dodecylsulfate (SDS), 40% acetonitrile, 60% aqueous 10 mM pH 2.5
sodium phosphate buffer was used for the separation. The sample was injected
electrokinetically at 20 kV for 5 seconds by replacing the buffer vial with a sample
vial, applying voltage, then returning the buffer vial. Thermo-optical absorbance
detection was performed 5.5 cm from the ground end of the capillary. The detector has
been described in dewil in Chapter 1, Figure 1.6, and elsewhere [4, 5). In this
experiment, a 15 mW helium-cadmium laser, A=442 nm, provided the pump beam and
a 2 mW helium-neon laser, A=632.8 nm, provided the probe beam. The pump laser
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was focused with a 7x objective whereas the prcbe beam was focused with a 10x
objective. A chopping frequency of 84 Hz was employed and the lock-in time constant
was | second. The analog output of the lock-in amplifier was directed to a strip chart

recorder.

e

DABITC
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Figure 2.1 Reaction of dlmethylammgazabenzene lsmhmcyanate (DABI I‘(‘ ) wnth an
amino acid.

2.2.2 Results and Discussion

Separation of DABTH amino acid derivatives by electrophoresis is not simple.
The structure of a DABTH amino acid is shown in Figure 2.1. The reaction scheme
removes both the primary amine and carboxylic acid groups from the amino acid. At
neutral pH, the molecules are not charged and therefore have zero electrophoretic
mobility. However, under acidic conditions, the secondary amine group does protonate,
as it has a pKa of approximately 3. The pKa was determined by monitoring the
UV/Visible spectrum of DABTH-tyrosine at various pHs using a Hewlett Packard
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B451A diode array spectrophotometer. The protonated and unprotonated forms of
DABTH-tyrosine will have different absorbance spectra because these forms have

different resonance stabilization. Figure 2.2A shows the absorbance spectrum of the

spectrum of unprotonated DABTH-tyrosine, which exists at high pH. The higher
energy transition (peak) at A=275 nm comes from absorption of the aromatic side
chain of tyrosine. The lower energy transition (second absorbance peak) at about
A =475 nm represents absorption of the DABTH portion of the molecule: the portion

sensitive to change in pH below 7. This second peak shitts from A=510 nm to

using titration curves, a pKa of 3 for DABTH-tyrosine can be estimated from Figure
2.2C.

The DABTH cations were separated using capillary zone electrophoresis. The
resulting electropherogram is shown in Figure 2.3. Careful adjustment of the separation
buffer was required to achieve separation of the amino acids. After investigating a
number of separation buffers, a 40% acetonitrile, 10 mM SDS/10 mM pH 2.5 sodium
phosphate buffer was used to obtain the separation of 15 DABTH amino acids. As in

separation of dimethylamino azobenzene sulfonyl chloride (DABSYL) derivatives of

zeta potential of the capillary walls. A reduced zeta potential decreases electroosmosis
and, therefore, increases the separation time. The electroosmotic flow for this low pH
buffer was approximately 0.4 mm/s.

The SDS interacts with the amino acids, perhaps through an ion pairing mechanism, to
increase the plate count of the separation. However, separation at low pH is not ideal in
fused silica capillaries; relatively low plate counts are produced, 1x10% to 4x109,



5
possibly due to interaction of the positively charged amino acid derivatives with the
negatively charged capillary walls. Detection limits for the separation were on the order
of 2x10-7 M, similar to reported capillary electrophoresis separation and thermo-optical

230
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Figure 2.2 Spectrophotometric study to determine the pKa of DABTH-tyrosine: (A)
absorbance spectrum of DABTH-tyrosine at pH 1.75, (B) absorbance spectrum of
DABTH-tyrosine at pH 6.88, (C) plot of the shift in wavelength with pH for the
absorbance of DABTH-tyrosine.
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Separation of the DABTH amino acids was not optimized any further for several
reasons. First, difticulties with the separation and difficulties with the synthesis of the
DABTHs combined to make analysis times very long. A proper vacuum/centrituge
system was not available for evaporating solvents so syntheses took at least two days.
Second, stock solutions of DABTH amino acids were not particularly stable, even when
stored at -20°C. This instability may be due to slow hydrolysis occuring since the
DABTH amino acids were diluted in aqueous solutions. Third, deterioration of the
He-Cd probe laser. and eventual complete breakdown, made turther experiments
impossible. Finally, a low cost UV excimer laser came onto the market that could be
used for thermo-optical absorbance detection of commercially available
phenyithiohydantoin (PTH) amino acids. PTH amino acids are the products formed in

the commercially used sequencing protocol.

2.3 Phenyithiohydantoin (PTH) Amino Acids

As mentioned in section 2.2 of this chapter, alternate isothiocyanates have been
proposed for high sensitivity sequencing, including dimethylaminoazobenzene
isothiocyanate [3, 6-8] and fluorescein isothiocyanate {9, 10]. While these derivatives
may be detected with high sensitivity {11, 12}, neither has found acceptance in routine
protein sequencing because of inefficient reaction chemistry [13]). To sequence smaller
amounts of proteins, improvements are necessary in the determination of PTH amino
acids.

Capillary electrophoresis is a useful technique for the rapid and efficient
separation of small amounts of analyte [14]. Zone electrophoresis has been used to
determine phenylthiocarbamyl (PTC) amino acids; ultraviolet absorbance produces
detection limits of ~0.2 picomoles of PTC amino acids [15]. However, zone
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electrophoresis does not separate the neutral PTH amino acids. Otsuka et al. [16]

reported the use of micellar capillary electrophoresis (also called micellar electrokinetic

acids between sodium dodecyl sulfate (SDS) micelles and aqueous separation buffer
leads to separation. No data was provided on PTH amino acid detection limits, but they
are expected to be similar to that for the PTC amino acids. Because of the short optical
path length across the capillary, conventional absorbance detection leads to limited
sensitivity [17].

Thermo-optical absorbance techniques, discussed in Chapter 1. are well
established methods for the determination of small absorbance values |18] Bornhop
and Dovichi [19] developed a thermo-optical absorbance detector for micrometer
capillaries used in liquid chromatography. The same detector has been used. with
capillary electrophoresis, for detection of molecules that absorb in the visible portion of
the spectrum [4, §, 12, 20, 21]

There are two examples of ultraviolet laser pumped thermo-optical detection for
capillary separations. A high energy excimer laser pumped dye laser (A =400 nm) was
used to determine nitropyrene by capillary liquid chromatography: detection limits were
in the mid 10-¢ M range [22]. Bornhop and coworkers reported the first application of

the low 104 M range. Both the excimer laser-pumped dye laser and the frequency

doubled argon ion laser are quite expensive and rather temperamental to operate.
Neither is likely to see routine use in the analytical laboratory. This section of Chapter
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2 describes the use of a low power UV excimer waveguide laser for detection ot PTH

amino acids after separation by micellar electrokinetic capillary chromatography.

2.3.1 Experimental

610-Hz pulse repetition rate, and 50-ns pulse width. The excimer laser beam was
focused with a 15-mm focal length quartz biconvex lens at right angles to a 50-pm
inner diameter, 190-um outer diameter fused silica capillary; the polyimide coating of
the capillary was burnt from the detection region with a gentle flame. A 3-mW helium
neon laser beam (Melles Griot Model 05-LHP-151) was focused at right angles to both
the capillary and the excimer laser beam with a 7x microscope objective. The probe
beam intensity change was detected 30 cm after the capillary with a I-mm* silicon
photodiode. The photodiode output was conditioned with a current-to-voltage converter
(1 MQ feedback resistor in parallel with a 47 pF capacitor) and sent to a two-phase
lock-in amplifier (Ithaco Model 3961), phase referenced to the excimer laser pulse
repetition rate. An 80386 PC collected data from the lock-in amplifier over the IEEE-
488 bus. Sneaker-net was used to transfer the data to a Macintosh llsi computer.
Matlab was used to convolute the data with a Gaussian-shaped filter.

A 39 centimeter long polyimide coated-fused silica capillary was used for this
separation; the distance from the injector to the detector was 34 cm. The separation
proceeded in a 12.5 mM pH 7.0 sodium tetraborate/sodium phosphate buffer that
contained 35 mM sodium dodecyl sulfate (the running buffer). Electrokinetic injection
of § seconds at 500 V was used. Separation proceeded at 8 kV.
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Figure 2.4 Block diagram of experimental setup. A Plexiglas® interlock box is
used to protect the user from high voltages during injection and separation of
sample. Details are described in the experimental section.

PTH amino acids were purchased from Sigma. Stock solutions of 102 M were
prepared by dissolving each amino acid in a 50% acetonitrile and 50% pH 7.5, 5 mM
sodium tetraborate/sodium phosphate buffer. Mixtures of amino acids were prepared by

pipetting 10 pL aliquots into 1.5 mL of running buffer.

2.3.2 Results and Discussion

The reaction of phenylisothiocyanate (PITC) with the amino acid alanine to
form PTH-alanine is shown in Figure 2.5. Most of the heterocyclic PTH derivatives
are neutral at physiological pH and cannot be separated by CZE. It is possible o alter
the buffer pH and protonate the PTH derivatives, as described in section 2.2.2 for the
DABTH amino acids, to permit CZE separation. However, the addition of surfactant to
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the buffer to form micelles allows partitioning of the neutral PTH amino acids between

the micelles and bulk aqueous phase and permits subsequent separation. This separation

method is called micellar electrokinetic capillary chromatograpy (MECC).

PTH-alanine

Figure 2.5 Reaction of phenylisothiocyanate (PITC) with an amino acid.

Separation

The electropherogram of 20 PTH amino acids separated by MECC and detected
by thermo-optical absorbance is shown in Figure 2.6. A 1.1 mV base line signal is due

to absorbance of the excimer laser beam by trace impurities in the separation buffer.

The disturbance at 4.5 minutes is due to the elutior of trace amounts of acetonitrile,

added to the analyte to effect dissolution. Acetonitrile produces a refractive index
change that perturbs the optical alignment, producing the base line disturbance. The

PTH amino acids are nearly base line resolved, with slight overlap of PTH-alanine and
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PTH-glutamic acid and PTH-histidine and PTH-tryptophan. Small signals are typically
seen for PTH-serine and PTH-threonine caused by breakdown of these products to their
dehydro forms. The separation takes 13.5 minutes at 8 kV.

Separation efficiency in capillary electrophoresis improves with higher applied
potentials. Unfortunately, a higher electric field produces significant Joule heating,
which generates bubbles in this buffer and destroys the separation. A longer capillary,
operated at higher potential (15 kV) but the same electric field (215 V/cm) as the
separation represented by Figure 2.6, produces baseline separation of the PTH-amino
acids in 40 minutes (Figure 2.7). Peak efficiency is doubled to 416,000 theoretical
plates versus 200,000 plates for the separation performed at 8 kV. While peak
efficiency is independent of column length as mentioned in Equation 1.8, a longer
column permits the use of high separation potential because the current and Joule
heating are reduced. Alternatively, Terabe [24] suggested that urea could be used to
improve the separation without much penalty in speed. Addition of urea in a few
preliminary tests lead to broader peaks and increased background absorbance.

Further optimization of buffer composition and pH for the MECC separation
was performed before determining the PTH amino acids generated from Edman

degradation. These results are presented in Chapter 3.
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Detection

As noted above, the waveguide excimer laser has a nearly ideal wavelength,
consistent pulse repetition rate, good beam spatial coherence, and sufficient pulse
energy for thermo-optical detection of PTH amino acids in capillary electrophoresis. At
the laser wavelength, 248 nm, the molar absorptivity of PTH-glycine is

6,700 LMol-'cm-!, 60% of the maximum absorptivity at 268 nm (Figure 2.8).

zs‘ \J T v ) Y - v v v

Y A

A A . A s 2 -
N
~ ~

WAVELENGTH (rm)

Figure 2.8 Absorbance spectrum of PTH glycine with reference to running buffer,
€24s=6,700 Lmol-‘cm! and £,54=11,000 Lmol!cm'!. Spectrum was obtained on a
Hewlett Packard diode array spectrophotometer.

The pulse repetition rate, 610 Hz, was chosen for the best signal-to-noise ratio
of the thermo-optical signal. Noise was estimated for several pulse repetition rates by
recording signal for two minutes on a strip chart recorder. The 610 Hz raie is well
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matched to the thermal relaxation time for agueous solvent in a 50-um ID capillary.
The time-resolved thermo-optical signal was measured at 1 kHz and recorded on a
Tektronix digital oscilloscope. The thermo-optical signal is shown in Figure 2.9 and is
nearly saw-tooth in shape because most of the signal is generated at the fundamental
modulation frequency. As a result, lock-in amplification is quite useful for signal
measurement. Because of the waveguide design of the laser, the beam has unusually
high spatial coherence for an excimer laser and may be focused easily to a spot size less
than the capillary dimensions. Although the thermo-optical signal increases with pump
laser power, a modest laser power is appropriate for this experiment as higher energy
beams decompose the sample, boil the solution, or destroy the capillary, leading to
highly nonlinear response [22). The peak power for this laser, 200 W, is quite low for
an excimer laser because of the modest pulse energy, 10 uJ, and long pulse width,

50 ns.

Amplitude (Arbitrary)

F!gur:Z? leofu“remlved)- Jignilgen:medbylpulsed
emnmnw;udebermuul@pukupermrﬂ Two cycles of
the waveform are shown.
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The time-resolved signal in Figure 2.9 presents a measure of the thermal
relaxation rate of solutions in a capillary. The shape of the waveform is dominated by
heat flow and not electronic response time. Heat flow from the solution to the capillary
is fast and must be accounted for in any model of the temperature rise induced in zone
electrophoresis. The origin of the 200-ps rise time is speculative, but may reflect heat
flow from the solution to the capillary wall. As shown clsewhere, a parabolic
temperature rise is created along the pump bem axis by heat flow to cuvette windows
[25]. This temperature rise, and its associated refractive index gradient, acts to defocus
the probe beam in the plane containing the pump laser beam.

Detection limit is typically defined as the amount of analyte that generates a

signal three times larger than the standard deviation of the base line signal |26]. For
1,000 data points along the baseline, every third point was extracted (to avoid any
possible correlation errors) then the standard deviation, o, was calculated. A calibration
curve can then be used to obtain concentration detection limits. The calibration curve
for PTH-glycine is shown in Figure 2.10. The slope of the curve is 3.4x10* mV/M

giving a concentration limit of detection, based on 3a/slope. of 4x107 M.

kY

3.0 4

1-. -

20 4

poak height, mv
.

1.0 4

(X

" 1 T | SRS S
PTHgly (10° M)

o

Figure 2.10 Calibration curve for PTH-glycine.
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amplifier that operated with 0.3-s time constant. Peaks are Gaussian in shape with a
typical full-width at half-height of 2.5 seconds. Processing of the data was achieved by
convoluting the data with a Gaussian filter function with 1-s half-width; noise is
reduced and separation efficiency is increased by less than 10%. It is not appropriate to
use the standard deviation in the background signal as an estimate of noise for
calculating detection limits; the filter function ensures that successive data are
correlated. Instead, detection limits can be estimated by Knoll's method for
chromatography [27] where the maximum deviation from the mean base line signal, h,,

is measured over a time period given by 50 times the analyte peak width:

(cC.
Cion = Kux} h‘(h_l) (2.1)

In Equation 2.1, C, is the amount or concentration of analyte, h, is the analyte peak
height, and K, is a multiplier constant derived by Knoll. For a peak-width-multiple
of 50, K, ,,p equals 0.9194 [27].

Calculation of detection limits using Knoll's method is useful when determining
several analytes that have different sensitivities. This method precludes the need for
twenty different PTH amino acid calibration studies. Detection limits fo. the 20 PTH
amino acids (Table 2.1) range from 0.2 fmol for PTH tryptophan and PTH lysine to 5
fmol for PTH threonine. The volume injected is calculated using the following
equation, derived for electrokinetic injection in capillary zone electrophoresis [28):

(u, +u, )V, ,
L. ) —— 2.2)

Vﬂl, =

where V, is the injection voltage, ¢, is the injection time and L is the capillary length to
the detector. The moles injected are calculated from the volumes and initial
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concentrations in the mixture. Poor sensitivity for PTH threonine s due
decomposition of the PTH derivative as stock solutions were stored in aqueous solution
magnitude superior to those produced by liquid chromatography and | V' ihsorbance
detection [2]. Concentration detection limits, less than 10® M, are o nan (wo
orders of magnitude superior to the other UV thermo-optical absorbance detector in
capillary electrophoresis [23]. The use of a high repetition rate excimer laser produces
excellent performance.

Comparison of detection sensitivity between the thermo-optical absorbance
detector and conventional UV absorbance detectors, which are commonly tound
commercial CZE instruments, is more appropriate using absorbance units. One

millivolt of thermo-optical signal equals 10+ absorbance units. The base line signal

capillary. The absorbance per unit leagth of the electrophoresis bufter is 210 'em !, a
factor of four greater than the (decadic) absorbance per unit length of (6 + 2)- 104 ¢m !
for water at 254 nm quoted by Boivin ef al. [29]. Absorbance due to butfer
components, and impurities in those components, leads to the observed background

signal. The relative noise on the base line, ~0.8%. presumably is proportional to

thermo-optical detector is 2.5x10. This detection limit is one to two orders of
magnitude superior to that produced by commercial transmission detectors in capillary
electrophoresis with 50-um diameter capillaries. Improved detection limits may be
produced for the thermo-optical detector by use of higher purity reagents, a more stable
pump laser, and solvent with a larger change in refractive index with temperature.
While heavy water (D,0) has greater thermo-optical sensitivity than normal water, it

has a factor of two greater background absorbance and is not useful as a solvent for
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ingh sensitivity ultraviolet absorbance detectors. Mixed acetonitrile-water solvents have
a larger dn/dT than water and have proven valuable in capillary zone electrophoresis

separation and thermo-optical absorbance detection of DABSYL. amino acids [5].

Table 2.1 Detection limits for PTH-amino acids. o

PTH Amino Acid moles volunie injected, | detection | detection
injected, fmol | nL (£ 10%) limit, limit, uM
fmol

alanine (A) 66 0.55 05 110

arginine (R) 22 1036 ) 0.6 99

asparagine (N) 168 1068 |07 .o
asparticacid/ ) |58 053 08 |14
cysteicacid(C) |51 0.52 2 3

gluamic acid (E) | 65 054 0.7 2

| glutamine (Q) 65 10359 07 {ut
glycine (G) |68 1062 05 109

histidine (H)_ %0 Jom  lo3  Jo®

isoleucine (1) 27 0.34 _10.7 2

leucine (L) |43 033 03 (08
PTH-¢-PTC-lysine (K) | 17 028 0.2 0.6
| methionine (M) 134 040 C 110

phenylalanine (F) 129 0.31 0.3 1.0

poline P a1 lo41 04 |10

serine (S) 7 0.66 2 3
threonine (T) |48 04 |s 2
yrosine (V)| &2 0.46 los Jor
tryptophan (W) 2 Jo.33 0.2 0.5
valine (V) a1 0.41 o4 0.8
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An important tigure of merit for any analytical technmigue s the linear dynamic
range. The dynamic range of the MECC thermo-optical detection system was evaluated
by injecting a series of PTH-gly samples and is represented by the curve shown in
Figure 2.11. The mass detection limit for PTH-giy is 0.2 tmol, based on the calculated
concentration detection limit from Figure 2.10 and an injected volume of 0.5 nl.. This
limit of detection for PTH-gly is slightly better than that presented in Table 2.1, which
was calculated from the smoothed data presented in Figure 2.6. Improved opucal

alignment accounts for the difterence in sensitivities.

24 B

o ® ¢ :
%14
1

g

o) -

. s f M - 3 2

log (concentration PTH-G, M)

Figure 2.11 Plot »f linear dynamic range for PTH glycine.

The slope of the curve in Figure 2.11 equals 1.06, for PTH-gly concentrations
ranging from 2x10-5 M to 1.4x10* M. The data plotted in Figure 2.11 include those

from the calibration curve (Figure 2.10). therefore the lincar dynamic range from
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detection limit (4x107 M) to 1.4x103 M extends a factor of 3,500 in analyte
concentration. At higher concentrations, the peak showed pronounced tailing,
presumably due to distortions in the local electric field because of the ionic strength of
the analyte [30). However, peak area is conserved and, while not shown here, is
linearly related to analyte concentration from the detection limit (0.2 fmol) to at least 5

pmol, a 20,000 range in analyte amount.

Precision was investigated by repeatedly injecting the same sample: the relative
standard deviation in peak height was 2.2% for the electrokinetic injection. To obtain
this high level of precision, care was taken to ensure that the sample and terminal
bufter containers were at the same level. However, signal amplitude is highly
dependent on alignment conditions. Replacement of the capillary. and subsequent
realignment, inevitably produces a significant change in sensitivity. The capillaries
were very stable in this separation and in favorable cases, a capillary would be used tor
several months before it was replaced. In fact, replacement of the capillary was
required only due to breakage, which usually occurred when the fragile detector
window was stressed. Migration time precision, of great importance in sequencing, was
1.2%. Both migration time and peak height precision are dominated by reproducibility
in adjustment of the power supply voltage for both separation and injection, and in

ambient temperature fluctuations.

2.4 Conclusions

CE separation and thermo-optical absorbance detection of DABTH and PTH
amino acids were presented this chapter. CE/thermo-optic determination of the Edman
degradation products is an important step in the generation of protein sequence
information on sub-femtomole samples. In section 2.2, determination of DABTH
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amino acids was explored as an alternative Edman reagent that has increased sensitivity
because of its high molar absorptivity. Also. detection of DABTH derivatives s
performed in the visible region of the spectrum (A =442 nm), unlike the routinely used
UV detection of the traditional PTH derivatives. Detection at longer wavelengths
should provide better signal-to-noise, eliminating background signal caused by UV
absorbing impurities present in the polypeptide degradation chemistry. However, the

detection limit of 2x10-7 M determined here is only marginally better than previously

base-line resolution of all twenty DABTHs combined with complete determmation in
under 25 minutes is necessary in order to pursue experiments of double coupling with
PITC or perhaps methylisothiocyanate (MITC) as a clean-up reagent. The method of
separation used to determine the DABTH amino acids did not involve micelles but was
closer to an ion-pairing method. Perhaps a larger concentration of SIDS would improve
the resolution of the separation.

Micellar electrokinetic capillary chromatography (MECC) separation with UV
an important step in improving routinely used sequencing methods. Detection is an
important issue in capillary electrophoresis [11]. Except for fluorescence {31}, most
detectors provide limited sensitivity and dynamic range. There is a need for sensitive,
universal detection with high dynamic range in capillary electrophoresis. The thermo-
optical absorbance detector comes close to satisfying this need; any molecule containing
an aromatic group will absorb strongly at this excimer laser wavelength.

MECC separation with thermo-optical absorbance detection in the UV produces
outstanding mass detection limits and a wide linear dynamic range for determination of

PTH amino acids. Signal strength is, unfortunately, highly dependent on optical



70
alignment and typically must be re-optimized every week. While this alignment
sensitivity has little bearing on the qualitative nature of PTH identification for
polypeptide sequencing, it hinders precise quantitative measurements. For this reason, a
standard mixture of PTH amino acids must be run at the beginning of the day before
analysing the sequencing results. The peak heights of the standard PTHs can then be
used to quantitate the PTH amino acids recovered from sequencing. Implementation of
a servo system to align the system would be an asset. Given these objectives, it is
amino acid determination in the sub-femtomole range: at least three orders of
magnitude superior to the present state-of-the-art (1 pmol) in amino acid sequencing.
To maintain separation efficiency, the analyte must be injected in nanolitre
volumes. As a result, interface with conventional sequencers is problematic. Sample
might be concentrated before injection by use of solid-phase extraction,
isotachophoresis or stacking [32-35). Instead, a highly miniaturized sequencer may be
developed that is matched to the volume of the capillary electrophoresis separation

method. Of course, there are significant experimental difficulties in the design of a

the conventional and miniaturized sequencers, the reaction rate and efficiency for the
miniaturized sequencer should be identical to, or better than, that of the conventional
scale sequencer. Improvements in mass detection limit arise only because the system
volume is decreased. Combination of the miniaturized sequencer, as described further
in Chapter 4, with capillary electrophoresis separation will allow routine sequencing of

femtomole amounts of proteins.
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CHAPTER 3

CAPILLARY ELECTROPHORESIS
AND
THERMO-OPTICAL ABSORBANCE DETECTION
OF
PRODUCTS FROM MANUAL PEPTIDE SEQUENCING
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3.1 Introduction

The sensitivity of peptide/protein sequencing by Edman degradation improved
dramatically with the introduction of the gas-liquid-phase sequencer by Hewick er al. in
1981 [1]. Sequence information on as little as S pmol of protein, a 10,000-fold
reduction from ten years earlier, was a remarkable breakthrough. Since the early
eighties, several improvements have been made in sample preparation, sequencer

instrumentation, and chemistry in an effort to achieve better sensitivity, speed, and ease

Peptide and/or protein purification is an integral part of microsequencing. Two
dimensional gel electrophoresis is a routine analytical tool for puritying proteins where
isoelectric focusing in the first dimension is followed by SDS-PAGE (polyacrylamide
gel electrophoresis) in the second dimenson. In situ enzymatic digestion of purified
protein generates peptides that can be separated and sequenced. Separation of peptide
fragments is done either by HPLC or by two dimensional mapping: electrophoresis on
a cellulose TLC (thin layer chromatography) plate followed by TLC [2]). The work-up

required (0 prepare a protein for internal sequence analysis is laborious, but

obtained from 25 pmol of protein [3]. Advances in microbore liquid chromatography
(LC) for fractionation of sub-nanomole amounts of enzymatic digests and peptide
purification have also helped to prepare small amounts of sample for sequencing [4).
Electroblotting of proteins from gel electrophoresis onto solid supports that are
compatible with gas-liquid-phase sequencing was another important bruakthrough in
sample preparation for sequencing [5-7]. Utilization of polyvinylidene difluoride
(PVDF) membranes [8] and modified PVDF membranes [9-12] for electroblotting has
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helped reduce the amount of protein needed for sequencing by improving the

quantitative transfer of proteins from PAGE.

With respect to instrumentation, advances in column technology have increased
the resolving power and reproducibility of RP-HPLC for determination of PTH amino
acids [13]). Several improvements in sequencer design, generally iowards
obtain useful sequence information [14-16]. A relatively new technique for sequencing,
which deserves mention, is tandem mass spectrometry (MS) as a direct probe analysis
of polypeptides. Sensitivities in MS are about 0.5 pmol [17]: however, applications 10
peptide sequencing are rather complex. Mass spectrometry is more often used for fast,
sensitive molecular mass determination of peptides and proteins than for sequencing.

Improvements in chemistry include efforts to obtain N-terminal sequence
information from N-terminal blocked proteins [ 18, 19], covalent attachment of peptides
and proteins to solid supports [20-22), and strategies to identify problem residues such
as cysteine [23-26] or identify phosphorylation sites [27).

Despite the developments mentioned above, sequence analysis on polypeptide
samples of less than 5 pmol requires heroic efforts. Routine analysis at sub-picomole
levels is rare. The main limit is detectability of PTH amino acids—the Edman
degradation products. HPLC analysis requires about 1 pmol of PTH amino acid for
adequate signal-to-noise and this small amount of product must be dissolved in enough
solvent to transfer it to the HPLC. Typical injection volumes for PTH amino acid
determination are 50 uL to 100 uL, close to che the upper limit of injection volume to
still maintain resonable resolution of closely eluting peaks.

Several methods have been developed to improve sensitivity in detection of PTH
amino acids. Much of the work has involved modified Edman-type reagents such as
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dimethylaminoazobenzene isothiocyanate (DABITC) introduced by Chang er al. in
1976 [28], fluorescein isothiocyanate (FITC) [29-32), radiolabeled 14C-PITC or
358-PITC  [33),  dimethylaminonaphthyl-5-sulfonylamino  phenylisothiocyanate
(DNSAPITC) [34] and ethylenetrimethylamino phenylisothiocyanate (PETAPITC)
[35]. PETAPITC is an isothiocyanate reagent with enhanced detectability by mass
spectrometry. These reagents provide excellent sensitivity for the thiohydantoin amino
acid derivatives: 300 amol for P(E1TAP)THs [35]). 100 amol for DABTHs [36]. and
2 zmole for FTHs [37].

The major drawback of homologous Edman-type reagents is their poor coupling

example, DABITC must be followed by a coupling cycle with PITC [34]. This doubles
the effort and time of the microsequencing method and effectively halves :he number of
useful cycles that can be performed due to accummulation of background products in
routine work. Chemists still prefer to use the tried-and-true phenylisothiocyanate
chemistry for sequence analysis. Since PITC degradation works the best for polypeptide
sequencing, the efforts of this research project have been directed at improving the
sensitivity for identification of PTH amino acids. To this end, | have focused on
capillary electrophoretic methods of separation with laser-based detection.

The emergence of capillary electrophoresis (CE) as a routine tool for separating
biomolecules has broadened the scope of bioanalytical chemistry [38). CE offers fast,
efficient separation of both charged and neutral species and is rapidly gaining ground in
the fields of peptide and protein identification [39-42). CE is also an excellent method
for separating derivatized amino acids [36, 37, 43, 44]. A CE system with thermo-
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For an analytical system to be useful, it must work with real sequencing
samples, not just a purified standard like the the work presented in Chapter 2. This
chapter describes the use of CE with thermo-optical detection to identity the ..oducts

from manual degradation of two peptides: insulin chain B and SP-5 (splenopentin).

3.2  Experimental
Edman Degradation

Sequencing grade ethyl acetate, n-heptane. 12.5% trimethylamine (FTMA) in
water, Biobrene (Polybrene) and PTH amino acid standard were purchased from
Applied Biosystems (ABI. Foster City). Phenylisothiocyanate (PITC) and anhydrous
trifluoroacetic acid (TFA), both sequencing grade, were purchased from Sigma as were
insulin chain B oxidized and splenopentin (SP-5: Arg-Lys-Glu-Val-Tyr). N-propanol,
sodium dodecyl sulfate (SDS), sodium dihydrogen orthophosphate and HPL.C-grade
acetonitrile were purchased from BDH. Sodium tetraborate and [-chlorobutane were
bought from Fisher Scientific. Pre-purified argon (Union Carbide Canada) was passed
through an OT-3-2 oxygen trap purchased from Chromatographic Specialties Inc.
(Brockville). Distilled water was further purified through a NANOpure ultrapure water
system for buffer preparation.

The chemical protocol used for manual degradation was similar to that used in
the Applied Biosystems (ABI) gas-liquid-phase autosequencer, to simulate currently
used polypeptide sequencing methods. The reaction mechanism was shown in
Chapter 1, Figure 1.10. Reactions were carried out in 600-ul.-size polypropylene
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microcentrifuge tubes. To 150 uL coupling buffer was added 10 to 100 nmol peptide
and 15 uL PITC: coupling bufter was 3:2 (v/v) n-propanol:12.5% TMA, adjusted to
pH 9.5 with TFA. The solution was flushed with argon, capped, and incubated at 50°C
for 30 minutes. For the short peptide (SP-5), 15 uL Biobrene (0.1 mg/mL) was added
to the coupling butfer to prevent peptide loss during washing steps.

The resultant PTC-peptide solution was washed by vortexing with 400 pL
heptane and the heptane layer discarded after centrifugation. The solution was washed
again with 400 uL. benzene in the same manner. The aqueous layer was dried on a
Savant Speed-Vac tor about 1.5 hours. A further wash with sonication using 400 uL

ethyl acetate was followed by drying to prepare the PTC-peptide for acid cleavage.

Cleavage involved addition of 50 uL. TFA, sonication to dissolve the PTC-

amino acid was done with 500 uL benzene followed by sonication then centrifugation
to carefully separate the organic layer containing ATZ amino acid from the precipitate
of truncated peptide. Both phases were thoroughly dried and the peptide subjected to

subsequent cycles of coupling and cleavage.

The ATZ amino acid was converted to the more stable PTH-form by addition of
S0pul 25% TFA in water followed by sonication and flushing with argon, then
incubation at 50°C for 30 minutes. Residual TFA and water were evaporated and the

degradation product (PTH amino acid residue) was stored at -20°C until identification.
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Micellar Electrokinetic Capillary Chromatography (MECC)

Determination of PTH amino acids was pertormed using the CE/thermo-opucal
was operated at 625 Hz with a neutral density filter (O.D. =0.3) to reduce the beam
intensity slightly, (2) the probe beam intensity was detected by a varable gam/variable
bandwidth Model 2001 Front-end Optical Receiver (New Focus, Inc), (3) data were

Al

collected at 3 Hz directly fron, the lock-in amplifier to the PC via an RS232 mtertace.

A 40-cm long fused silica capillary, 50-pum-1D, 190 pum-OD, was used tor the
separations after conditioning for at least 24 hours with running butter. The same
capillary was used for over five hundred runs and discarded only due w0 accidental
breakage. The length from injection (anode) to detection was 35 cm. Scparation butter
was 10.7 mM sodium phosphate, 1.8 mM sodium tetraborate and 25 mM SDS pH 6.7,
which was filtered through a Millex-GS 0.22 um syringe-filter unit before using.

Current through the capillary was approximately 8 pA.

The PTH amino acid standard (from ABI) was dissolved in acetonirile during
storage. A 5 puL aliquot was dried and redissolved in 5-10 pul. of running butfer before
injection. PTH residues from degradation were dissolved in 10 to 500 ul. running

buffer, depending on cycle yield, and electrokinetically injected into the capillary.

3.3  Results and Discussion
Edman Degradation

Insulin chain B from bovine and SP-5 (splenopentin) were the two peptides used

in this study. The primary structure of these two samples is illustrated in Figure 3.1.
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Y-L-V-C-G-E-R-G-F-F-Y-T-P-K-A

SP-5, Splenopentin

Figure 3.1 Amino acid sequences of insulin chain B and

In the Applied Biosystems automated peptide sequencer, 12.5% TMA buller is
delivered in the vapour phase providing the requisite pH 9.5 environment for coupling.
However, the 12.5% TMA liquid solution has a pH of 12.5 so it was adjusted to pH
9.5 by addition of TFA. PITC is unstable at pH greater than 10 [13]. The coupling

PITC. The order in which coupling buffer, peptide and PITC were added was
important for the reaction. Presumably a uniform solution of these components is
required. Coupling was initially done for 20 minutes at 55°C but yields were very low
(25%). Ccupling time was increased and temperature decreased to 30 minutes at 50°C
producing at least a two-fold increase in yield.

After coupling, wash steps with heptane and ethyl acetate were discovered to be
insufficien: for removing organic impurities. Heptane was good at removing excess
PITC but an additional wash with benzene was necessary to remove thiourca-based by-
products. Ethyl acctate was necessary to remove residual TMA and water. TMA can

peptide during cleavage.



Cleavage was initially done for 8 minutes at 55°C, but later changed to 15
minutes for 50°C because of appearance of PTC-peptide during PTH residue
determination. Extraction of the ATZ amino acid product was originally done with
chlorobutane, as in the ~ommercial system. A large unidentified peak, eluting near
PTH-arginine, was seen during the CE separations, and was attributed to a compound
formed during the cleavage step. When the extraction solvent was switched to benzene,
the amount ot this unknown product was reduced but, as seen in some of the
electropherograms, it was still present. Even when a blark degradation was performed
(no peptide added), this by-product peak was seen. Boehnert and Schlesinger [45]
indicate that repetitive yield is better with benzene than chlorobutane when manually
sequencing peptides. Great care was taken when handling benzene because of its
carcinogenic nature. In general, low yields (<50 %) were achieved for the manual
sequencing of insulin and SP-S. These low yields are mainly attributed to the

unconventional chemistry used, and lack of further optimization of reaction conditions.

Separation of PTH amino acid standard

In order to identify PTH amino acid products from protein sequencing, it is
necessary to completely separate all PTH amino acids and by-products generated from
Edman degradation. The major by-products of sequencing with phenylisothiocyanate
(PITC) are diphenylthiourea (DPTU) and dimethylphenylthiourea (DMPTU). During
the coupling step, PITC can undergo hydrolysis to form aniline. Reaction of aniline
with a second PITC molecule forms DPTU. Also, PITC can react with residual
dimethylamine, a contaminant in the TMA coupling buffer, to form DMPTU.
Reactions for the formation of these two by-products are shown in Figure 3.2.
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Figure 3.2 By-products formed during the coupling step of Edman degradation.

Typically, the PTH amino acids are identified by HPLC with UV detection in
commercial protein sequencers. CE is not routinely used because the small volume
requirements have limited its use with conventional absorbance detectors. The laser-
based thermo-optical absorbance method, on the other hand. demonstrates femtomole
limits of detection (Chapter 2) for PTH amino acids, which is about 1,000 times better
than currently used methods for HPLC.

Most of the PTH amino acids and Edman by-products are neutral and cannot be
separated by free zone capillary electrophoresis. Otsuka and coworkers [46)
demonstrated the separation of PTH amino acids at picomole levels by micellar
electrokinetic chromatography using SDS as an additive; however the quality of
separation was not ideal for protein sequencing. Since the major limit of primary
sequence determination by PITC degradation seems to be the HPLC analysis,
improvements at this end are needed to accompany the recent improvements in

sequencer design [14-16).
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Sodium dodecyl sulfate (SDS) has proven to be an excellent surfactant for
micelle formation. As Terabe and others [46-52] have demonstrated. neutral species
can be partitioned within the micelles to allow their separation. Since the partition
capacity of each PTH amino acid is dependent on the concentration of micelles. the
total amount of SDS will effect the resolution of the separation. As the concentration of
SDS increases above 8 mM (critical micelle concentration, CMC), the number of
micelles in solution increases. The effect of SDS concentration in pH 7 buffer on PTH
amino acid migration time is shown in Figure 3.3. Significantly, the 19 PTH amino
acids and two by-products cannot all be totally separated with an arbitrary
conccatration of SDS above the CMC. However, if PTH-histidine is not considered.
the other 18 PTH-amino acids can be completely separated in the 25 to 30 mM range
for SDS. Since SDS weakly absorbs at 248 nm, the detection wavelength, a higher

concentration of SDS gave a higher background signal. Therefore, 25 mM SDS was

chosen as the optimum concentration.

As in HPLC determination [13]), PTH-histidine is highly sensitive to the local
environment during analysis with CE techniques. In this study the migraticn time of
PTH-histidine shifted with changes in buffer composition, running voltage, and room
temperature. This sensitive nature of PTH-histidine migration time arises from having a
pKa near 6, similar to unlabeled histidine. Therefore, the retention time of PTH-
histidine is highly dependent on pH of the running buffer, which is preferably kept near
physiological pH. The migration time of each PTH-amino acid as a function of pH is
shown in Figure 3.4. The curves in Figure 3.4 show that PTH-histidine migration time
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v es by more than two minutes over a pH change of 1. The migration times of the
- 1er eighteen PTH-amino acids are essentially constant over a change of 1 pH unit.
The optimized pH was found to be 6.7, with PTH-histidine migrating reproducibly
between PTH-phenylalanine and PTH-lysine. Once buffer composition and pH were

optimized, the order of elution of all peaks was always the same.

Migration time reproducibility is less than 1% RSD when capillaries arc
equilibrated with running buffer at least 24 hours before first use. Dilute hydroxide
solutions are never used to rinse capillaries between runs, as suggested by some authors
{52]. Rinsing with extremely high (or low) pH solutions alters the zeta potential
established by the buffer's own ionic strength, composition and pH. The
electropherogram of nineteen PTHs and two by-products determined by MECC with
thermo-optical detection is shown in Figure 3.5. All species are completely separated.
Besides the improved detection limit of PTH amino acids (Chapter 2), CE analysis
provides a better separation than state-of-the-art RP-HPLC, and the CE separation is
three times faster. To aid in peak identification of PTHs produced from the peptide
degradation, a simple program was written to normalize migration times to that of

DPTU, one of the major by-products of the Edman degradation.
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Figure 3.5 Capillary electropherogram of 60 fmol PTH amino acid standard
containing nineteen PTHs, DPTU and DMPTU as purchased from ABI. Each PTH
residue is designated by the single letter abbreviatior: of the corresponding amino

acid. A 50-um-1D 40-cm-long capillary was used for the separation: the distance
from injector to detector was 35 cm. Injection was for Ss at 2 kV. Separation
proceeded at 10 kV in a 10.7 mM phosphate and 1.8 mM borate and 25 mM SDS

pH 6.7 buffer.

Typical CE injection volumes are 1 nL.. This volume constitutes, at most, 0.1%
of the sample volume because at least 1 puL is needed to immerse both the capillary and
the electrode into solution for an electrokinetic injection. Therefore, to inject one
femtomole, about one picomole of PTH amino acid is necessary within the 1 puL
sample volume. Ome picomole per microlitre equals 1x106M, close to the
concentration detection limit of HPLC. Obviously, a method of sample concentration
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would be preferred. Researchers have found several successtul methods of sample
concentration: isotachophoresis (ITP) [53], isoelectric focusing (IEF) |54]. reversed-
phase packing {55], and capillary bundles [56]). The use of reversed-phase packing
seemed to be a logical method of in-column sample concentration since it is currently

the separation method of choice (RP-HPLC) for PTH amino acids.

Preliminary studies showed that PTH amino acids are desorbed from (-8
(octadecylsilane) packing material by using 20 to 25 % acctonitrile in water. The
sample could, therefore, be injected from 100% aqueous bufter, concentrated on a
small plug of C-18 packing contained within the capillary, and eluted oft in 20%
acetonitrile buffer. Separation by MECC could occur once all PTHs were desorbed.
The first step was to optimize the separation in an acetonitrile butfer system. With this
scheme in mind, a separation of twenty PTH amino acids was attempted in a mixed
organic/aqueous buffer. Figures 3.6A and 3.6B. show the electropherograms of 20
PTH amino acids separated in a 20% acetonitrile buffer with 35 and 50 mM SDS.
Plates A and B of Figure 3.6 indicate that the effect of organic modifier is to reduce
micelle formation. This effect is expected since SDS forms only normal (aqueous)

solution micelles [57].

There is a problem, unfortunately, with concentrating PTHs on C-18 packing
that makes the method infeasible for MECC separation. Monomers of SDS in the
buffer preferentially adsorb to the packing material, rendering it useless for retaining
PTH amino acids [58]). With this in mind, further study on MECC separations in
organic modified buffers was halted before optimization of the separation in an
acetonitrile/water buffer was complete. Rather than pursue methods for trying to
concentrate the sample, it is easier to test the ability of CE/thermo-optical absorbance
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to analyse real sequencing samples by degrading larger amounts of peptides. The

results of manually degrading two peptides are presented in the following section.
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Figure 3.6 Electropherogram of twenty PTH amino acids in organic/aqueous buffer.
A 50-um-ID, 42-cm-long capillary was used for the separation: the distance from
injector to detector was 37 cm. Sample was injected hydrodynamically for 10 s at a
height of 2.5cm. Separation proceeded at
phosphate/sodium tetraborate, 35 mM SDS (A). or SO mM SDS (B), pH 7 buffer
made up in 20 % acetonitrile. Approximately 65 fmol of each amino acid was

injected.

10 kV

12.5 mM sodium



90
Separation of Edman degradation products

The small peptide used in this study is SP-S, also called splenopentin, a five-
residue molecule with the sequence: NH,-arginine-lysine-glutamic acid-valine tyrosine-
COOH (NH,-R-K-E-V-Y-COOH). Figure 3.7 shows the electropherograms for the
sequence analysis of 865 nmol of SP-S. The standard represents approximately 20 fmol
for each PTH amino acid, DPTU and DMPTU. No PTH-cysteine is present in the
standard. The time required for stepwise degradation for each cycle is approximately §
hours because of the long drying times used. After each cycle, the PTH residue was
dissolved in 200 pL electrophoresis running buffer, determined. and re diluted as
necessary to give a reasonable peak height. Peaks must be within the linear ranue of
peak height versus concentration to be able to estimate amounts. Each trace in Figure
3.7 represents a different dilution factor so it is difficult to see how much PTH amino

acid each peak represents. The exact amounts determined are presented in Table 3.1.

Table 3.1 Quantitation of the sequence analysis of SP-§ peptide.

Cycle Number Amount injected | PTH recovered | Yield
into CE system from (%)
scguenciﬁg

Cycle 1, PTH-arg | 40 fmol 160 nmol 18
Cycle 2, PTH-lys | 109 fmol 568 nmol 66
Cycle 3, PTH-glu | 266 fmol 1360 nmol () | 100 (?)
Cycle 4, PTH-val | 59 fmol 715 nmol 83
Cycle S, PTH-tyr | 7§ fmol 500 nmol S8

The values in Table 3.1 were calculated by comparing the peak height in each
cycle to that in the standard, then compensating for the dilution and volume injected to
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obtain the amount of PTH recovered from sequencing per cycle. Repetitive yield (RY)

v b-&
RY:[XL) <100, a<b 3.n

where Y, and Y, are the yields at cycles a and b respectively. The repetitive yield for
the results of cycle 2 and 5 as shown in Figure 3.7 is 95 %. There are some doubts as
to how accurate 95 % is since the yields increased from cycle | to 5. Also, the result
for cycle 3 is ridiculous and indicates that there may have been a mistake in the
injection or the peak for PTH-E is in a non-linear region of the dynamic range for the
separation/detection system. The electropherograms show good signal-to-noise for the
analyte PTH residue because of the very large amount of starting material used. In the
first cycle, a few unidentified peaks are seen besides the DPTU by-product peak.
Extensive wash steps allow complete removal of DMPTU. Each cycle shows a slight
amount of lag: PTH product from the previous cycle present in the current cycle. Only

cycle 2 shows evidence of preview: PTH product from the following cycle present in

instruments because rigorous washing steps are more difficult to implement in pre-
programed cycles.

Initially, attempts at sequencing SP-5 were not successful because low nanomole
quantities were used and the truncated peptide would get lost in the wash steps.
Increasing the starting amount of peptide was helpful and addition of Polybrene
provided the best way for retaining the peptide from cycle to cycle.
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Figure 3.7 Electropherograms for the sequence analysis of SP-5 peptide. SP-5 (865

Wy

nmol) was sequenced by manual Edman degradation and analysed by
MECC/thermo-optical absorbance detection as described in the text. Separation
conditions are the same as for Figure 3.5. The by-product peak DPTU is used to
normalize migration times to the standard (see Appendix C).
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the sequence for which was shown in Figure 3.1. The results from manual Edman
degradation of 98 nmol of insulin chain B are presented in Figures 3.8 A to F. For
each set of electropherograms, the standard run on the same or closest day to the PTH
determination is shown at the top of the figure. Each peak in each standard represents
approximately 20 fmol PTH amino acid, DPTU or DMPTU and is identified in Figure
3.5. Results from the 28th and 30th cycles are not presented because these samples
were discarded by mistake during extraction and washing steps. As with the SP-5
peptide, dried PTH residues were dissolved in 20 to 100 uL of electrophoresis running
buffer then approximately 0.3 nL injected. Table 3.2 lists the amount of degradation
product determined and the amount obtained from sequencing, corrected for dilution.
Different amounts were injected into the CE system for determination. PTH recovered
is the total amount of PTH amino acid collect. er the conversion step of the
degradation for each cycle.

The repetitive yield for sequencing insulin chain B, calculated using Equation
3.1 and cycles | and 10, is 72%. Seven of twenty-eight cycles gave no sequence
information and from the seventeenth cycle on, analyte signal-to-noise decreased

rapidly as background peaks appeared more often. Lack of information at PTH-cysteine

standard because of this problem, a practice followed by many researchers [59). Lag is
seen in several cycles in Figure 3.8 and preview in a few instances. A more
both~rsome problem, of unknown origin, is the large peak seen near or after
10 : nutes in many of the electropherograms. Attempts were made to identify this peak
but it cannot be astributed to PTC-peptide, DPU or other obvious by-products. A
ms for sequence analysis of a protein in

similar phenomenon is seen in the chrom
Calaycay et al. [15]). The peak near 10 minutes generally gets larger the further
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sequencing goes and was originally much larger when chlorobutane was being used to
extract the ATZ amino acid after cleavage. Extraction with benzene seemed to reduce
the intensity of this peak. Species that migrate slowly in an MECC separation are cither
cationic or very non-polar, having a large partition coefficient for the micellar phase.
Since this anomalous peak only interferes with identification of PTH-arginine, its

identity was not treated as a major concern.

Table 3.2 Quantitation of the sequence analysis of insulin chain B.

Cycle No. Amount | PTH Yield | Cycle No. Amount | PTH Yield
and residue | injected | recov'd | (%) | and residue | injected | recov'd | (%)

(fmol) |(amol) | | (fmol) |(nmol) |
LPTHphe |84  [32 39 [is.pTHiew (33 290 |3
2,PTHval |97 (29 29 |16, PTH-yr {35 [19 |2
3, PTH-asn | -- ~ |- lvethie [12 Jos |4
4, PTHgin [20s |42 3 [is.prHva (13 (1o |1
5, PTH-his | 34 6.8 7 19, PTHcys f--  |-- |-
6,PTH-ueu (27 |83 |8  |20prhgy [20 10 |1
7, PTHcys | -- -- - 21, PTHglu 10 |10 |1
8.PTHgly (148 (74 |8 |22, prHag |- |-
o,PTH-ser [43 |22 |2 |23, prHgy [as |22 |2
10, PTH-his | 20 1.7 |2 |24, PrHphe [6s |50 |5
11, PTHiew |32 f25 |3 los.prphe |7 fo6 |1
12,PTHval (77 [47 |5 126, PTHayr |-
13, PTHgu |93 |50 |s |27, prHa |- - |
14,PTHala J130 |67 |7 |29, PTHys |-- .
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Figure 3. 8A Elecmhcmgrams for the sequence mllym of insulin chain B, cycles 1
to 5. Insulin chain B (98 nmol) was sequenced by manual Edman degradation and
amalysed by MECC/thermo-optical absorbance detection as described in the text.
Separation conditions are the same as for Figure 3.5. The by-product peak DPTU is
used to normalize migration times to the standard (see Appendix C).
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Figure 3 8B Electropherograms for the sequence lnllysls of insulin chain B cyeles 6
to 10. Insulin chain B (98 nmol) was sequenced by manual Edman degr:d:mn and
analysed by MECC/thermo-optical absorbance detection as described in the text.
Separation conditions are the same as for Figure 3.5. The by-product peak DPTU is
used to normalize migration times to the standard (see Appendix C).
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Figure 3.8D Electropherograms for the sequence analysis of insulin chain B, cycles 16
to 20. Insulin chain B (98 nmol) was sequenced by manual Edman degradation and
analysed by MECC/thermo-optical absorbance detection as described in the text.
Separation conditions are the same as for Figure 3.5. The by-product peak DPTU is
used to normalize migration times to the standard (see Appendix C).
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Figure 3.8E Electropherograms for the sequence analysis of insulin chain B, cycles 21
to 25. Insulin chain B (98 nmol) was sequenced by manual Edman degradation and
analysed by MECC/thermo-optical absorbance detection as described in the text.
Separation conditions are the same as for Figure 3.5. The by-product peak DPTU is
used (o normalize migration times to the standard (see Appendix C).
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sub-picomole or even picomole level because of difficulties with the manual sequencing

protocol. Even thirteen years ago, manual Edman sequencing down to one nanomole

quantitative sequencing, in 1980. In 1988, Haniu and Shively [61] described manual
gas-phase microsequence analysis using a small volume continuous flow reactor made

from a Teflon tube. They reported that good sequencing results could be obtained in the

phase HPLC, the same as in commercial automated instruments. These results imply
that manual sequencing methods are at least 100 times less sensitive than automated
ones. Automated gas-phase and solid-phase sequencing instruments are needed for

picomole sequencing.

shown in Figures 3.7 and 3.8 demonstrate that sub-picomole amounts of PTH amino
acid can be determined. The MECC separation of 19 PTH amino acids is complete in
one can consider the MECC separation to be about 5 times faster because the HPLC
solverts must be pumped out to re-set the gradient for a second run. This procedure

requires an extra 15 to 25 minutes after HPLC analysis is complete. With MECC, a

Also, capillary electrophoresis equipment is less costly than HPLC equipment: no high
pressure pumps are required for CE and one meter of capillery column costs about
$3.00, about two orders of magnitude less than for a packed HPLC column. Good
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reproducibility in migration times is seen from the data presented in Figures 3.7 and
3.8. The elution order always stays the same, unlike in HPLC separation of PTH

retention times change as the column ages [62].

Thermo-optical absorbance detection provides superior mass detection limits
compared to the UV absorbance detectors built into HPLCs. Most of the efforts to
improve detection of PTH amino acids have revolved around trying to get more or all
of the converted PTH into the injection loop by dissolving it in less solvent. Elaborate

adaptions to the HPLC sample injector have been made in an attempt not to waste any

is well established and few modifications have appeared in the literature recently.
Perhaps reversed-phase HPLC cannot be improved and the only way to get better
sensitivity for determination of PTHs is to explore new techniques. Capillary
electrophoresis is emerging as a new method of analysis, and may be found to rival

HPLC in the future, as the results in this chapter imply.

The amount of peptide used for the sequence analyses presented in this chapter
did not demonstrate sub-picomole sequencing. However, the CE/thermo-optic
determination of the PTH residues did demonstrate sub-picomole determination. This
determination capability should translate into the ability to sequence femiomole
amounts of polypeptides. The first section of Chapter 3 presented some background on
current research being done to try to sequence less than a picomole of peptide or
protein. One way to get more sequence information from less than 1 pmol is to
improve detection of the sequencing products, the PTH amino acids. In the following
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sections of Chapter 3, MECC separation and thermo-optical absorbance detection was
presented as a tool for identifying the products of manually degraded peptide.
Optimization of the separation was shown to produce analyses three times faster than
the current state-or-the-art in HPLC. Results of the sequencing and the residue
identification were discussed in section 3.3. The manual Edman method described here
was not sufficient for picomole and sub-picomole sequencing. Improvements in the
chemistry would be necessary to sequence smaller peptide samples but the aim of this
chapter was not to improve the Edman degradation, only the product identification. The
MECC separation and thermo-optical detection of the PTH amino acid products showed
fast, sensitive determination of the Edman sequencing products.

The reason CE has not previously been coupled to a commercially available
sequencer is the incompatibility of volume requirements. Commercial sequencing
instruments produce at least 50 pL of PTH amino acid solution whereas injection
volumes in CE are on the order of one nanolitre. CE with thermo-optical absorbance
detection has superb mass detection limits (< | fmol) but only moderate concentration
detection limits (10-6 M). On-column concentration methods for CE are available (53]
but not at the 50-uL scale. Given these limitations, development of a capillary sized
sequencing instrument, which has on-line injection of the PTH residues into the CE
system, would add significantly to the ability of chemists to sequence trace amounts of

polypeptides.
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Appendix C: Normalization of migration times.

The standard mixture of PTH amino acids and the PTH amino acid collected
after degradation each contain diphenylthiourea (i I'U). Therefore, DPTU can be

used like an internal standard.

Assumptions:

(a) the relative mobility of DPTU to PTH is constant,

(b) variation in migration time between electropherograms is caused by electroosmotic
flow differences,

(c) the electrophoretic mobility of all species is constant.

Equations:

(1) Mpery = M == where o is the electrophoretic coefficient of mobility,

M. is the electroosmotic coefficient of mobility, L is the capillary length, E is the
electric field strength and fo.r, is the migration time of DPTU in the run.

where 4qy is the electrophoretic coefficient of mobility and

@) sy = Mo, = E:';m

I is the migration time of PTH amino acid in the run.

, . L[ 1 1
(3) subtract (2)<(1), Hpry = Mperu ™ E(_— ]: constant , by assumption (a).

V’FI‘H ‘E?‘ﬁi L

4) v=uE where vis the velocity of migration of a species.
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(5) substitute (4) into (3), ~Imt._orm i(—l— l):cm:ﬂnti by above
E E E\tyiw  tor
assumptions where V', is the velocity of migration of DPTU in the standard mixture

of PTHs.
6 val
6) v= p

i . 1 1 1 1 ) o
(7) substitute (6) into (§), ——=———=—=——where t',,, is the normalized
e Toeru Terw Torru

migration time and ¢’ is the migration time of DPTU in the standard.

. 1 1 1 |
(8) rearrange (7), —=— - ——+ —
e foery Toerv  fem

The columns of time data are corrected as:

(1/norm_time) =(1/std_dptu)-(1/run_dptu) +(1/run_time), where std_dptu and run_dpiw

are single migration times and norm_time and run_time are columns of migration
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4.1 Introduction

In 1950 Pehr Edman described a method for determining the amino acid
sequence of peptides using stepwise degradation with phenylisothiocyanate. Over 40
years later the same chemistry is still used to sequence peptides and proteins but in
automated instruments that require less sample and time. Even so, researchers are still
limited by the minimum quantities of peptide and protein needed to obtain useful
sequence information for biomedical research. In this chapter, the design and
construction of a highly miniaturized sequencer is described with the goal of
sequencing femtomole amounts of peptide and protein. The first section presents the
history of automated sequencing and the efforts being made to improve it. The second
and third sections describe the construction and characterization of the miniaturized
sequencer. Comparison to other instruments is also made in the third section and

conclusions follow in the fourth section.

Automated Edman Degradation

Stepwise Edman degradation of peptides and proteins has been a routine tool for
primary sequence determination since its introduction in 1950 [1). The original manual
methods of sequencing were soon followed by automated methods, the first of which
was described by Edman and Begg in 1967 [2). Edman and Begg described a liquid-
phase sequencer in which peptide or protein was coated as a thin film on the inner walls
of a spinning cup. The large surface area of sample was well suited to carrying out
coupling and cleavage reactions. Polybrene was later added as a film-stabilizing carrier
to help prevent loss of sample during washing steps [3]). In 1971 Laursen [4) described
an automated solid-phase sequencer in which ~-ptide was covalently bound to an
insoluble resin. The resin was contained in .nermostated glass microbore column and
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coupling and cleavage reactions were carried out by flowing liquid reagents and
solvents through the column. Hewick er al. [5] described an automated gas-phase
sequencer in 1981, in which peptide or protein was embedded in a matrix of Polybrene.
The Polybrene was coated onto a porous gla*s fibre and sandwiched in a flow-through
cartridge, effectively immobilizing the sample. Coupling and cleavage reactions were

carried out by flowing gas phase reagents and liquid solvents through the cartridge.

The r  de/protein sequencer described by Hewick er al. was capable of giving
useful seq: .ce data from as little as 5 picomoles of protein and is considered to be
“one of the most salient achievements in the instrumentation of automatic Edman
degradation since the report of Edman and Begg in 1967" [6]. While gas-phase
sequencing made inroads on the drive to develop micro-sequencers, there is still a need
to work toward sequencing samples that are only available in amounts less than one

picomole. As Kent ez al. point out:

Existing protein sequencing technology allows the determination of amino-
terminal sequences from picomole amounts of proteins. Typically, as little as a
few tens of picomoles of sequenceable material will allow determination of the
sequence of 20 or more residues. However, many proteins of great biological
interest can only be isolated in much smaller amounts. This limitation prohibits
amino acid sequence determination to characterize the molecules and to assist
in further analysis at the DNA level. Protein markers of degenerative nervous
discases in humans are notable examples of such proteins. It has been shown

degenerative nervous diseases contain elevated levels of protein species
characteristic of a specific syndrome. This has served as an impetus to develop
methods to detect, compare and quantitate nanogram amounts of proteins and
has led to the development of such widely used methods as two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE) and silver staining.

Typically, such rare proteins are present in amounts of 1-10 nanograms of
each species in 2D-polyacrylamide gels. For a 33 kDa molecule, this
corresponds to 30-300 femtomoles of protein. This is approximately 100- to
1000-fold less than the amount required for protein sequencing using currently
available technology, even assuming an ideal isolation method. To study
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proteins at these levels we will have to be able to isolate nanogram amounts of

determination and achieve a 1000-fold increase in the sensitivity of sequence
determination over methods currently in use |7).

The authors of the quotation above suggest improvements for sequencing
ranging from better immobilization of the sample to better data analysis of the
products. It is important to improve all steps that lead to knowledge of the primary
sequence, and develop better methods or steps where possible, as discussed in section

3.1 of Chapter 3. One particular procedure or step that undergoes continuous

(PITC) degradation and phenylthiohydantoin (PTH) identification are carried out. The
desire to construct an instrument that will sequence less than 1 pmol of peptide or
protein is shown by the number of recent, related patents [8-19].

The gas-phase sequencer design is still the industry standard for routine peptide
and protein sequencing. Commercialized versions of this sequencer are manufactured
by Applied Biosystems (ABI). Porton (Beckman), Knauer GmbH, Jaytee Biosciences,
Chelsea Instruments and MilliGen [20]. Each of these companies continues to improve
their instruments, mostly by miniaturization [21], better chemical compatibility of
moving parts [22], and improved detection of degradation products [23]. The large
companies are not alone though in the drive to improve the peptide/protein sequencer.
For example, a major improvement of the Hewick sequencer was described in 1987 at
Caltech, by some of the original researchers [7]. The Caltech sequencer requires less

controller. This sequencer has been used successfully with covalently attached peptides
(solid-phase method) and with DABITC double coupling [24]. Other groups have
improved the Applied Biosystems Sequencer by modifying sections of the sequencing
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program, analysing a larger proportion of the PTH amino acid product and designing a
smaller reaction cartridge to reduce cycle times [25-28].

Shively's group at the Beckman Research Institute designed a continuous flow
reactor (CFR) containing Polybrene-coated silica gel for automated sequencing [29] and
multiple manual gas-phase sequencing [30]. The CFR was made of Teflon tubing and
fit directly into the commercial automated sequencer, in place of the glass cartridge.
Total cycle time therefore depends on the instrument, 60 minutes for the Applied
Biosystems instrument or 42 minutes for the Beckman gas-phase instrument [31]. While
inexpensive and essentially disposable, Shively suggests that at least 10 pmol sample be
applied to the CFR [29]. In the manual gas-phase sequencer, six samples can be
sequenced at the same time; however, multiplexing requires 12 valves for flow control.
Each additional sample requires two new valves, making the plumbing cumbersome.
The total time for coupling and cleavage was only 20 minutes, slightly faster than in
other instruments. The anilinothiazolinone (ATZ) amino acid product from the manual

sequencer was collected in a 200-uL-size vial, vacuum dried, and manually converted

A further generation of Shively's instrument combines the continuous flow
reactor with a simplified conversion flask, hexagonal valve for fluid inputs, and sonic
flow detector for injecting 90% of the PTH product into the HPLC [21]. In this
instrument, sample was spotted onto a strip of polyvinylidene difluoride (PVDF) that
had been treated with Polybrene. The strip was then inserted into the tubular-shaped
continuous flow reactor and reconnected to the hexagonal liquid delivery valve. Each
cycle takes 50 minutes, coinciding with the PTH determination time by HPLC. High
sensitivity sequence analysis at the 5-10 pmol level was reported [21).
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In many cases, peptide or protein is purified by gel electrophoresis: the resulting
band containing only a few picomoles of sample. Strategies for electroblotting peptides
and proteins directly onto a support that fits into the gas-phase sequencer cartridge have
proved quite successful [32-35]. Calaycay et al. [21] suggest that their high-sensitivity
instrument would be ideal for sequencing peptides and proteins obtained from
electrotransfer experiments. Solid-phase sequence analysis has often been used for
small peptides to prevent wash-out by solvents and reagents and is well known for
improved sensitivity with such peptides. A renewed interest in solid-phase sequencing
seems to be the result of improvements in peptide and protein purification by SDS-
PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis). Electroelution of
polypeptides from gels onto covalent coupling resins or membranes allows sequence
analysis of picomole amounts of sample [36-38]. Solid-phase methods of peptide
immobilization that are compatible with the gas-phase sequencing instrumentation have

also been demonstrated [24, 39, 40].

Looking at the history of peptide/protein sequencing, there have been significant
impovements in the purification of sample materials and in instrumcntation since
Hewick's gas-phase sequencer was described in 1981. Each one of these improvements
has not led, though, to sub-picomole sequencing on its own. By building on Hewick's
original design and detecting products by capillary electophoresis with improved
sensitivity, a highly miniaturized sequencer can be developed. This system is described

in the following sections.



115

4.2 Experimental
Instrument Design

A schematic of the highly miniaturized peptide sequencer is shown in Figure

4.1. Reagents and solvents are delivered from the vessels labeled R1-S3 by pressurizing

the reaction chamber and the ATZ amino acid product is collected in a microcentrifuge
vial, K, for conversion. The resulting PTH amino acid is dissolved in 1 uL of
electrophoresis running buffer and determined by micellar electrokinetic capillary
chromatography (MECC) with thermo-optical absorbance detection. Details of each
step are described below.

The reaction chamber, shown in Figure 4.2, is analogous to the reaction
cartridge designed by Hewick et al. [5]. It is constructed from two pieces of polyimide
coated fused silica capillary (Polymicro Technologies) such that a shelf of porous PTFE
(Teflon) called Zitex (ABI) supports a glass fibre filter disk (Whatman) onto which the
peptide sample is immobilized. The glass fibre is pre-conditioned with Polytrene. A
4-cm length of 400-um-ID/525-um-OD capillary and a 12-cm length of 75-um-ID/
360-um-OD capillary are carefully cut to very flat ends using a fused silica cutting
stone (Chromatographic Specialties). The wider capillary is placed perpendicular to the
glass fibre filter, gently pushed in like a cork borer, and a tiny mat is pushed into place
using the narrower capillary. A small disk of Zitex is inserted in the same manner. The
mats are secured in place by epoxying the two capillaries together. Sample introduction
is described later in the section called Edman Degradation. Reagents and solvents flow
through the reaction chamber during coupling and cleavage.
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Figure 4.1 Highly miniaturized peptide sequencer schematic. Parts are labeled here
and described in detail in the following paragraphs; A: Valco multiposition distribution
valve, B: 3.5 psig argon manifold, C: 8 psig argon manifold, D: pressure gauge, E:
low pressure regulator, F: pressure relief valve, G: oxygen removal trap, H: outlet
capillary, I: fused silica Inner-Lok, J: reaction chamber, K: microcentrifuge vial, Ri:
12.5% TMA, R2: 3% PITC in heptane, R3: anhydrous TFA, S1: ethyl acetate, S2:
benzene, S3: 1-chlorobutane.
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Figure 4.2 Diagram of reaction chamber.

The elevated temperature required for coupling and cleavage reactions is

provided by solid-state thermoelectrics (Melcor). Thermoelectric devices are made

from alternating posts of semiconductor, primarily bismuth telluride, heavily doped to

in the neighbouring post. The posts are connected in series electrically and in parallel
thermally to form a fence-like structure with the top designated as the cold junction and
the bottom as the hot junction. Application of a DC voltage creates a carrier current
passing through the circuit. Heat absorbed at the cold junction is pumped to the hot
junction at a rate proportional to the carrier current and to the number of posts.



118

Typically thermoelectric devices are used for cooling: however, switching the negative
and positive voltage inputs provides a fast and stable method of heating. Control of the
temperature is achieved by adjusting the voltage applied to the thermoelectrics with a

low voltage, high current power supply (Kepco).

The reaction chamber is dabbed with thermal compound (Dow-Corning) and
sandwiched between two copper plates onto which the thermoelectric devices have been
glued. Water cooled, copper heat sinks are glued to the opposite side of the
thermoelectrics. Heat conducting glue is made by mixing a small amount of silver paint
with epoxy. The thermoelectric/copper modules are mounted on a hinged clip, like a
clothes peg, so that the reaction chamber can be easily inserted into a machined groove.
A smail hole (0.5 mm ID) is drilled in one copper plate and a thermocouple (Digi-
Sens, Cole Parmer) inserted to monitor temperature during degradation. Figure 4.3
illustrates the thermoelectric/copper module and its orientation with respect to the

reaction chamber.
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Figure 4.3 Thermoelectric modules for temperature
control during coupling and cleavage reactions.
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Reagents and solvents required for the coupling and cleavage steps of
degradation are delivered from argon (pre-purified, Linde) pressurized vials to a 16-
position distribution valve (Vaico). Capillary (Polymicro Technologies) or Teflon
(Mandel) tubing is used from the vials to the Valco valve. The reaction chamber is
connected to a single outlet capillary tube from the valve (see Figure 4.1). Table 4.1
lists the length, size and type of tubing used to direct reagents and solvents to the Valco
valve. The outlet capillary (12 cm of 250-um-ID/340-um-OD, fused silica) is
connected to the wider capillary of the reaction chamber by simply inserting each end
into a fused silica compression-type fitting cailed an Inner-Lok (Polymicro
Technologies). As long as the capillary ends are cut flat, an excellent seal is made
against the walls of the Inner-Lok because of its tapered construction.

Reagent/solvent delivery vessels are adapted from amber, 5-mL Reacti-vials
(Pierce) by machining Teflon inserts (threaded inside with 1/8 inch pipe thread) that fit
through the septum holes in the Pierce Reacti-vial caps. Teflon 1/8 inch male-run Ts
(Cole Parmer) are screwed into the Teflon inserts; one arm of the T is for argon in, the
other arm for reagent out. Figure 4.4 shows the basic configuration of a vessel used for
liquid delivery. A Plexiglas rack was machined to hold the Pierce caps in place such
that vials hang below, allowing easy removal to refill them.

Argon for pressurizing the reagent/solvent vials is distributed from a stainless
steel manifold, machined with 14 outlets, through Teflon lines to the vessels, and
maintained at 3.5 psig using a low pressure regulator (Air Products). One of the 14
outlets is fitted with a pressure relief valve (Swagelok). The three outlets pressurizing
the TMA and TFA vials are adapted with 0.3 psi check-valves (Swagelok) to prevent
back flow of gaseous reagent into the argon manifold. A second manifold at 8 psig is
used to deliver argon for some of the drying steps of the degradation procedure.
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Manipulation of argon pressure, capillary length, and inner diameter can be used to
control flow rates of reagents and solvents to the reaction chamber. Flow control is

and solvent is controlled by the multiposition distribution valve.

Table 4.1 Length, size, and type of tubing used to deliver degradation reagents.

Reagent/Solvent Length to valve | ID (um) [ OD (um) | Tubing type

Argon 60 cm 75 360 fused silica

-4

12.5% TMA vapour | 60 cm 75 360 fused silica_

3% PITC in heptane | 55 cm 250 40 fused silica

Argon 0cm 75 |360 fused silica_
12.5% TMA vapour | 60 cm . 360 tused silica
Argon, 8pisg =~ |50cm 250 1340 | fusedsilica
Ethyl Acetate | S0cm 1250 {340 | fused silica
Argon S2em 75 360 | fusedsilica
TFA vapour __|43cm 1250 1588 Teflon

Argon, 8psig  [50cm 1250 140 fused silica _

Benzene 47cm 250 340 | fusedsilica

Argon 50cm 250 ]340 fused silica
Cl-buane 0cm {250  [340 | fused silica
Argon 58cm 250 340 | fused silica_
Ethyl Acetate 60cm 250 340 fused silica
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Figure 4.4 Configuration of reagent and solvent delivery vials.

A Valco 16-position distribution valve is used to direct reagent and solvent
streams into a single outlet connected to the reaction chamber. Fused silica tubing
adapters, 1/16 inch, are used to connect the capillary lines, providing zero dead volume
fittings. The valve body is constructed from Hastalioy C and the valve rotor from an
inert polymeric material, thus providing reasonable chemical compatibility with Edman
degradation reagents. A cross-section of the valve flow path and fitting construction
and a diagram of the rotor configuration are shown in Figure 4.5. The valve is
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mounted on an electric actuator (Valco) that is controlled either by a remote switch or
by an RS-232 data interface. The valve is actuated in one direction only, simplifying

the sequencer program but limiting the number of possible events to sixteen.

Figure 4.5 Valco multiposition distribution valve.'

Edman Degradation

The reaction chamber is easily disconnected from the sequencer by gently
pulling it out of the Inner-Lok so that sample car “e loaded. A 7 t0 10 cm piece of
capillary of 7S um ID/ 360 um OD is held in 0ol flame to burn the polyimide
coating off, and then cleaned with optical grade mcwanol, to make a sample loading
capillary. The loading capillary is dipped into the peptide solution for a second and
approximately 0.04 uL are drawn up to fill about 1-cm of the capillary in length. The

! Diagrams redrawn from the Valco Instrumes
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peptide solution contained 2x10-* M insulin chain B in propanol-water, corresponding
to 80 pmol in the 0.04 uL. amount. The sample loading capillary is inserted into the
wide end of the reaction chamber and the peptide solution dispensed onto the glass fibre
mat by gravity or by gently pushing air through the sample loading capillary with a
syringe. The sample loading capillary is removed, the contaminated end broken off,
and the capillary cleaned so it can be reused. The reaction chamber is re-attached to the
sequencer by gently pushing the wide end into the Inner-Lok and then sliding the
section with the mats into the groove between the thermoelectric modules. The peptide

solution is dried by passing argon through the reaction chamber for 5 minutes.

The reagents and solvents used in the degradation are similar to those used in
the 1981 sequencer design by Hewick et al. [5]. Coupling is performed by delivering
approximately 4 uL of 3% PITC (Sigma, sequencing grade) in heptane (Beckman,
sequencing grade) to the reaction chamber, then flowing 12.5% TMA in water (ABI)
vapour through at 65°C. Cleavage is performed by flowing anhydrous TFA (Sigma,
sequencing grade) vapour through the reaction chamber at 48°C. The ATZ derivatized
amino acid product is extracted with approximately 10 uL benzene (Beckman,
sequencing grade) and is collected into a 600-uL-size microcentrifuge vial that contains
10 uL 25% TFA. Table 4.2 summarizes the steps for each degradation cycle (excluding
conversion), by listing the reagent/solvent, corresponding Valco valve position, length
of time the valve is open, and approximate amount or flow rate delivered to the
reaction chamber. Sequencing grade ethyl acetate (Beckman) is used twice as a washing
solvent and chiorobutane (Fisher) is used to remove residual TFA.

The extracted ATZ amino acid in benzene and aqueous acid are mixed by vortex
then reduced to dryness in a vacuum centrifuge (Savant Speed Vac). Manual conversion
is performed by adding 20 uL 25% TFA to the dry ATZ amino acid sample, mixing by
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vortex, and placing the capped microcentrifuge vial in a water bath at 60°C for
20 minutes. The converted PTH amino acid is dried and re-dissolved in 1 pL
electrophoresis running buffer for determination. Micellar electrokinetic capillary
chromatography (MECC) with laser-based thermo-optical absorbance detection is used

to identify the cleaved residue, as described in detail in Chapters 2 and 3.

Table 4.2 Sequencer program.

Valve Reagent or Solvent | Delivery Flow Rate or
Position Time Amount
( Step No.) ?ehyered

1 ) Argon, 3.5 psi 120 1.6 ul/s

J12.5% TMA vapours |30 | 1.6uL/s

3% PITC inheptane |1 3.5 uL

Argon, 3.5 psi 90 1.6 uL/s

12.5% TMA vapours | 420 1.6 uL/s

Argon, 8 psi 20 _|19mbis

7 Ethyl Acetate [ 10 13 ul .
8 Argon, 3.5 psi J120 | 1.6uLss
9 anhyd. TFA vapours | 300 16.5 uL/s

10 Argon, 8 psi 120 19 uL/s

11 Benzene 15 10 ul

12 | Argon, 3.5psi | 120 5.8 uLss

14 Argon, 35 psii _ 150 5.8 uL/s
15 Ethyl Acetate 90 18 uL
16 Argon, 8 psi 120 4.3 uLss




4.3  Results and Discussion

This section is split into two parts: instrument design and Edman degradation.
The first part describes details about the miniature sequencer construction compared to
commercially available instruments. The second part describes the results of using the
instrument for sequencing a peptide and discusses the observed results on the basis of

what other researchers have seen in similar experiments.

Instrument Design

Hewick design in that it is a flow-through design with the peptide physically
immobilized, via Polybrene, on a glass fibre mat. This method contrasts with the
by covalent attachment (solid-phase design). The difference in reaction chamber
volume is dramatic: 150 puL for the Hewick design versus 0.2 uL for the miniaturized
design. The diameter sizes of the capillaries used to construct the reaction chamber
were chosen based on commercial availability. It takes approximately fifteen minutes to
build five reaction chambers, including time for the epoxy to dry. The price of fused
silica capillary ranges from $2.50 to $10.00 per meter and, since so little is used for
each chamber, the cost is less than $2.00 per reaction chamber. The commercial Zitex
diameter can be punched out of one piece of Zitex. Similarly, hundreds of glass fibre
mats can be made from a single commercial mat. A Polybrene precycled mat of 12 mm
diameter, prepared on an Applied Biosystems 477A sequencer, was used in this work
and stored at -20°C when not being used to make reaction chambers. The glass fibre
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mat has poor structural integrity, especially when it is so small, and must be supported
by the Zitex mat during sequencing to prevent slippage.

plates of the thermoelectric modules as shown in Figure 4.3. A small amount of
thermal compound ensures excellent thermal contact between the reaction chamber
walls and copper plates. Acquiring the desired temperature for coupling or cleavage is
achieved by adjusting the voltage applied to the modules. Calibration of the voltage was
done by inserting the thermocouple directly into the reaction chamber and measuring

temperature versus applied voltage. Figure 4.6 shows the calibration curve.
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Figure 4.6 Voltage applied to thermoelectric modules versus
temperature inside reaction chamber.

Voltage is only applied to the thermoelectric modules during coupling and
cleavage steps. The maximum temperature is reached in about 90 s, therefore the



example, the voltage is pre-set at 1.40 V and turned on halfway through Step 1 (see
Table 4.2), then turned off after Step 5. All other solvent-wash, argon-dry, and
extraction steps are performed at ambient temperature. Thermoelectric devices do not
require any servo system or thermostating and remain at the set temperature with
fluctuations of only +2°C. The temperature rise inside the reaction chamber versus
time, for a voltage of 0.94 V and maximum current of 2.00 A, is shown in Figure 4.7.
The actual current measured, when the power is on, is 0.30 A. Within 30 s of turning

the voltage off, the temperature is approximately 28°C.

Time, s

applied. The voltage is set at 0.94 volts and the current
maximum is set at 2.00 amperes.

The advantage of temperature control with solid-state devices, such as the one
used in the miniature sequencer, is that the temperature can be casily changed between
the coupling and cleavage reaction steps. In the Applied Biosystems Model 470A
instrument, 48°C must be used for coupling and cleavage because it is too difficult to
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change the temperature between steps. A higher coupling temperature would be

preferable (55-60°C) but cleavage above 48°C tends to aid acid-catalysed random

thermoelectric devices. Later models of the Applied Biosystems sequencer (Models 477
and 473) have better flexibility of temperature control for coupling and cleavage.

The glass fibre mat in the miniature reaction chamber has an area of 0.4 mm:.

less reagent and solvent could be used in the miniature sequencer. While this reduction
may not be appropriate for all the steps in the sequencing program, it provided a
starting point from which to optimize the degradation conditions. The reagent/solvent
vessels were adapted from 5-mL vials specifically to obtain a large enough cap for a
"T" to fit through. Considering the capillary length from vessel to distribution valve
and amount used per cycle, a solvent such as ethyl acetate can last for SO cycles and
reagent such as PITC in heptane can last for 990 cycles. Some limitations exist though
in the amount of reagent or solvent deliverable.

First, almost all reagents and solvents are pressurized by one argon manifold. A
single controlling pressure is used for simplicity of the plumbing. Some commercial

sequencing instruments have more than ten different valves and pressure regulators,

the pressure is set, the tubing dimensions, which vary along the path, determine flow
rate. As with the reaction chamber, the diameters of the capillaries from reagent and
solvent vessels to the distribution valve were chosen based on standard commercial
sizes rather than custom sizes. This choice helps 10 keep the cost low.
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had an interior (dead) volume of approximately 15 uL and it was difficult to get liquid
volumes of less than 2 or 3 uL to blow out with argon. To solve this problem a vacuum
line after the reaction chamber was installed; other sequencer designs incorporate
vacuum-assisted solvent removal {5].

An additional problem was cross-contamination of reagents and solvents from

position, as seen in the bottom left of Figure 4.5. These dimples were essentially little
wells that filled up with reagent or solvent at each inlet position. Actuation of the rotor
would rotate the wells, and liquid in them, to be mixed with reagent in the
neighbouring position. This problem was discovered after several months when beads
of liquid were observed in an argon delivery capillary after the argon manifold was
vented to room pressure. Since it was desirable to have more steps in the sequencing
program anyway, a 16-port distribution valve was custom ordered without dimples in
the rotor. There was also a problem with the air actuated valve becoming mis-aligned
so an electric actuator was attached to the 16-port valve. Electrical actuation is not as
be open to a given port. When the 16-port valve was installed, the vacuum line was
removed.

Determining flow rate is made more difficult by the fact that liquid
reagents/solvents reach the reaction chamber quickly because initially, travel is through
wider-bore capillary. When the narrower section of the reaction chamber is reached,
flow is highly constricted and slows down considerably. It is therefore necessary
know (1) the time reagent/solvent takes to reach the reaction chamber and, (2) the flow

rate after reaching the reaction chamber. The amount of reagent/solvent delivered can
then be estimated. The flow rates listed in Table 4.2 were measured using a flow meter
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and the delivery times (valve open time) take into consideration the time for reagent or
solvent to reach the reaction chamber.

In the original Hewick sequencer design, gas-phase reagents were delivered by
bubbling argon through 25% TMA in water and through anhydrous TFA, then
directing the vapours to the reaction cartridge [5]. In the Applied Biosystems Model
470A instrument, TFA is delivered by blowing argon over the liquid and TMA is
delivered by blowing argon over 12.5% TMA in water [42]). Hawke er al. [31] note
that they saw no difference in delivering coupling base between the bubble-through
miniaturized sequencer it is more convenient to use the blow-over method for
delivering vapours of TMA and anhydrous TFA. It is interesting to note that in the
Applied Biosystems Model 477A instrument, TFA is delivered to the reaction cartridge
as pulses of liquid. not as a gas [43]. Gas-phase delivery of TFA is less harsh and
probably better than liquid-phase TFA, which may cause sample wash-out or non-
specific cleavage of peptide bonds [44].

It is important that all surfaces in the sequencer be inert and therefore
commercial instruments use primarily glass, Teflon, Kel-F and Kal-rez. In the
miniature sequencer all reagent and solvent lines, and the reaction chamber, were
initially made of polyimide-coated fused silica (glass) capillary. When the TFA vessel
was removed the second or third time for re-filling, it was apparent that the acid vapour
environment was dissolving the polyimide coating from the capillary. Rather than risk
contamination of the TFA, a Teflon tube is used to carry TFA from the vessel to the
distribution valve. The only other chemical compatibility problem is the Valco
distribution valve. The valve is machined from Hastalloy C, which is slightly better
than stainless steel, but is still somewhat poor for TFA vapour. The main problem is
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valve is the inert rotor material that shouldn't react with TFA, extra wash steps were
added to the sequencing program to help remove TFA from the valve as well as from
the reaction chamber. These changes are discussed more in the following Edman
Degradation section. Ideally, a multiposition Teflon valve should be used: however no
manufacturer has been found that distributes a Teflon valve with more than 10 ports
that can be remotely actuated. The only alternative is to have a Teflon valve custom

made, a costly option.

Edman Degradation
Electropherograms of the standard mixture of 19 PTH amino acids with two by-
products (ABI), and the result of one cycle of Edman degradation of insulin chain B

peptide performed on the miniaturized sequencer are shown in Figures 4.8A and B.

the reaction chamber and three cycles of the sequencer program (see Table 4.2) were
run. The beginning sequence of insulin chain B is phe-val-asn-gin-his (F-V-N-Q-H-)
but only the first cycle gave evidence of PTH amino acid (PTH-phe) cleavad from the
peptide. The signal-to-noise ratio in Figure 4.8B is excellent and only the one by-
product, DPTU, is observed indicating that the possibility for femtomole level
sequencing is very good. Obtaining only one successful cycle of degradation means the
coupling, cleavage and conversion reactions are not optimized yet.

The recovered PTH product is dissolved in only 1 uL of electrophoresis buffer
and the amount injected for MECC separation is about 1 nL. Therefore, only 0.1% of
the sample is injected. The PTH-F peak in Figure 4.8B represents 45 fmol, which
corresponds to the yield of 90% for the first degradation cycle. Lack of sequence
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information on subsequent cycles may be caused by various problems, some of which

are discussed on the next few pages.
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Figure 4.8 Electropherograms showing the miniaturized peptide sequencer analysis of
50 pmol insulin chain B, (A) standard, (B) first degradation cycle. MECC was
performed in a 30-um-ID, 40-cm-long fused silica capillary with detection 35 cm from
injection. Electrokinetic injection from 1 uL of product was made at 2 kV for 5 s and
separation proceeded at 10kV in a buffer of 10.7 mM sodium phosphate, 1.8 mM
sodium tetraborate and 25 mM SDS, pH 6.7.

Sample loading into the miniaturized sequencer reaction chamber is simple and
fast; however only small volumes can be applied. The commercial gas-phase
sequencers use a glass fibre filter disk 12 mm in diameter onto which 30 pL of peptide
or protein solution can be spotted, usually in 10-15 uL batches. The glass fibre disk in
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the miniaturized reaction chamber is only 0.4 mm in diameter so proportionately
0.03 uL can be loaded. As described in the experimental section, a capillary tube is
used to load this small volume. The peptide solution was sometimes loaded under a
microscope to watch delivery. On occasion, part of the liquid would pass through the
mat suggesting overloading. In these instances, less than 80 pmol is retained. Shively ef
al. [29] note than if the disk is overloaded or overwetted then the sample may be
wholly or partly lost. In the failed attempts at obtaining sequence information with the
miniature sequencer, perhaps sample was lost because of overwetting.

Several modifications to the sequencer program were made before the steps
listed in Table 4.2 were chosen. The choice of reagents and solvents for the
miniaturized sequencer were guided by the Hewick gas-phase sequencer protocol. The
12—the number of positions on the distribution valve. These limitations mean that
several short-cuts are taken: only one delivery of PITC instead of two, only one wash
after coupling with ethyl acetate and no additional heptane or benzene washes, only one
extraction after cleavage instead of two. Hawke er al. |31] used a similar sequencing
program with only 17 steps and a single PITC in heptane delivery. They did. though,
deliver TFA three times separated by drying steps. No solvent washes after TFA
delivery were indicated.

Benzene is used to extract the ATZ amino acids after cleavage, rather than |-

chiorobutane, because the future intent is to freeze and immobilize the extracted

freezing temperature. The carcinogenic danger of handling benzene should be minimal
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sequencer and the early model ABI sequencer used vacuum assisted solvent removal,
the newer ABI and Beckman instruments do not, so the vacuum steps were eliminated.
Hunkapiller [41] states that in the Applied Biosystems Model 470A sequencer,
TFA delivery is followed by argon drying, which removes most residual TFA. In the
more than 5 minutes of argon drying there is still acidic vapour coming out the bottom
of the reaction cartridge. A moistened piece of litmus paper held at the chamber exit is
very effective for indicating neutral, acidic or basic vapours, or liquid, coming out.
The inability to remove TFA efficiently might be a factor in poor sequencing results.

Residual TFA washed into the reaction chamber with ATZ extraction solvent (benzene)

second cycle. In a related problem, when the 12-port valve was being tested, only 10 to
20uL benzene passed through the reaction chamber between cleavage with TFA and
delivery of 12.5% TMA in the next cycle. The result was white “smoke™ coming out
the exit of the reaction chamber, indicating formation of a precipitate (salt) from
reaction of residual TFA with TMA. The reaction was obviously undesirable.
Additional washing with other solvents to prevent salt formation became possible when
the 16-port distribution valve was installed.

the 12-port valve. Afier benzene extraction of ATZ amino acid, a chlorobutane wash
step was added but by the third cycle, evidence of an acidic environment was seen
during the coupling step. An additional ethyl acetate wash step, inserted immediately
after chlorcbutane, improves removal of TFA. Finally, an argon drying step between
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each solvent wash gives the best removal of TFA. It is possible that residual TFA in
the reaction chamber hydrolyses the truncated peptide after the first cycle. This process
could be aided by the high temperature used for coupling and by the high water vapour
content of TMA coupling buffer. It may be causing lack of sequence information after
the first degradation cycle. Coupling of the peptide with PITC was performed at 65°C.
Tarr [45] suggests that above 60°C, excessive by-products and/or blocking reactions
will result. It is possible that after one cycle, the amino terminal end of the truncated
peptide is blocked, preventing further degradation. Hydrolysis of PITC coupling
reagent into aniline is also possible at 65°C. Tarr suggests that a coupling reaction is
99% complete at one minute, which means that the coupling time should be reduced in
the miniaturized sequencer. A reduced reaction time would minimize hydrolysis and
unwanted side reactions.

The reactive nature of all the Edman degradation reagents is quite apparent by
the problems encountered. When basic vapours were observed coming out of argon
lines attached directly to the low pressure argon manifold, it was discovered that the
Swagelok check valves had failed. Check valves have Viton popets that seal to prevent
backward flow of gas. Chemical compatibility tables show extreme reaction of
triethylamine (TEA) with Viton so it is presumed that TMA caused deterioration of the
and seem to work well. Hawke [31] er al. recommend that conventional O-rings or
gaskets should not be used unless they are truly inert. Hawke and co-workers suggest
that the best material for these parts is Kal-Rez® from Du Pont.

Delivery of PITC in heptane is problematic. Very small volumes (<1 ul)
cannot be delivered because of the mechanics of the distribution valve. Currently, the
miniaturized sequencer delivers 3.5 uL of 3% PITC in heptane, which is equivalent 10
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830 nmol. This amount is two or three orders of magnitude more than required for
coupling to 50 pmol peptide. However, much of the 3.5 uL passes through the mat
rather than barely wetting it. Ideally, the heptane should evaporate after delivery,
leaving PITC to react with the peptide. It is possible that for some degradation cycles,
insufficient PITC is staying on the glass fibre mat. Coupling is incomplete.
Reproducibility of reagent delivered must be improved to solve this problem.

It is important to compare the amount of reagents and solvents used in the
miniaturized sequencer to other sequencers. Table 4.3 presents a comparison of the
miniaturized sequencer to eight other research groups' instruments. In each case except

Totty er al., a gas-phase sequencer with a flow-through sample cartridge was used, in

The values in Table 4.3 show similar amounts of PITC but greater amounts of

TMA and TFA delivered for other instruments compared to the miniaturized sequencer.

reaction of PITC with the peptide. Although the first degradation cycle is unaffected, a
high concentration of hydrogen ions may be produced during the coupling reaction [47]
and if buffer capacity is poor, it leads to hydrolysis of the truncated peptide. The result
would be lack of sequence information in cycles two, three, four, and so on. If less
PITC could be delivered to the reaction chamber in the miniaturized sequencer, and the
flow rate of 12.5% TMA is increased slightly, it should be possible to reduce coupling
time. The cycle times range from 42 to 55 minutes per cycle for the instruments shown
in Table 4.3. The miniaturized sequencer program described in Table 4.2 requires 31
minutes for coupling and cleavage, similar to other instruments. It is expected that the
oupling and cleavage times could both be reduced, especially when samples of less than
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To compare the miniaturized sequencer performance directly to a commercial
sequencer, insulin chain B was degraded on the ABI Model 470A gas-phase protein
sequencer. Chromatograms of the PTH standard and first, sixth and tenth cycles of
degradation of 200 pmol insulin chain B are shown in Figures 4.9A to D. The baseline
disturbances that are seen before 5 minutes are caused by the solvent gradient used in
the HPLC separation. The main differences that can be seen between MECC and
HPLC determination of the degradation products are the total time for separation and
the efficiency of separation. The MECC technique takes almost a third less time (10
minutes versus 27 minutes) to separate the standard and total determination time is
about 5 times faster; the HPLC system has to flush the column with 90% acetonitrile
and then re-establish the solvent gradient after each run. Peak efficiencies are
approximately 10,000 theoretical plates for the HPLC separation and at least 250,000

for MECC separations. Peak efficiency and resolution are extremely important here

time.

The conversion of ATZ to PTH amino acid takes place in the ABI 470A
sequencer in a flask of relatively large volume—1,000 puL. The converted PTH residue
is dried then reconstituted in 120 uL of 20% acetonitrile. The sample loop for HPLC
injection is 50 uL which means that only 40% of the sample is identified. For the

cycle 1 represents 43 pmol, the PTH-leucine (L) peak from cycle 6 represents 21 pmol
and the PTH-histidine (H) peak from cycle 10 represents 12 pmol. Considering that
40% of the extracted product is analysed and the initial amount of peptide was
200 pmol, the yields for cycles 1, 6 and 10 are 54%, 26% and 15% respectively. These
cycle yields give a repetitive yield of 87% using the calculation shown in Equation 3.1.
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Figure 4.9  Chromatograms showing the ABI Model 470A gas-phase sequencer
analysis’ of 200 pmol insulin chain B, (A) standard, (B) cycle 1, (C) cycle 6, (D) cycle
10. Reversed phase-HPLC separation was performed using a C-18 reversed phase
column (Brownlee), 220 mm long x 2.1 mm ID, 5-um particle size. Solvent A is 50-
100 mM sodium acetate buffer with 3.5% THF, pH 4.00 and solvent B is acetonitrile.
The separation gradient proceeds from 9-11% B to 35-40% B with a flow rate of
200 uL/min.

? Sequencing details and ms gratefully obtained from Dr. L.B. Smillie and MR Carpenter,

, University of Alberta.
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The most important difference between the PTH determinations shown in
Figures 4.8 and 4.9 is the detection capability. The small peak just before DMPTU in
Figure 4.9B is labeled as 2.3 pmol, which is the computer integrated amount based on
the standard. Considering that the ABI 470A sequencer only injects 40% of the
degradation product, this labeled peak actually represents 5.7 pmol. If individual cycle
yiclds were even 80%, S pmol is reasonably the smallest amount of purified peptide or
protein that could be sequenced in the ABI 470A instrument because 0.5-1 pmol is

about the limit of detection for HPLC identification. MECC with thermo-optical

Both the ABI 470A instrument and the miniaturized sequencer suffer from the
same limitation—inefficient injection of the degradation products. In the commercial
instrument, injecting all of the product will provide a two-fold increase in sequencing
sensitivity. Some authors have addressed this problem by using either a flow restriction
and valve after the HPLC sample loop to avoid wasting precious PTH product [28]) or
by using a sensor to indicate when the loop is full [21]. In the miniaturized peptide
sequencer, injecting all of the product will provide a thousand-fold increase in
sequencing sensitivity. An integrated conversion chamber similar in construction to the
reaction chamber could be built with on-line CE separation of the PTH product directly

gradation products will help reach the requirements of nanogram-level sequencing
set out in the quote by Kent er al. [7] at the beginning of this chapter.

4.4 Conclusions
The desire to obtain primary sequence information on smaller and smaller
amounts of peptide and protein is apparent by the continued efforts to develop
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The lack of sequence information in the second and third and further
degradation cycles may have been caused by peptide washing out of the reaction
chamber. This problem could be checked by using a radiolabeled peptide and recording
counts before sequencing and then after a few cycles to see how much, if any, peptide
is lost. Improved methods of immobilization must be explored such as using different
membranes [35] or using solid-phase methods that covalently attach peptide to a
support [38, 39, 48-51]. Methods that have been developed for covalent attachment of
peptide to a support after separation by slab gel electrophoresis [24, 36] are important
since it will be necessary to sequence electroblotted peptides and proteins in the
miniaturized sequencer. Also, covalent attachment of peptides may be necessary

because of difficulties in drying the peptide by flowing argon through the capillary.

A few refinements in the sequencing procedure and mechanics are necessary to
produce extended sequence information from the miniaturized peptide sequencer. Once
these parameters are optimized, in-line conversion of extracted ATZ to PTH amino
acid will be implemented. The entire amount of PTH amino acid can then be injected
directly from a capillary-sized conversion chamber into the capillary electrophoresis
analysis system. MECC with laser-based thermo-optical detection for determination of
PTH amino acids provides fast, efficient separation of femtomole quantities of PTH

derivatives as demonstrated in Chapters 2 and 3.
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8.1 Introduction

Analysis of complex mixtures of biologically important samples is a
fundamental step in medical and biochemical research. In this chapter, the separation
and detection techniques described in the first three chapters are applied to the analysis
of bases, nucleosides and DNA fragments. The first section provides a description of
the analysis method and samples studied as well as an account of the relevant literature.
Sections 5.2 to 5.4 present the experimental details, and results of the analyses, and a

comparison to other methods.

Capillary Electrophoresis

Capillary electrophoresis (CE) is a separation technique rapidly gaining
importance for the analysis of complex mixtures. Besides superb resolution of up o a
million theoretical plates, and fast separation in as little as a few seconds, the ability 10
handle small sample sizes make CE an attractive method for analysing biological
samples that may be difficult to isolate and purify in large quantities. Intracellular
components, rare peptides and proteins, and forensic samples are ideal for CE

separation technology.

Analysis of a nanolitre of material requires innovative detection methods, some
of which were mentioned in Chapter 1. The most sensitive method of detection for
biomolecules separated by CE is fluorescence. Sub-attomole detection of fluorescently
labeled amino acids (1), single-stranded DNA (2], double-stranded DNA {3|.
monosaccharides (4] and oligosaccharides [S] have been reported. It is not always
convenient, though, to label the molecules of interest; the concentration may be oo low
for the labeling reaction to go to completion or cell lysates may need to be directly
analysed with no room for a labeling step [6. 7]. When labeling is not feasible,
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naturally or have low quantum efficiencies if they do fluoresce (8).

Absorbance in the near UV is the most common method of detection used in CE
analysis. However, since absorbance methods are path length dependent, and efficient
CE separations require capillaries with 1D <50 um, the detection limits are poor.
Limits of detection for CE are typically near the low picomole level for absorbance-
based methods. The laser-based thermo-optical absorbance detector, described in
Chapters | and 2, provides improved detection of derivatized amino acids separated by
CE [9-15]. Amino acids are biologically important because they are the constituents of
proteins. Another class of biologically important molecules are ribonucleic and

and nucleotides.

Nucleic Acids and Their Constituents
Nucleic acids are the most important components of living cells because they are
the chemical carriers of genetic information. Nucleic acids alone represent the potential
for self-duplication. In addition, the nucleic acids are responsible for making the the
next most important components of living cells: proteins. Deoxyribonucleic acid
(DNA) is a large polymeric molecule consisting of two anti-parallel nucleotide strands
hydrogen bonded together through the nucleotide bases. Figure 5.1 shows a schematic
of the primary structure of DNA where a phosphate-sugar-base group represents one
nucleotide, a sugar-base group represents one nucleoside and a base is a heterocyclic
ture t0 DNA and is synthesized

information 10 build proseins, a process called translation.
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Figure 5.1 Schematic diagram of the primary structure of
DNA. The 3' and §' labels refer to positions on the sugar
ring for attachment of phosphate.

In DNA and RNA, there are two purine bases, adenine and guanine, and three
pyrimidine bases, cytosine, thymine and uracil. When the bases are attached to ribose
rings (sugar), the resulting structures are nuclecosides: adenosine, guanosine, cytidine,
thymidine and uridine. Attachment of phosphate (H,PO,) to the S’ position on the
ribose ring completes the nucleotide structures. The structures of DNA and RNA differ
slightly in three respects. First, at the 2' position of the ribose ring, DNA has an H
rather than an OH group, hence the name deoxyribonucleic acid. Second, DNA does
not contain the base uracil and RNA does not contain the base thymine. Third, RNA
exists only as a single strand whercas DNA exists as single- or double-stranded (Figure
S.1).

Besides the inherent importance of bases, nucleosides and nucleotides as
building blocks for DNA and RNA, analogs of nucleic acid derivatives have interest as
therapeutic agents, as tags, or as modifiers in biochemical studies. For example one of
the most common drugs used in AIDS treatment is AZT: azidothymidine |7], an analog
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of thymidine. Separation and identification of these components is important for
determining abnormalities that may cause illness or for determining up-take of a drug
used to combat iliness. Workers in Zare's group (7] analysed intracellular free
ribonucleotides, using capillary zone electrophoresis in order to obtain an intracellular
nucleotide profile of blood cells. Cohen er al. [16] reported a comprehensive study on
retention manipulation of bases, nucleosides and oligonucleotides using micellar
solutions and metal additives. Cohen and co-workers used a conventional UV
absorbance detector operating at 210 nm to study bases and nucleosides that were
injected at fairly high concentrations—from 1.8x10-* to 9.0x10* M. Row et al. {17]
separated similar nucleic acid constituents using MECC and studied the effects of SDS
concentration, separation voltage, injection time, injection voltage, and solute
concentration on the separation.

The separation of a mixture of double-stranded DNA fragments is important for
assessing the performance of polymerase chain reaction, a method of DNA
amplification, or for determination restriction fragments from digests of DNA.
Knowledge of the size and concentration of individual DNA fragments in a mixture is
DNA fragments is traditionally done by slab gel electrophoresis. However this method
is cumbersome, slow, and fairly insensitive. Several authors have studied CE methods
for DNA separation [3, 18-27] w improve speed, efficiencv, sensitivity and

In this chapter, micellar electrokinetic capillary chromatography (MECC) and
optical absorbance detection are applied to the analyses of a mixture of DNA

fragments and a mixture of purine bases, pyrimidine bases and nucleosides.
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5.2  Experimental
Bases and Nucleosides

Stock solutions of the bases adenine, cytosine, thymine and uracil, and of the
nucleosides adenosine, cytidine, thymidine and uridine (all purchased from Sigma
except uracil, from Eastman Kodak) were made by dissolving 5 mg each in 1.5 mL of

50% acetonitrile, 50% 5 mM sodium phosphate/1.25 mM sodium tetraborate buffer,

Smg in 1.5 mL of 33% glacial acetic acid/ 67% 5 mM sodium phosphate/ 1.25 mM

sodium tetraborate buffer (pH 7) then mixing in an ultrasonic bath for several minuics.

phosphate, 2.5 mM sodium tetraborate, pH 7. The concentration of each component
ranged from 2.3 to 11x10#4 M. Figure 5.2 shows the chemical structures of the bases
and nucleosides used in this study.

Micellar electrokinetic capillary chromatography (MECC) was performed in a
42-cm-long, 50-um-ID, 190-um-OD fused silica capillary (Polymicro Technologies).
Detection was carried out 37 cm from the injection end using the thermo-optical

made from 100 mM SDS, 25 mM sodium phosphate and 12.5 mM sodium tetraborate
pH 7.5. Sample was injected electrokinetically for S seconds at | kV and separated at
7kV. Data collection was performed as described in Chapter 2 but using a time
constant of |1 second.



{ Nucleosides
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Double-Stranded DNA

Two DNA mixtures were studied: a 100-base-pair ladder and a ®X174 RF
DNA/Hae Ill digest. Both of these mixtures consist of more than ten different

fragments of double-stranded DNA, ranging from 72 to 2,072 base pairs (bp). Figure

Figure 5.3  Double-stranded DNA with 3 base pairs shown.

Both DNA samples were obtained from GIBCO BRL. Only the 100-bp ladder
was further diluted, 1:4 with purified water. The 100-bp ladder concentration was



155

250 ug/mL and the ®X174 RF DNA concentration was 626 ug/mL. Separation of each
mixture was performed in a 51-um-ID, 360-um-OD, 49-cm-long fused silica capillary
coated inside with a 0.05-um-thick film of methyl silicone (DB-1, J&W Scientific).
The separation buffer consisted of 56 mM sodium tetraborate/boric acid, pH 8.2 to

the HPMC uniformly. Injection was done electrokinetically at 10 kV for either 5 or

16 s. Separation was run at 7.5 and 10 kV, from negative to positive high voltage

injection end, using the laser-based thermo-optical absorbance detector described in
Chapter 3. A neutral density filter with optical density 0.7 was used to attenuate the

UV excimer pump beam.

Bases and Nucleosides

The electropherogram of a mixture of nine bases and nucleosides separated by

high because the ionic strength of the buffer is so high. Combined with localized
heating at the detection region from the UV excimer laser, Joule heating from the
separation tends t0 cause bubbles at voltages higher than 7 kV. The low scparation
voliage and slow time constant used for data collection (t = 1 s) contribute to rather
poor efficiency and resolution for this separation. Meyer (28] shows that the maximum
allowable time constant, t, can be determined by Equation S.1:
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rm e% 5.1)

where 02 is the fraction of peak broadening, t, is analyte migration time and N is the
number of theoretical plates. The theoretical plate counts range from 41,500 for uracil
to 102,000 for adenosine so, if 5% peak broadening is acceptable, then a 0.5 s time

constant should have been used.

be separated by free zone capillary electrophoresis. However, micellar solutions
provide the necessary partitioning effect for separating neutral species with similar
SDS micelles in a phosphate/borate buffer. They used a very high ionic strength
buffer—300 mM SDS, 50 mM sodium phosphate, 25 mM sodium tetraborate —
and co-workers showed that the solute capacity factor, k', decreased with increasing
current and therefore optimized their separation of bases and nucleosides at 5.9 kV.

for the data shown in Figure 5.4 and although values were not provided their peak
efficiencies looked very poor as peak widths were on the order of 15s. Also, no

indication of detection limits were given.
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Figure 5.4 Electropherogram of a mixture of nine bases and nucleosides. A 50-um-ID,
42cm-long capillary was used for the separation that proceeded at 7 kV in a 100 mM
SDS, 25 mM sodium phosphate, 12.5 mM sodium tetraborate, pH 7.5 buffer. Injection
was done at | kV for § s and detection was performed 37 cm from the injection end.
The peaks are labeled as follows, (1) uracil, (2) cytosine, (3) thymidine, (4) thymine,
(5) cytidine, (6) uridine, (7) adenine, (8) guanosine, (9) adenosine. Injected
concentrations of each component were approximately Sx 104 M.

Row et al. [17] studied MECC separations of several nucleic acid constituents,
mostly the 2'-deoxynucleosides. They performed their separations in buffer consisting
of 7S mM SDS, 10 mM sodium phosphate, 6 mM sodium tetraborate and ran the
voitage at 10 kV. The separation took 40 minutes, although a 68.5-cm-long capillary
was used contributing 10 the long analysis time. Row and co-workers optimized the
with a conventional on-column UV absorbance detector operating at 256 nm. They note
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that the sensitivity of MECC with on-column UV detection is influenced by analyte
extinction coefficients (molar absorptivity), separation efficiency, column diameter,

column alignment in the detector, and characteristics of the detector itself.

The on-column thermo-optical absorbance detector has similar limitations when
compared to conventional absorbance detectors, with the exception of column diameter.
For the thermo-optical detector, molar absorptivity is very important because detection
can only be performed at 248 nm, the UV excimer waveguide laser output wavelength.
Figure 5.5 shows the UV absorbance spectrum of the purine base adenine. The molar
absorptivity at 248 nm (7,700 Lmol-'cm*!) is only 64% of the maximum at 262 nm

(12,000 Lmol-'‘cm-!) but sensitivity is sufficiently high to give good detection limits.

Figure $.5 Abmhumnfﬁgmmwmmfemmemdgmm

buffer. Molar absorptivity at operating wavelength, €,,=7,700 Lmol'cm', is
“iolmmm.cm-lzmhml'm" Spectrum was obtained on a Hewlett
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The detection limit can be calculated by two methods, similar to what was done
in Chapter 2. The first way is by construction of a calibration curve to determine the
sensitivity (slope). The detection limit is then calculated as 3o/slope, where o is the
standard deviation of the base line noise. Since sensitivity varies among molecules with
different molar absorptivities, a calibration curve would have to be constructed for all
components in a mixture. The second way is to use Knoll's method [29] and estimate
detection limits based on the maximum deviation from the mean base line signal
measured over a selected time period as described by Equation 2.1 in Chapter 2. Both
methods are used here. Figure 5.6 shows the calibration curve for adenine, one of the

purine bases found in both DNA and RNA. Conditions for obtaining each point were

iud ‘,f‘{f‘
! ‘ = ,f"ﬁg:
f"f

D~

Figure 5.6 Calibration curve for adenine.
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The slope of the calibration curve is 1.25 x 10* mV/M giving a concentration
limit of detection, based on 3a/slope, of 2x10-* M. Injected amounts are on the order
of 1 nL giving a mass detection limit of 2 fmol. Row er al. {17] mention that 3x10-* M
is approximately the concentration detection limit for their system and they reported

mass detection limits for deoxynucleosides at the 50 fmol level for a signal-to-noise

the detection limit of adenine to PTH-glycine (4x107 M, Figure 2.9, Chapter 2). The
detection limit for adenine is one order of magnitude worse even though adenine has a
attributed mostly to detector alignment and partly to separation efficiency. as noted by
Row et al. [17].

The detection limits for the separation of bases and nucleosides are also
calculated by Knoll's method [29] and presented in Table 5.1. The volume injected is
calculated using Equation 5.2, derived for electrokinetic injection in capillary zone
electrophoresis [30):

lp +H)ETVL,
Voii;("-”-l:)"" A 5.2

where V, is the injection voltage, ¢, is the injection time and L is the capillary length to
the detector. The calculated volume is really only an estimate because the separation is
performed by MECC, not CZE. The amount injected is corrected for dilution that
occurs during separation, using Equation 5.3 derived by Meyer [28] for liquid
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C,.. =sC — |— 53
“w =€, Vol V271 -2

where C,_ is the concentration of analyte at the peak maximum, C; is the injected

concentration, Vol is the migration volume and N is the number of theoretical plates.
The detection limit for adenine in Table 5.1 is about one order of magnitude better than
that obtained from the calibration curve method. The difference is much greater for
adenine than PTH-glycine (Chapter 2) and is attributed to different alignments of the
detector; the calibration curve study was performed a week after the separation shown

in Figure 5.4.

Table 5.1 Calculation of detection limits for bases and nucleosides.

Bases Moles injected, | Volume Detection Detection
L ol |ieced. ol |limi inol_|imi
Adenine 53 0.8 0.4 0s
Cytosine 115 1.0 1.0 |
Thymine |53 0.9 122 2.3 i
Uracil 1127 1.0 2.5 2.4
Nucleosides N
Adenosine 28 0.8 03 104
Guanosine |25 0.8 04 105
Cytidine 60 109 0.7 0.8 i
Thymidine |24 0.9 1.9 20
Uridine st 109 2.3 26

The linear dynamic range of the MECC/thermo-optical detector sysiem was
evaluated for adenine, an analyte representative of the bases and nucleosides. Figures
5.7A and B show plots of the linear range of concentration versus peak height and
concentration versus peak area respectively. The dynamic range of peak height (shown
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in Figure 5.7A) extends from 1.1x10* M to 9x10-} M, the region over which the slope
is 0.80. This represents a factor of 800 in analyte concentration. At higher
concentrations, slight tailing is observed as analyte and separation bufter concentrations
become similar. The dynamic range in peak area (shown in Figure 5.7B) cxtends tron
1.1x10* M to 1.2x10-2 M and the slope of the curve is 0.98. The peak arca is lincar
over a factor of 3,000 in analyte concentration, which is almost four times the range of

peak height versus concentration.
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area. Separation conditions were the same as for data shown in Figure 5.4.
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Double-Stranded DNA

DNA base pair (bp) ladders and restriction fragments are used as molecular size
standards for sizing double-stranded DNA. These mixtures consist of multiple repeats
of a nucleic acid sequence to allow accurate determination of molecular sizes. Two
mixtures have been used in the work described in this chapter. The first is a 100-bp
ladder consisting of 15 different sizes of DNA ranging in length from 100 to 1,500 bp,
in increments of 100, It is prepared from a plasmid and therefore the mixtuie contains
the vector-DNA, 2,072 bp in length, originating from the plasmid. The second is a
restriction fragment mixture prepared from purified ®X174 RF DNA that has been
digested to completion with Hr [Il, a restriction endonuclease. Bacteriophage ®X174
is a small, icosahedral virus that infects E. coli. RF refers to the replicative form of the
DNA, which is a double stranded circle. Hae Il cuts the circular DNA in 11 locations,
generating 11 different sizes, or fragments, ranging from 72 to 1,353 base pairs. No
vector piece is present since the DNA template (®X174 RF DNA) is completely
digested.

Typically, the standards are run in a lane paraliel to the unknown DNA of
interest during slab gel electrophoresis. Figure 5.8 shows copies of slab gel
electropherograms obtained from the supplier literature for the 100-bp ladde and
Hae Il digest. The bands migrate slowly through the gel and require approximately
2 hr for separation. The bands are stained to make them visible or, if ethidium bromide

Ethidium bromide is an intercalating agent that fluoresces only when it is incorporated

Slab gel electrophoresis is a traditional and reliable way of separating DNA;

to provide sufficient resolution of the bands. If radiolabels are used to detect DNA,
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analysis takes approximately 24 hr because an audioradiogram of the gel has to be
made so the bands can be visualized. In the past five years, capillary gel electrophoresis
has gained popularity as a fast, efficient and highly sensitive means of separating
double-stranded DNA compared to the slab gel method.

-1,353

-1,078
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+ 24
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Figure 5.8 Slab gel electropherograms of molecular size markers usd to size double-
stranded DNA. A: 100-bp ladder run in 2% agarose gel and stained with ethidium
bromide. The 100 and 600 bp fragments are spiked to provide easier orientation. B:
®X174 RF DNA/Hae Il restriction fragments run in 6% polyacrylamide gel and
stained with ethidium bromide. *Fragments of length 271 and 281 bp tend to migrate
very close together. ’

DNA is highly negatively charged, with charge proportional to fragment length.
As a result, electrophoretic mobility is almost independent of molecular size so DNA
cannot simply be separated by capillary zone electrophoresis—it requires a sieving
medium. Separation is based on size alone in gel electrophoresis. Polyacrylamide and

? Photagraphs were cbtained from quality control assay literature, GIBCO BRL Lifs Technolagies, Inc.
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agarose are the most common sieving mediums for separating DNA and have been used
in capillaries for a few years now. When cross-linked, polyacrylamide can resolve
pieces of single-stranded DNA that differ by one nucleotide in length {31]. Non-
crosslinked (linear) polyacrylamide is considered an entangled polymer and, recently,
several authors have demonstrated capillary electrophoretic scparations of double-
stranded DNA base pair ladders and restriction fragments using linear polyacrylamide
(3, 20-22, 25] and melted (< |1 %) agarose {27]. Linear polyacrylamide and agarose are
essentially solid gels and therefore are difficuit to push out of a capillary for refilling.
Usually, new capillaries must be prepared. Alternative sieving mediums are the
cellulose-based entangled polymers that have recently demonstrated good
electrophoretic separations of double-stranded DNA in capillaries {3, 18, 19, 23, 24,
26]. Methyicellulose, hydroxyethyl cellulose (HEC), and hydroxypropyimethyl
cellulose (HPMC) are less viscous than polyacrylamide and can easily be pushed out of
capillaries, which can then be reused.

Because DNA is anionic, electrophoretic separation is run with reversed polarity
to CZE and MECC: from negative to positive. The effect of injecting at the negative
end and detecting at the positive end is that electroosmosis opposes the flow of analyte.
The effect of electroosmosis is not observed in agarose (2%) or cross-linked
polyacrylamide separations because these are very solid gels. However, entangled
polymer solutions are made in aqueous buffers and are prone to electroosmotic flow.
To reduce electroosmosis, silanol groups on the capillary walls must be blocked—
effectively climinating the electric double layer responsible for electroosmotic flow.
Several methods are available to reduce electroosmosis, ranging from silanization of the
capillary with methacryloxypropyltrimethoxy silane [3, 32] to using gas
chromatography capillaries coated with stationary phases [20, 23) as in this work.
Figures 5.9 and 5.10 show the separation of double-stranded DNA by capillary gel
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electrophoresis in hydroxypropylmethyl cellulose (HPMC) using the thermo-optical

absorbance detection system.

The electropherograms shown in Figures 5.9 and 5.10 demonstrate good
resolution of the double-stranded DNA fragments. The 600-bp strand of the 100-bp
ladder migrates as two bands, a behavior that has been seen in slab gels, in entangled
polymers by others [3] and is noted in the supplier literature as an anomalous
migration. The resolution for both samp'es is at the least comparable to other published
work and in some cases better. Schwartz et al. [23] were unable to resolve the
271/281 bp fragments of ®X174 DNA in 0.5% HPMC unless they added 10 uM
ethidium bromide to the separation buffer. Ethidium bromide tends to alter the DNA
structure slightly, and perhaps the charge, aiding in resolution of the 271 and 281 bp
fragments. Thirty-three minutes were required for their separation. In this work,
fragments 271 and 281 are not quite base line resolved but still distinguishable without
addition of ethidiu~ bromide (see Figure 5.10). The total analysis is complete within
22 minutes. A peak efficiency of 790,000 theoretical plates was calculated for the
200-bp fragment in Figure 5.9. This value is fairly close to the expected value
considering that the field strength during separation was only 205 V/cm.

The maximum separation voltage that can be used with the thermo-optical

components at 248 nm. Above 10 kV, the Joule heating in the capillary becomes too
great, specifically at the detection region were there is the additive heat from the pulsed
UV laser. The net effect is that bubbles are formed in the capillary at the detector,
presumably due to boiling of the buffer. Most authors used HPMC or other celluloses
dissolved in TBE buffer (Tris-Borate-EDTA) to separate DNA fragments.

(sodium tetraborate/boric acid) was found to absorb less than Tris-borate so the former
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was used for the separations seen in Figures 5.9 aud 5.10. Buffer absorption and

subsequent heating are also to blame for the noisy base line signals.

Double-stranded DNA has a huge molar absorptivity at A =260 nm— 1,000,000
Lmal'cm!; however, direct UV absorbance detection is not used for slab gels since it
is difficult o record the absorbance signal. Instead, a fluorescent dye is usually
attached to or incorporated into the DNA and a photograph of the fluorescence is taken.
Fluorescent detection of double stranded DNA in capillaries is the most sensitive (3,
24). However, conventional UV absorbance methods are also used with detection at
both 260 nm [18, 19, 23, 25, 27) and 254 nm [20-22, 26). The electropherograms in
Figures 5.9 and 5. 10 were recorded using the UV thermo-optical absorbance detector at
248 nm, close to the absorbance maximum.

The limit of detection is difficult to estimate from the electropherograms alone
because the sample concentration is for all DNA strands together. Chin and Colburn
[18) indicate the sensitivity is 2 ug/mL/fragment for counter-migration capillary
electrophoresis of DNA restriction fragments whereas Schwartz et al. [23) calculate the
minimum concentration for a 118 bp fragment to be 8 ng/mL at a signal-to-noise ratio
of 2. Schwartz and co-workers constructed a calibration curve using successive
dilutions of a DNA stock solution and plotted peak height versus concentration for
three different DNA sizes. The detection sensitivity in pug/mL is much higher for
shorter strands that for longer strands of DNA within a DNA ladder or digest.

The detection limit was estimated for the electropherograms in Figures 5.9 and
5.10 using Knoll's method [29), which is equivalent to a signal-to-noise ration of 3. To
estimate the concentration of the 118-bp fragment in Figure 5.10, one has to assume
that Hae Il digests the entire amount of ®X174 DNA into 11 fragments. The molar
concentration of each fragment was caiculated to be 1.8x107 M, which was then
converted to 14 ug/mL for the 118-bp fragment. The desection limit for the 118-bp
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fragment is, therefore, 1 ug/mL. This result is comparible to Chin and Colburn’s result
(18] but much worse than Schwartz e al. [23]. Absorption of the HPMC buffer in the
thermo-optical detector system causes a significant background signal, reducing the
ability to achieve low detection limits. The molar limit of detection, 1.8x107 M, is
similar to that obtained for PTH-glycine in Chapter 2 even though the molar
absorptivity of DNA is much larger than for PTH-gly. The base line noise was used to
obtain two of the four variables for calculating detection limit by Knoll's method.
Therefore the limiting factor is noise arising from absorption of the buffer components

used in the separation.

8.4 Conclusions

The high efficiency separation ability of capillary electrophoresis and the high
sensitivity detection ability of thermo-optical absorbance have been used in this chapter
to analyse double-stranded DNA and its constituents. The nucleotides (nucleoside +
phosphate) were not studied because they are charged species and therefore less
chalienging to separate than the uncharged bases and nucleosides. The CE/thermo-
optical detection technique demonstrated excellent linearity in peak height and area for
the bases and nucieosides. Detection limits were generally better than those obwained by
traditional absorbance methods with the advantage that very small volumes of sample
could be analysed.

Separation of double-stranded DNA is an important diagnostic for PCR
(polymerase chain reaction). Fast separations were demonstrated in this chapter but
detection limits were not improved over those obtained from traditional on-column CE
detectors. Efforts must be made to reduce background noise caused by absorption of
the buffer. Phosphate may prove better than borate, and different celluloses or other
entangled polymers need to be investigated to find the least imerfering separation
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medium. The main disadvantage of capillary versus slab gel electrophoresis is the
inability to run multiple samples simultaneously. Since base pair ladders are used as
molecular weight standards, they should be run at the same time as the unknown DNA
sample. Development of multiple capillary analysis systems is necessary to overcome

this disadvantage, a few examples of which have already been shown [33-35].

Separation of single-stranded DNA, specifically for DNA sequencing, would be
an interesting application of CE/thermo-optical absorbance detection technique.
Preliminary studies showed that on-column detection was impossible since
polyacrylamide absorbs strongly at 248 nm. The gel was destroyed within minutes
because the heating at the detection region boiled the gel. A post-column detector
would be necessary since polyacrylamide is the only suitable medium for resolving
DNA fragments that differ in length by a single nucleotide. Also, absorbance detection
would require peak height encoding of the four DNA bases, a procedure that has been

surpassed in effectiveness by fluorescent dye encoded methods.

The analysis techniques described in this chapter are not limited to studying
DNA and could be applied to a wide range of samples. One example is the separation
and detection of peptides and proteins. These molecules have been separated by CE and
studied extensively by several authors but application of thermo-optical absorbance
detection has yet to be shown.
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6.1  Discussion
Introduction

Analysis of biomolecules requires ever increasing sophistication in analytical
techniques. Because many samples are present only in very small quantities, the role of
high sensitivity analysis of biomolecules has become increasingly important in biology.
medical research, and the biotechnology and pharmaceutical industries. Development

and application of micro-scale analytical techniques such as capillary electrophoresis

minute quantitics of biomolecules. High sensitivity analysis of such minute quantities of
sample often requires the use of lasers in analytical chemistry. Laser-based methods of
detection take advantage of the spatial coherence of lasers and the ability to tightly
focus a laser beam in order to probe the extremely small volumes encountered in CE. A
deuiled description of CE and the thermo-optical absorbance detector were presented in
Chapter 1.

In Chapter 2 of this thesis, the fast and efficient separation ability of CE was
combined with the high sensitivity detection ability of laser-based thermo-optical

it biomolecules because they are the building blocks of peptides and proteins,

which constitute over eighty percent of the organic compounds in living organisms. The
derivatized amino acids studied in Chapter 2 were of particular importance to peptide

are linked.
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Peptide/protein sequencing is an integral part of understanding peptide/protein
structure and function, and accessing the genes that code for peptides and proteins. The
basic principles behind sequencing and the Edman method of stepwise polypeptide
degradation were discussed in Chapter 1, section 1.4. Chapter 3 presented details of
assessing the ability of CE/thermo-optical « ‘ection to identify the Edman degradation
products: phenylthiohydantoin amino acids.

In Chapter 4, the results and implications of work presented in the first three
chapters were brought together to design a miniaturized peptide sequencer. Details on
the construction and characteristics were presented and compared to commercially
available systems and to similar work by other authors. One cycle of Edman
sequence femtomole amounts of peptide. Further developments are underway to
improve the sequencer that was described in Chapter 4. Some of these efforts and ideas

are presented in the next section of this chapter.

Chapter 5 presented two more applications of capillary electrophoresis and
laser-based thermo-optical absorbance detection for analysis of minute quantities of
biomolecules. First, micellar electrokinetic capillary chromatography (MECC) was
used to show the separation of purine and pyrimidine bases and nucleosides. Second.
gel electrophoresis in entangled polymers was used to show the separation of double
stranded DNA fragments. The results presented in Chapters 2 and 5 are just a hint of
the ability of CE and thermo-optical detection to become routine micro-scale analytical
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Discussion

Capillary electrophoresis is considered to be a complimentary separation mcthod
to high performance liquid chromatography (HPLC). The results in Chapters 2, 3 and 4
suggest that, for the separation of phenylthiohydantoin (PTH) amino acids, CE could
replace the routine use of HPLC. Absorbance based dc'ection by the thermo-optical
method was shown, in Chapter 2, to provide superior concentration and mass detection
limits compared to other on-column absorbance methods in CE. Sub-femtomole
detection limits of derivatized amino acids represents a 1,000-fold improvement in
aetection capability. Ten minute separations represents a 3-fold improvement in
analysis time compared to HPLC. Similar improvements in separation efficiency and
detection sensitivity between slab and capillary gel electrophoresis were shown in

Chapter §.

The results from Chapter 4 (miniaturized peptide sequencer) are encouraging
and, while some improvements should be considered, the modifications and
applications of this technology are many. The glass fibre filter used in the reaction
chamber was precycled with Polybrene using a commercial sequencer |1} however
precycled mats could be made using the procedure described by Touchstone and co-
workers [2). The method of inserting the glass fibre filter into the reaction chamber
could be used to insert electroblotted peptides. It would be simple to cut mats out of
peptide-blotted PVDF membranes, using the wide capillary, and then assemble the
reaction chamber with epoxy. The sample preparation time would be similar to cutting
the membrane up into little strips and placing them into the ABI reaction cartridge {3).
Another possibility for sample loading is to pack a capillary with chromatography
stationary phase that would retain the peptide during coupling and cleavage steps. Other
authors have used similar methods for gas-phase (4] and solid-phase [5] sequencing.
The packed capillary could become the upper part of the reaction chamber or simply be
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then let the peptide sample adsorb onto the walls, a method similar to that described by
Tarr [6).

The miniaturized peptide sequencer would be very well suited to sequencing
peptides from peptide libraries. Synthetic peptide combinatorial libraries (SPCL) are
[7). The peptides are synthesized from the C-terminal end by atiaching the first amino
acid to a resin bead then building out to the N-terminus. The peptide on a single bead is
sequenced after it is found to be biologically active. The beads are very small
(~ 100 um diameter) and tend to get lost in the large volume of the ABI reaction
cartridge. Often, coupling and cleavage reagents during Edman degradation flow past
the bead without ever touching it [8]. The miniaturized peptide sequencer has a much
attached to a single bead. SPCLs are used extensively in immunoassays, enzyme
inhibition assays and to study peptide reactions and interactions.

While thermo-optical absorbance detection has shown excellent sensitivity for
detecting PTH amino acids, it cannot compare with the exquisite sensitivity of laser-
induced fluorescence detection. Separation and detection of fluorescien thiohydantoin
(FTH) amino acids using CE has been already demonstrated by Wu and Dovichi [9]. A
logical extension of the work in Chapter 4 is to perform Edman degradation in the
miniaturized sequencer using fluorescein isothiocyanate (FITC) and then determine the
FTH amino acid products with CE and laser-induced fluorescence. A few modifications
of the sequencer would have to be made since double coupling is required. FITC does
not react quantitatively with peptides and proteins so double coupling with PITC or
MITC (methylisothiocyanate) is required. This chemical procedure has been described
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in several papers [10-15]; however, high sensitivity detection of small amounts of the

FTHs was not reported until Wu's study [9].

Changes to the miniaturized sequencer design would entail adding extra inputs
to the first valve and reagent vessels to distribute the FITC sequencing reagent and
wash solvents. In-line conversion of the ATZ amino acid product to the thiohydantoin
can be accomplished in a conversion chamber of similar configuration to the reaction
chamber. Reagent delivery to the conversion chamber can be done via a second valve
to prevent exposing the peptide to aqueous acid. Addition of an electrophoresis
separation capillary using a miniature zero dead volume "T" will allow determination
of the total amino acid product formed from degradation. Figure 6.1 shows a schematic

of a peptide sequencer with in-line conversion and on-column separation/detection of

R1
R2
S1 v - valve
S2
R3
f ber . SO um ID separation capiliary
|
g |
*T" connector
wermosioctic modue 1 tmsor > etacior |
conversion chamber s3
)
waste
/? HV power
supply
R483ArVac waste

Figure 6.1 Attomole peptide sequeacer schematic. Ri-R4
represent the reageats required for FITC/PITC degradation, S
and S2 represent the solvents required during sequencing, S3
represents the CE separstion buffer, Vac represeats vacuum-
assisted solvent removal.
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should provide attomole level or better peptide sequencing.

The miniaturized peptide sequencer is also a prime candidate for interface with a
mass spectrometer (MS) for detection of Edman degradation products. Many people
have studied CE-MS methods of separation and high sensitivity detection as discussed
ii: a recent review article by [16). The two main aspects of interfacing CE with MS are

(1) compatibility of the high voltage associated with CE separation and,

spectrometer. Building an interface should be fairly straightforward since much work
has already been done for CE-MS. Determination of the derivatized amino acids can be
performed without separation since MS gives a unique spectrum for almost all the
physiological amino acids. The exception is leucine and isoleucine, which have the
same fragment mass. To improve detection, Edman based reagents with enhanced mass
spectral sensitivity are being developed [17, 18] for sequencing by the automated gas-
or solid-pl. 1se method. Direct determination of the cleaved amino acid is done by MS.
Since mass spectrometry requires injection of very small volumes, the miniaturized

peptide sequencer would be well suited to deliver concentrated amino acid product in

with mass spectral identification of the thiohydantoin amino acid products from
degradation. This configuration should provide both high sensitivity and speed for
peptide and protein sequencing,



R1
R2a
R2
S1 vi - valve
S§2
R3
rescton chamber
.Pl R4
Vac
,l . waste
thermoelectric modue ’
corwersion chamber
I:___J capillary interface: electrospray
Mass
Es”ctomotorj

Figure 6.2 Schematic of a miniaturized peptide sequencer with
mass spectral identification of amino acid derivatives. R1-S2
represent the reagents and solvents required for Edman
degradation.

Commercialization of the micro-scale analytical techniques described in this
thesis will be possible in the future. This step would mean genuine acceptance and
applicability of the analytical methods. Analysis of samples at lower and lower levels of
detection will always be a challenge. Capillary electrophoresis, laser-based thermo-
optical absorbance detection and miniaturized peptide sequencing help to meet this
challenge. The results presented in this thesis will hopefully mean long term advances
in routine analysis in the biomedical fields.
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