
Chapter 4
Fluorescence Detection System

Tao G. Nelson, Glen D. Ramsay, and Matthew A. Perugini

Abstract One of the most exciting advances in contemporary analytical ultracen-
trifugation has been the development of the analytical ultracentrifuge equipped with
a fluorescence detection system (AU-FDS). The AU-FDS provides both selectivity
and sensitivity thereby enabling the measurement of specific fluorescently labeled
macromolecules in complex solutions and/or the detection of dilute samples at low
(sub-nanomolar) concentrations. This has had tremendous impact to the study of
low-abundance proteins, the quantification of high-affinity interactions (KD < nM),
and the characterization of biomolecules in crowded biological backgrounds.
This chapter will describe the (i) development, (ii) optical setup, (iii) advantages
and disadvantages, (iv) pre-experimental requirements, (v) experimental operation
procedures, and (vi) contemporary applications of the AU-FDS focused on enzyme
self-association, antibody-antigen interactions, amyloid protein aggregation, and the
composition of enzyme complexes.
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4.1 Development of the Fluorescence Detection System

The basic principle of analytical ultracentrifugation (AUC) requires the detection of
a sample or analyte as a function of radial position and time in a gravitational field
established by the force of centrifugation (Cole et al. 2008; Howlett et al. 2006;
Kroe and Laue 2009). Historically, this was first achieved by Svedberg in the 1920s
using colloidal particles and proteins measured by schlieren optics (Svedberg and
Pedersen 1940), which earned him the 1926 Nobel Prize in Chemistry. Rayleigh
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interference optics were then developed by Schachman and colleagues in the 1950s
for the Spinco Model E instrument (Schachman 1959; van Holde and Hansen 1998)
and later advanced to the contemporary interference optical system of the Beckman
XL-I instrument through the developmental work of Yphantis, Laue, and colleagues
(Yphantis et al. 1994). Toward the end of the twentieth century, an absorbance
detector was developed for the Beckman XL-A instrument (Giebeler 1992; Laue
1996), which enabled the analysis of nucleic acids, proteins, and biomolecular
complexes through the detection of native chromophores. At the beginning of the
twenty-first century, it was also Laue and his colleagues at the University of New
Hampshire that developed the fluorescence detection system (FDS) for the Beckman
XL-A/XL-I instruments (Laue et al. 1997; Laue and Stafford 1999; Laue 2004;
MacGregor et al. 2004), although a fluorescence detector for the Model E was
earlier described by Riesner and co-workers (Schmidt et al. 1990). The development
of the FDS provided several technical challenges, including the engineering of
complex electronics, optics, temperature stabilization, and a high-flux laser source.
However, Laue and colleagues were able to resolve these issues through precision
engineering and the utilization of a solid-state laser and black body radiation (Laue
2004; MacGregor et al. 2004). The FDS is now commercially available from Aviv
Biomedical, who provide the hardware, Advanced Operating System (AOS) data
acquisition software, and technical assistance.

4.2 FDS Optical Setup

The Aviv Biomedical FDS is purchased separately and fitted into the vacuum
chamber of the Beckman XL-A/XL-I (Fig. 4.1a), where it is positioned above
the rotor mounted with sample cell(s) (Fig. 4.1b). The basic assembly of the
fluorescence optics is configured similar to that of a confocal microscope with
coaxial excitation and emission (Fig. 4.1c). Light is emitted from a laser (originally
a solid-state laser, now a diode laser) tuned to 488 nm, which is reflected at right
angles by a mirror and expanded into a cone to a collimating lens (Fig. 4.1c). The
collimated light is then directed by a dichroic mirror to the sample cell where the
excitation beam is focused by a condensing lens that also functions as the objective
lens for the emission beam (Fig. 4.1c). The excited fluorescently labeled sample
will then emit light at longer wavelengths (>488 nm), which passes through the
dichroic mirror to a cutoff filter that restricts transmission to wavelengths between
505 and 565 nm. Finally, the filtered emission beam is refocused by a lens through a
50 �m pin hole and then to the photomultiplier tube (PMT) (Fig. 4.1c). The resulting
emission signal is measured as a function of radial position across the sample cell
using a stepper motor capable of progressing in 20 �m steps (Cole et al. 2008;
MacGregor et al. 2004). Similar to interference and absorbance measurements, the
signal (in this case fluorescence intensity) versus radial position is then measured
at different time points enabling the monitoring and subsequent analysis of the
sedimenting (or floating) fluorescently labeled analyte.
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Fig. 4.1 The AU-FDS hardware. (a) The inside of a Beckman XL-I analytical ultracentrifuge
fitted with the FDS optics box and Beckman Coulter absorbance – interference detector.
(b) Diagrammatical representation showing the side view of the FDS optics positioned above the
rotor and sample cell. (c) The optical path of the FDS from laser to photomultiplier tube (PMT)

4.3 Advantages and Limitations

The FDS provides significant advantages over the more conventional interference
and absorbance optics. Firstly, the fluorescence detector offers 2–3 orders of magni-
tude higher sensitivity, which equates to the detection of picomolar concentrations
of fluorescently labeled sample (Table 4.1). This capability is referred to as normal
use tracer sedimentation (NUTS) (Kroe and Laue 2009). By contrast, absorbance
or interference optics can only detect, at best, low nanomolar sample concentrations
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Table 4.1 Comparison of absorbance, interference, and fluorescence optics for the analytical
ultracentrifuge

Detector Absorbance Interference Fluorescence

Sensitivitya 0.1 OD 0.1 mg/ml 100 pM
Dynamic rangeb 2–3 logs 3–4 logs 6–8 logs
KD lower limitc nM nM pM
Selectivityd No No Yes
Sample throughpute 1–7 1–7 1–14
Perturbation of analyte required for detection No No Yesf

aMinimum amount of sample required to obtain a good signal
bConcentration range of analyte
cLowest magnitude for accurate measurement of binding affinity
dSpecific detection of an analyte in complex or crowded solutions
eNumber of samples per experiment (upper range using an eight-hole An-50Ti rotor)
fRequires labeling of analyte with a suitable fluorophore (e.g., Alexa Fluor 488 or green fluorescent
protein)

(Table 4.1). Practically, the increased sensitivity of the AU-FDS affords the quantifi-
cation of tight biomolecular interactions with sub-nanomolar dissociation constants
(KD) (Table 4.1) (Burgess et al. 2008; Kroe and Laue 2009; Zhao et al. 2013, 2014b).
Another advantage of the FDS is the selective detection of trace amounts of analyte
in complex or crowded biological solutions, such as plasma, urine, cerebrospinal
fluid, or cell lysates (Table 4.1). This capability has been coined biological online
tracer sedimentation (BOLTS) (Kroe and Laue 2009). However, the AU-FDS
requires conjugation of a fluorophore in order to afford sample detection. This
represents a potential limitation, since the attachment of a fluorescent partner can
perturb the native properties of the analyte of interest (Romanini and Cornish
2012) (Table 4.1). By comparison, absorbance and interference optics enable the
measurement of native, non-modified biomolecules (Table 4.1). Nevertheless, the
AU-FDS offers greater sample throughput given that no reference solution is
required (Kroe and Laue 2009). This means that both compartments of a standard
double-sector cell can be occupied by sample. Accordingly, a maximum of 6
samples (when using a four-hole rotor) and 14 samples (when using an eight-hole
rotor) can be accommodated in the AU-FDS per experiment, compared to only 3 and
7 samples, respectively, when using absorbance or interference optics (Table 4.1).

4.4 Pre-experimental Requirements

4.4.1 Sample Labeling

As discussed in Sect. 4.3, one of the inherent requirements of the AU-FDS is the
attachment of an appropriate fluorescent probe to the sample of interest. Given
that the laser is tuned to 488 nm, the selection of a fluorescent partner is limited
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Fig. 4.2 Structures of common fluorophores used in the AU-FDS. (a) Fluorescein isothiocyanate
(FITC), (b) Alexa Fluor 488, and (c) green fluorescent protein (GFP) (PDB ID: 1EMA)

to fluorophores with an excitation spectrum encompassing this wavelength. It is
therefore common to use fluorescein derivatives, such as fluorescein isothiocyanate
(Fig. 4.2a) and Alexa Fluor 488 (Fig. 4.2b). Alexa Fluor 488 is an excellent choice
due to its high quantum yield, resistance to photobleaching, and stability over a
broad pH range (Cole et al. 2008). Furthermore, Alexa Fluor 488 is commercially
available in succinimidyl ester or maleimide coupling chemistries to afford efficient
conjugation to native amine or thiol groups of biomolecules, respectively (Bailey
et al. 2009; Burgess et al. 2008). As an example, a three-step protocol for producing
1:1 labeled protein for the AU-FDS has been developed by Bailey and colleagues
(Bailey et al. 2009). Firstly, the protein is incubated with amine-reactive Alexa Fluor
488 succinimidyl ester. Free dye is then removed using a desalting column, which
also buffer exchanges, and finally, a hydrophobic column is employed to separate
the labeled and unlabeled biomolecules. This method can easily be adapted to
label cysteine (i.e., thiol)-containing proteins using the Alexa Fluor 488 maleimide
preparation.

Sample labeling can also be achieved via attachment of CyX dyes to hexa-
histidine (His) tags of recombinantly expressed proteins (Hellman et al. 2011;
Zhao et al. 2010). This offers another advantage of the hexa-histidine tag in
addition to its traditional use in protein purification using immobilized metal-affinity
chromatography (Hochuli et al. 1988; Zhao et al. 2010). Alternatively, labeling can
be achieved via coupling of the sample to green fluorescent protein (GFP) (Fig. 4.2c)
(Kroe and Laue 2009), which is a native fluorescent gene product originally isolated
from the jellyfish Aequorea victoria (Tsien 1998). Commercial vectors producing
GFP fusion proteins are now widely available for all types of expression systems
enabling AU-FDS users to prepare recombinant proteins as GFP fusion constructs
(Polling et al. 2013). However, native GFPs possess the propensity to dimerize in
solution (Campbell et al. 2002), which can bias studies aimed at characterizing
the quaternary structure of GFP-tagged constructs. To circumvent this, several
monomeric analogs of GFP have recently been engineered, including red and blue
fluorescent varieties (Campbell et al. 2002; Pettikiriarachchi et al. 2012; Wilmann
et al. 2005). The use of photoswitchable versions of GFP commonly employed in
super-resolution microscopy is also feasible in the AU-FDS (Zhao et al. 2014a)
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4.4.2 Meniscus Detection

In order to calculate accurate sedimentation coefficients in the analytical ultracen-
trifuge, one needs to know the radial position of the meniscus (i.e., the air/water
interface) in the sample sector (Bailey et al. 2009; Zhao et al. 2014b). This represents
the origin of sedimentation. With absorbance or interference optics, the meniscus
can easily be determined since an obvious spike in the signal is observed at
the air/water interface. However, given that the AU-FDS measures fluorescence
just below the surface of the sample, there is no opportunity for light to scatter.
Accordingly, the position of the sample meniscus is not easily recognizable in radial
scans generated in the AU-FDS. One solution developed by Bailey and co-workers
is to overlay the sample with light mineral oil containing an uncharged fluorescent
dye such as BODIPY 493/503 (Bailey et al. 2009). This produces a clear signal at
the oil/water interface that correlates to the origin of sedimentation. More recently,
Schuck and colleagues describe an alternative method for determining the meniscus
position in the AU-FDS using the Raman scattering profile of water (Zhao et al.
2014b). This method works well at high PMT voltages, since Raman scattering of
water results in a baseline signal shift at the radius corresponding to the air/water
interface (Zhao et al. 2014b).

4.4.3 Sample Loading

As for absorbance- or interference-detected measurements, samples to be analyzed
in the AU-FDS are loaded into double-sector cells fitted with either quartz or
sapphire windows pre-torqued to 120 psi. As documented in Sect. 4.3, a refer-
ence solution is not required, which enables the user to load sample into both
compartments when using conventional double-sector cells. The cells are sealed
from the external environment using Teflon plugs and brass screws in the same
manner employed for absorbance or interference measurements. Each cell is then
loaded into either a Beckman An-60 Ti four-hole rotor or Beckman An-50 Ti eight-
hole rotor. However, instead of using a counterbalance as employed for absorbance
or interference measurements, a special purpose-built calibration centerpiece is
required. This centerpiece has the same weight as a two-channel epon or charcoal
centerpiece but contains a fluorescent strip with known dimensions. Given that it
has the same weight as a two-channel centerpiece, no counterweight is required.
The rotor containing sample cells and calibration centerpiece is then mounted in the
AU-FDS ready for experiment initiation.
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4.5 Experimental Operation Procedures

The following subsections will present a basic overview of experimental operation
of the AU-FDS. It is not the intention here to describe a complete standard operation
procedure for the instrument, since this is provided by Aviv Biomedical upon pur-
chase of the FDS optics unit and AOS software. Instead, the proceeding subsections
will focus on some of the unique operational features, common problems, and
strategies the user can adopt to manage or circumvent these problems.

4.5.1 Experiment Initiation

Both the FDS detector and XL-A/XL-I centrifuge are controlled by the AOS
software. When the software is initiated, the rotor setup panel appears (Fig. 4.3).
Additional panels are available to configure the experiment and select cells for data
collection. The AU-FDS enjoys a large dynamic range of up to five magnitudes in
fluorescence intensity. This is made possible given the powerful laser source, high-
sensitivity detector, high-voltage PMT, and the addition of an adjustable amplifier
(Fig. 4.1c). Both the PMT voltage and the amplifier’s gain can be adjusted to
levels that are optimal for each sample. When samples have more than a magnitude

Fig. 4.3 Rotor setup screen of the AOS software
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difference in fluorescent intensity, experiments can be performed with more than
one set of sensitivities. However, each gain setting requires additional radial scans,
which attenuates the rate of data collection. Accordingly, most experiments in the
AU-FDS, particularly sedimentation velocity studies, are conducted with a single
gain setting to afford maximum scan rates of �90 s per sample.

4.5.2 Position Calibration

To measure concentration gradients in the analytical ultracentrifuge, the optical
system must be able to accurately determine the position of the signal. This is
achieved in the AU-FDS using a cylindrical coordinate system described by an
“angle,” “radius,” and “height.”

The “angle” is dependent on the rotor velocity and is adjusted automatically by
AOS. When the rotor speed changes, AOS applies an algorithm that searches for the
fluorescent strip in the calibration centerpiece. The AOS software then applies an
angle offset so that the center of the strip falls in the expected angular range. This
process is referred to as “locking the magnet angle.”

The “radius” can be adjusted automatically or manually. This is achieved by
performing a radial calibration via the fluorescence focusing and calibration tool
panel of AOS (Fig. 4.4). The high-radius edge of the fluorescent strip serves as the
reference point. A radial calibration should be performed at least monthly, when the
rotor is changed or when maintenance is performed.

The “height” refers to the position of the focal point of the excitation beam, which
is adjusted by moving the vertical position of the focus lens located above the sample
cell (Fig. 4.1c). This is also adjusted in the fluorescence focusing and calibration
tool panel of AOS (Fig. 4.4). The “focus height” is critical in the AU-FDS given
the conical shape of the beam (Fig. 4.1c). The adjustment range is broad, since the
focus point of the beam can be positioned from just above the sample solution to
well below the surface, therefore encompassing the 12 mm path length of a standard
double-sector centerpiece. For dilute samples (less than 0.1 optical density/cm), the
focal point profile is sigmoidal (Fig. 4.5, 13 pM IgG). Moreover, little fluorescence
is observed when the focus point is located above the sample; but as this is shifted
deeper into the sample, a transition region is observed followed then by a signal
plateau (Fig. 4.5, 13 pM IgG). To achieve maximum signal and stability, the focus
point should be set to the starting portion of the plateau. It should be noted that the
4 mm height sample cells are too short for the focal point to be fully encompassed,
since it begins to leave the bottom of the sample before it has fully entered the top.
As a result, focus scans of these cells produce only a peak, never a plateau; therefore
4 mm cells do not provide the full sensitivity of 12 mm cells. Furthermore, Beckman
Coulter 4 mm cells have a top surface below the height of the 12 mm cells, resulting
in increased clipping at the high-radius edge (see Sect. 4.5.3.2 for clipping details).
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Fig. 4.4 FDS focusing and calibration tool screen of AOS

4.5.3 Common Signal Attenuation Issues

The optical nature of the FDS can give rise to common phenomena that result
in attenuation of the signal, namely, (i) the “inner filter effect,” (ii) “light beam
clipping,” and (iii) “focal height drift.” The strategies employed to circumvent these
potential problems will be discussed below.

4.5.3.1 Inner Filter Effect

At high concentrations of fluorescently labeled sample (>0.1 optical density/cm),
significant absorption of incident and emitted light results. This is known as the
“inner filter effect” (Lyons et al. 2013). A practical rule of thumb is that if the sample
has a color seen by the eye, then it is at risk of having an inner filter effect. In the
AU-FDS, inner filtering occurs when the focal depth is moved deeper into a sample
solution that absorbs, whether it be due to the fluorophore, sample, or other buffer
components. What results is a characteristic sigmoidal profile followed then by an
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Fig. 4.5 Focus scans of Alexa Fluor 488-labeled IgG at different loading concentrations. The PMT
high voltages were adjusted to keep the signal strengths in range of the electronics. As a result, the
signal amplitude is not necessarily proportionate to the concentration between samples

exponential decrease in light intensity as the focus height is moved deeper into the
sample (Fig. 4.5, 13 nM IgG). Intuitively, one would predict that inner filtering could
be prevented in the AU-FDS by raising the focal height of the beam closer to the
sample surface. However, this is avoided in practice, since the change in sample
concentration during sedimentation (or flotation) results in deeper penetration of
the laser light causing a change in the focus profile. This introduces nonlinearity
of the signal as a function of sample concentration. Accordingly, the best method
to avoid inner filtering in the AU-FDS is to reduce the label concentration of
the fluorescent sample at higher sample concentrations. Moreover, concentration-
dependence studies should simply employ a fixed concentration of labeled sample
but an increase in the proportion of unlabeled sample (Wowor et al. 2011). As
such, all samples in the concentration series will have similar fluorescence levels.
Importantly, this approach will also afford the use of a single gain setting thus
maximizing the rate of data collection (Sect. 4.5.1). In summary, the best way to
manage the inner filter effect in the AU-FDS is to prevent it from occurring.

4.5.3.2 Light Beam Clipping

Given that the excitation beam in the AU-FDS is conical in shape, light emerging
from the first focus lens to the top of the sample can be “clipped” by the edge
of the cell (Fig. 4.1c). This results in attenuation of the fluorescence signal. By
comparison, the light beam emerging from the absorbance and interference systems
is columnar in shape and therefore is unaffected by movements in the light beam.
Clipping can occur in two physical locations. First, the edges of the sample channels
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can clip the light if the focus is set too deep in the sample. This situation reduces
the period of time the sample is clearly viewed during a rotation. To circumvent this
problem, the focal point of the beam is positioned at the beginning of the focus scan
plateau (Fig. 4.5). This also prevents focal height drift (Sect. 4.5.3.3). The second
source of clipping is even more prominent at the high-radius (i.e., wider) end of
the sample sector, due to the cell’s retaining ring. However, this clipping can be
mitigated by using a dense oil (such as FC-43) to raise the sample off the bottom of
the cell (Bailey et al. 2009). Alternatively, a special FDS two-channel velocity cell
with a slightly shorter column height is available to purchase from Spin Analytical
(www.spinanalytical.com).

4.5.3.3 Focal Height Drift

Since the optical path in the FDS is not perfectly parallel to the sample surface, a
slight drift of the focus height occurs during radial scans. Hence, if the focus height
is placed on a sloping portion of the focus scan (Fig. 4.5), the slight vertical drift
of the optics results in a signal change. Nevertheless, setting the focal point to the
plateau region of the focus scan prevents this drift from occurring.

4.5.4 Data Acquisition and Analyses

Once the user has optimized the fluorescence signal for each sample and pro-
grammed the experiment method to be followed, the experiment is commenced
by hitting START in the AOS main experiment window (Fig. 4.6). Temperature
equilibration can be handled manually or can be included as part of the experiment
method. The rotor will then accelerate until the input speed is attained at which point
data collection will commence. Each scan is then measured as a function of time and
plotted by the AOS software to allow the user to view all time points (Fig. 4.6). The
experiment is then stopped after a predetermined time/number of scans or manually
by the user when all samples have sedimented to the bottom (or floated to the top) of
the cell. The AOS software packages the data in time-stamped files that are available
for analysis using contemporary software suites, such as SEDANAL (Stafford and
Sherwood 2004), SEDFIT (Schuck 2000; Schuck et al. 2002), SEDPHAT (Vistica
et al. 2004), and ULTRASCAN (Demeler 2005). Both sedimentation velocity and
equilibrium types of experiments are possible.

4.5.5 Post-experimental Considerations

The post-experiment procedures of the AU-FDS do not differ substantially from
those employing absorbance or interference optics. However, the detergent used for

www.spinanalytical.com
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Fig. 4.6 AOS main experiment screen showing fluorescence intensity versus radial position
profile of a sample at different time points

cleaning cells is critical, since many household detergents contain high amounts of
fluorescein. As a consequence, we have found that trace amounts of these detergents
remaining in cleaned cells can give rise to a non-sedimenting baseline in the AU-
FDS. However, this problem can be avoided by using a natural detergent, which is
colorless or pale yellow in appearance, compared to fluorescein-containing products
that have a bright fluorescent green color.

4.6 Applications of AU-FDS

4.6.1 High-Affinity Interactions

As documented in Sect. 4.3, one of the major advantages of the AU-FDS platform
is the ability to quantify high-affinity or tight interactions (Table 4.1). To illustrate
this in the context of protein self-association, Burgess and colleagues employed
the AU-FDS to study and quantify the self-association of a tight dimeric enzyme
from the gram-positive pathogen Staphylococcus aureus (also refer to Chap. 16).
The enzyme, dihydrodipicolinate synthase (DHDPS) (Fig. 4.7a), is of significant
interest to biomedicine given that it is the product of an essential bacterial gene that
is absent in humans (Dogovski et al. 2013; Kobayashi et al. 2003). Accordingly,

http://dx.doi.org/10.1007/978-4-431-55985-6_16
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Fig. 4.7 AU-FDS studies of
a high-affinity dimeric
enzyme. (a) Structure of S.
aureus DHDPS dimer (PDB
ID: 3DAQ). (b) Continuous
size-distribution [c(s)]
analyses of S. aureus DHDPS
plotted as a function of
standardized sedimentation
coefficient and enzyme
concentration. The
distributions for the
apoenzyme are shown in
blue, whereas the profiles in
the presence of pyruvate are
displayed in red

DHDPS represents a valid but as yet unexploited antibiotic target (Dogovski et al.
2009, 2012; Gerrard et al. 2007; Hutton et al. 2007). The study by Burgess et al.
(2008) commenced with absorbance-detected AUC measurements at low micro-
molar enzyme concentrations. The resulting sedimentation velocity data, which
was analyzed using enhanced van Holde-Weischet (Demeler and van Holde 2004)
and continuous size-distribution (Schuck 2000; Schuck et al. 2002) algorithms,
demonstrated that S. aureus DHDPS exists as a 4.2 S dimeric species. The dimer
was shown to be highly stable at enzyme concentrations ranging from mid- to low
micromolar in either the apo (i.e., unliganded) or substrate-bound forms. However,
sedimentation velocity experiments conducted in the AU-FDS using Alexa Fluor
488-labeled enzyme at high picomolar to low nanomolar concentrations showed
that S. aureus DHDPS actually exists in a monomer-dimer equilibrium (Fig. 4.7b).
Interestingly, the addition of the substrate, pyruvate, shifted the equilibrium in favor
of the dimer (Fig. 4.7b). Although pyruvate absorbs strongly in the ultraviolet
region, which limits its use in absorbance-detected AUC experiments, saturating
(i.e., mM) concentrations of pyruvate were able to be employed in this study, since
the substrate is nonfluorescent and thus did not contribute to the signal derived from
the Alexa Fluor 488-labeled enzyme. Subsequent sedimentation equilibrium studies



52 T.G. Nelson et al.

were then conducted at high picomolar to low nanomolar enzyme concentrations in
the absence and presence of pyruvate to show that the dimer-monomer dissociation
constant (KD

2!1) was 33 nM for the apoenzyme but 20-fold tighter in the presence
of pyruvate (i.e., KD

2!1 D 1.6 nM). The dimerization affinity determined by AU-
FDS was subsequently validated using enzyme kinetics assays that determined the
concentration dependence on the specific activity of S. aureus DHDPS (Burgess
et al. 2008). This was made possible since the S. aureus DHDPS monomer is
significantly less active than the dimer (Burgess et al. 2008). The Burgess et al.
(2008) study was one of the first to employ AU-FDS to quantify a high-affinity
interacting system and provide an example of both NUTS and BOLTS applications
of the technique (Sect. 4.3). Subsequent studies have also employed the platform to
quantify high-affinity interactions, including self-associating proteins (Wowor et al.
2011; Zhao et al. 2012), antibody-antigen interactions (Kroe and Laue 2009; Zhao
et al. 2014b), and protein-RNA interactions (Husain et al. 2012).

4.6.2 Studies in Complex Backgrounds

The use of absorbance-detected AUC provides a convenient method for measuring
sedimentation. While this is a powerful technique for purified samples, the nonspe-
cific nature of protein absorption makes absorbance-detected AUC inappropriate
in complex or heterogeneous sample backgrounds. As discussed in Sect. 4.3, the
BOLTS application of AU-FDS makes it possible to characterize the hydrodynamic
properties of a fluorescently labeled macromolecule in biological fluids, such as
blood serum and cell lysates (Table 4.1). As will be seen below, these more
complex solutions can change the behavior of the macromolecule of interest, and
so observations made using simpler buffers may not predict the true behavior of
biomolecules in vivo. However, when assessing the behavior of protein drugs (such
as monoclonal antibodies) or studying protein aggregation linked to common age-
related diseases (such as systemic amyloidosis), it is critical to understand how
proteins behave in biological fluids.

4.6.2.1 Behavior of Protein Therapeutics in Blood Serum

The importance of studying biomolecules in biological fluids was highlighted by
Demeule et al. (2009) who showed that proteins can form different quaternary
structures in plasma than they do in phosphate-buffered saline (PBS). Demeule
et al. (2009) reasoned that while much in vitro work is conducted to assess the
properties of protein drugs, little is known of their properties in the bloodstream, due
in part to the expense and difficulty of conducting animal and clinical studies. One
such drug is omalizumab, an anti-IgE monoclonal antibody used in the treatment
of asthma (Liu et al. 1995). Earlier work had shown that omalizumab formed
different complexes with IgE when the omalizumab/IgE molar ratio was varied
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Fig. 4.8 AU-FDS analysis of antibody complexes in serum. c(s) distributions for omalizumab-
IgE complexes in (a) PBS and (b) serum where s�

20,w is the apparent corrected sedimentation
coefficient. The distribution in serum shows substantially more monomers (8.7 S) than oligomers,
compared to the distribution in PBS. The 4.3 S species (panel (b) inset) is attributed to albumin.
(c) Data (symbols) and fits (lines) for the c(s) distribution best fit in serum (refer to panel (b)).
Residuals are shown above plotted as a function of radial position (Figure adapted from Demeule
et al. (2009))

(Liu et al. 1995). Demeule and colleagues therefore set out to employ AU-FDS
to further explore these antibody-antigen interactions. Omalizumab was labeled
with Alexa Fluor 488, mixed in PBS buffer with IgE in equimolar concentrations,
and then added to human serum. The hydrodynamic properties of the mixture
in serum (Fig. 4.8b) compared to the PBS control (Fig. 4.8a) were determined
by sedimentation velocity studies. The c(s) distribution analyses showed that
substantial differences exist between the omalizumab-IgE complexes in buffer and
serum, with higher levels of monomer (8.7 S species) observed in the more complex
background of serum. The 4.3 S species (Fig. 4.8b) is attributed to albumin, which
has been shown to bind endogenous fluorescent molecules, highlighting that AU-
FDS data generated in serum must be carefully interpreted. The nonlinear regression
least squares output for the c(s) distribution in serum showed that the residuals
are systematic and larger than the random noise (Fig. 4.8c), indicating that the
c(s) distribution model does not perfectly model the data. The bulk density and
viscosity of serum were employed in these analyses to determine the apparent
corrected sedimentation coefficient (s�

20,w) of the various species. Although the
authors acknowledge that this may produce inaccuracies, the resulting s�

20,w values
actually matched those determined in PBS. This study was one of the first to
provide proof of concept that the hydrodynamic properties of fluorescently labeled
macromolecules can be determined in complex biological backgrounds using the
AU-FDS.
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4.6.2.2 Aggregation of Serum Proteins Linked to Systemic Amyloidosis

The nature of complex formation in biological fluids is of particular interest in
the study of amyloid diseases, such as Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, and systemic amyloidosis, since it is yet to be established
whether protein aggregates observed in these diseases are pathogenic or merely
symptomatic (Swart et al. 2014). In the case of senile systemic amyloidosis (SSA),
the primary cause of death for 70 % of supercentenarians (Coles and Young 2012),
the disease is manifested by the aggregation of transthyretin (TTR), which normally
functions as a tetramer to transport thyroid hormone in the bloodstream. It is
unknown how TTR transitions between a physiologically active soluble tetramer
to a disease-associated amyloid-like aggregate, but it is generally assumed that the
first step involves dissociation of the tetramer (Coles and Young 2012). To examine
the aggregation of TTR, Kingsbury et al. (2008) conducted sedimentation velocity
experiments in the AU-FDS using recombinant TTR labeled with fluorescein that
was subsequently added to human serum. Similar to the aforementioned studies
of omalizumab (Sect. 4.6.2.1), the c(s) distribution best fit of TTR in serum
resulted in large systematic residuals (Fig. 4.9a). This once again indicates that the
c(s) distribution model (Schuck 2000; Schuck et al. 2002) does not appropriately
account for the nonideality in the complex background of serum. Nevertheless,
the resulting c(s) distribution (at a confidence interval of 68 %) yielded a single
peak with a sedimentation coefficient of 2.41 S, which is consistent with the size
found by boundary midpoint analysis (2.45 S) (Fig. 4.9b). Kingsbury et al. (2008)
therefore argue that although investigating protein aggregation in complex solutions
is somewhat confounded by current analysis approaches, AU-FDS is a valuable
platform to study protein aggregation ex vivo. However, the outputs using current

Fig. 4.9 AU-FDS studies of transthyretin aggregation in serum. (a) Data (symbols) and fits (lines)
resulting from the c(s) distribution best fit of TTR in serum resulting in a single peak with
sedimentation coefficient of 2.41 S (distribution not shown). Residuals are plotted above as a
function of radial position. (b) Boundary midpoint analysis for the data shown in panel (a) yields
a single species of 2.45 S (Figure adapted from Kingsbury et al. (2008))
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data analysis methods, such as c(s) distribution analysis, should be observed in a
more qualitative rather than quantitative manner.

Kingsbury et al. (2012) subsequently set out to explore a second aggregating
system, namely, immunoglobulin light chain, which is associated with another
form of systemic amyloidosis known as light chain amyloidosis (AL). AL is
the most common form of systemic amyloidosis and the most life threatening,
particularly when cardiomyopathy presents (Sanchorawala 2006). It is caused by
unregulated light chain production by plasma cells and, if left untreated, can
induce pathogenic changes in many systems including the hepatic, digestive,
peripheral nervous, and cardiovascular system (Sanchorawala 2006). In the study by
Kingsbury et al. (2012), serum was collected from patients suffering from systemic
amyloidosis and classed into one of four clinical groups, namely, (i) no amyloidosis,
(ii) SSA, (iii) AL without cardiomyopathy (AL), and (iv) AL with cardiomyopathy
(AL-CMP). A high concentration of albumin was used as a negative control. As
adopted in the TTR study described earlier (Kingsbury et al. 2008), fluorescein
was used as the tracer for BOLTS experiments in the AU-FDS. The fluorophore
was simply added to the serum samples collected from individual patients. The
resulting sedimentation profiles of the four groups showed that the samples could
be clearly differentiated into two types, designated type 1 or type 2. Type 1
samples displayed only one boundary with a sedimentation coefficient of 2.1–
3.3 S, comparable to the fluorescein-bound albumin control (2.3 S) (Fig. 4.10a, c).
However, type 2 samples were heterogeneous with two major high-molecular-
weight complexes (HMWCs) with sedimentation coefficients of 5.8 S and 10.8 S
(Fig. 4.10b, d). The additional inverted slow-moving boundary observed in the
type 2 sample (Fig. 4.10b) is consistent with the Johnston-Ogston effect, which
is a sedimentation artifact arising from nonideal boundaries (Johnston and Ogston
1946). All four clinical groups displayed the type 1 profile, but type 2 patterns were
only observed in samples displaying amyloidosis, suggesting that HMWCs are a
hallmark of disease. Furthermore, HMWCs were detected in over half of the AL-
CMP samples and less often in AL and SSA, correlating with AL-CMP being the
most life-threatening form. This supports the notion that HMWCs may play a role in
pathogenesis. Interestingly, the addition of recombinant TTR to SSA patient serum
increased the levels of HMWCs, suggesting that the HMWCs observed in systemic
amyloidosis are associated with TTR. As with the study by Kingsbury et al. (2008)
reported earlier, the c(s) distribution model provides a poor description of the data.
This is likely to be due to time-dependent spreading of the boundary resulting from
the high-density gradient presenting in the centrifuge due to the complex nature of
serum. Although this prevented the determination of accurate molecular weights for
the HMWCs, the sedimentation coefficients derived via Lamm equation modeling
approximated to that determined by boundary midpoint migration. Despite these
limitations, AU-FDS has allowed the first observations of high-molecular-weight
complexes in the serum of patients suffering systemic amyloidosis.
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Fig. 4.10 AU-FDS analysis of high-molecular-weight complexes in serum from patients with
systemic amyloidosis. Fluorescence intensity is plotted as a function of radial position for
(a) type 1 and (b) type 2 samples, with the resulting midpoint boundary analyses shown in panels
(c) and (d), respectively. Based on the sedimenting boundaries shown, patient samples can be
grouped into type 1 or type 2 (Figure adapted from Kingsbury et al. (2012))

4.6.2.3 Aggregation of Huntingtin in Cell Lysates

AU-FDS has also been employed to study protein aggregation of huntingtin (Htt)
protein associated with Huntington’s disease (Olshina et al. 2010). This is an
autosomal dominant condition caused by the addition of repeated CAG codons in
exon 1 of the huntingtin gene, which results in poly-glutamine (poly-Q)-rich mutant
huntingtin proteins (Landles and Bates 2004). Olshina et al. (2010) investigated
Htt aggregation in the AU-FDS by studying Htt containing 46 glutamine repeats
(Htt46Q) as a GFP fusion protein in aqueous buffer and also in mouse neurob-
lastoma (Neuro2a) cell lysates. In buffer, the recombinant Htt46Q-GFP construct
was shown to exist as a 2.4 S monomer that aggregated over time to form 100
to 6000 S complexes. By contrast, AU-FDS studies of Htt46Q-GFP in Neuro2a
cell lysates harvested at different transfection time points showed that three distinct
species are present, namely, 2.3 S monomer, 140 S soluble oligomer, and 320,000 S
inclusion bodies (Fig. 4.11). Interestingly, the relative amount of 2.3 S monomer
decreases over time, while the proportion of 320,000 S inclusion bodies increase
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Fig. 4.11 AU-FDS
experiments of huntingtin
aggregates in cell lysates.
Proportions of different
species of Htt46Q-GFP in
Neuro2a cell lysates are
plotted as a function of
transfection time. Black,
monomer (2.3 S); blue,
oligomer (140 S); and red,
inclusion bodies (320,000 S).
Dotted and solid lines
indicate the absence and
presence, respectively, of
Hsc70 (Figure adapted from
Olshina et al. (2010))

and the amount of 140 S oligomer remains constant (Fig. 4.11). This suggests that
the 140 S species represents a rate-limiting factor in aggregation. Studies were
also conducted in the presence of Hsc70, which is a member of the heat shock
protein 70 (Hsp70) chaperone family that is known to co-localize with inclusion
bodies and lower Htt toxicity (Warrick et al. 1999). AU-FDS experiments conducted
in Neuro2a cell lysates containing overexpressed Hsc70 show that the relative
proportion of soluble oligomers decrease while the proportion of inclusion bodies
increase (Fig. 4.11, solid lines). This suggests that Hsp70 reduces Htt toxicity by
facilitating the conversion of soluble oligomers into inclusion bodies. Accordingly,
this study yielded critical insights into the molecular mechanisms underpinning
pathogenesis in Huntington’s disease.

4.6.3 Identifying Enzyme Complexes

In addition to the aforementioned NUTS and BOLTS applications of AU-FDS,
Wang et al. (2012) have recently employed the technology to explore the size
and composition of enzyme complexes functioning in translation from the model
organism, Saccharomyces cerevisiae. By tagging specific proteins or RNA with
GFP and performing a pulldown with FLAG-labeled large ribosomal subunit protein
RPL25A or poly(A)-binding protein PAB1, Wang et al. were able to identify a
new 77 S monosomal translation complex. Akin to Western blotting, this AU-
FDS application showed that the complex is comprised of the 80S ribosome,
mRNA, PAB1, and eukaryotic initiation factors, eIF4E and eIF4G (Wang et al.
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2012). Additional experiments conducted in a separate study demonstrate that
the complex also contains eRF1, SLF1, SSD1, PUB1, and SBP1 (Zhang et al.
2014). Further, Wang et al. (2012) probed the mechanisms by which environmental
stress inhibits translation. This study showed that glucose starvation leads to a
substantial reduction of 77 S complex abundance, an effect that is partially rescued
by mutations in eIF4E and eIF3b or by deletion of PAT1 but not by mutations in
PAB1. This suggests that glucose starvation acts through eIF4E. By contrast, amino
acid deprivation, osmotic stress, and heat shock are not rescued, suggesting they do
not act primarily through this complex (Wang et al. 2012).

4.7 Conclusions

The recent development of the fluorescence detection system for the analytical
ultracentrifuge (AU-FDS) has provided significant advances to the hydrodynamic
and thermodynamic analyses of macromolecular systems. This platform technol-
ogy provides sensitivity for the measurement of low-abundance proteins and the
quantitation of tight biomolecular interactions (NUTS applications), as well as
selectivity for the specific detection of a biomolecule of choice in complex biological
backgrounds (BOLTS applications). In this chapter, we have described studies
of tight self-associating enzymes (DHDPS), protein therapeutics (omalizumab),
and amyloid-like aggregating proteins (TTR, immunoglobulin light chain, and
huntingtin) to demonstrate NUTS and BOLTS applications of the AU-FDS. We also
describe the use of the technology for proteomic investigations, such as defining
the composition of the 77 S monosomal translation complex. This highlights the
great diversity of the platform in this, the post-genome era, where the emphasis
has switched from the delineation of genome structure and the characterization
of isolated gene products to the qualitative and quantitative measurement of
gene product interaction networks in complex in vivo-like backgrounds. However,
several challenges remain for the advancement of the AU-FDS, including the
development of multiwavelength excitation laser sources to permit the use of
a broader range of fluorescent probes and advancement of analytical tools to
circumvent nonideality observed in complex biological fluids. Nevertheless, the AU-
FDS provides researchers with a cutting edge tool for contemporary applications of
macromolecular characterization in solution.
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