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Fluorescence detection for the XLI analytical ultracentrifuge
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Abstract

Analytical ultracentrifugation(AUC) provides first-principle hydrodynamic and thermodynamic information
concerning the size, shape and interactions of macromolecules. The fundamental measurement needed in AUC is the
macromolecular concentration as a function of radial position and time. Currently, the Beckman Coulter XLI analytical
ultracentrifuge may be equipped with absorbance and refractive detectors, which provide complementary concentration
determinations. For detecting trace quantities of materials, fluorescence detection offers unique advantages over either
absorbance or interference detection. A prototype fluorescence detector for the XLI analytical ultracentrifuge has been
developed and its characteristics determined. Af Ar laser provides a continuous 488-nm excitation beam. Radial
resolution is achieved by scanning the focused beam along a radial axis. Detection of the fluorescence signal uses a
co-axial, front-face optical configuration to reduce inaccuracies in the concentration caused by inner filter effects. A
high-speed AD data acquisition system allows the fluorescence intensity to be monitored continuously and at a
sufficiently high angular resolution so that at any radial position the intensities from all of the samples may be
acquired at each revolution. The fluorescence detector is capable of detecting concentrations as low as 300 pM for
fluorescein-like labels. The radial resolution of the fluorescence detector is comparable to that of the absorbance
system. Both sedimentation velocity and sedimentation equilibrium measurements may be made with the fluorescence
detector. Results are presented comparing data acquired using the fluorescence with those acquired using the
absorbance detector.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ogy. Because AUC relies on the principle property

of mass and the fundamental laws of gravitation,
it has broad applicability. The principle measure-
ment in any AUC experiment is the concentration
as a function of radial position and time. The
Beckman Coulter XLI analytical ultracentrifuge
comes equipped with absorbance and interference

Analytical ultracentrifugation(AUC) is a clas-
sical method of biochemistry and molecular biol-

Abbreviations: AUC, analytical ultracentrifugation; PMT,
photomultiplier tube; GFP, green fluorescent protein;*Ar ,
argon ion
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optics. Fluorescence detection can provide distinct
advantages in sensitivity and selectivity over
absorbance or interference optics, and would be a
useful addition to the analytical ultracentrifuge.
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Riesner and colleagues have described a fluores-fiber optic tip (Fig. 1(1)) positioned at the focal
cence detection system for the Beckman Model E point of a lens(Fig. 2(1)) to provide a collimated

analytical ultracentrifugdl1]. This detection sys-
tem has excellent sensitivity and radial resolution.

beam of light that is first directed using a silver
elliptical mirror (Fig. 1(6)) attached to an adjust-

However, since the Model E has been replaced by able mirror holder(Fig. 1(5)), then redirected

the XLI, a new fluorescence detector is needed.

toward the cell by a dichroic beam splitter attached

Presented here is the design and characterizationto an adjustable mirror holdé€Fig. 1(12 and 13).

of a fluorescence detector for the XLI. The new
device is similar to the previous fluorescence
detector in that it achieves a high radial resolution
by moving the excitation beam, as a tiny spot of
light, along a radial axis. However, the design of

The collimated excitation beam is brought to focus
in the sample by a condensing lefBig. 1(8)),
which also serves as the objective lens for the
emission optical path.

The fluorescing sample will emit light in all

the new fluorescence detector is otherwise quite directions at longer wavelengths than the excitation

different in that it uses a co-axial, front-face layout
to reduce inner-filter effects. Results from the new

detector are compared to those from the absorb-

beam. Any emitted light passing through the focal
point and captured by the objective lefiEig.
1(8)) will be collimated and passed through the

ance system and show that the new fluorescencedichroic beam splitter. The dichroic beam splitter

optics is useful for both equilibrium and velocity
sedimentation experiments.

2. Design
2.1. Optics

The fluorescent optics uses a co-axial excitation
and emission design similar to some confocal
fluorescent microscoped=ig. 1). Light originates
from a continuous 50-mW Ar laser tuned to 488
nm (Omnichrome Inc. 532-AP-OAR-AAN and
is coupled (Oz Optical HPUC-23-488-S-3.5AR-
LH) into a 3.5um glass, single-mode fibefOz
Optical SMJ-33-488-3 A125-3-5-SP that delivers
the light to the remaining optics. The optical fiber

(Fig. 1(12)) reflects 95% of the light at wave-
length shorter than 490 nm, which largely removes
stray light at the excitation wavelength. The colli-
mated emitted light is refocusedrig. 1(14)) and
passed through second long-pass filtleetter than
95% transmittance at wavelengths05 nm (Fig.
1(15)). A spatial filter (Fig. 1(16)) is positioned
at the focal point of the last lens before impinging
on the photomultiplier tubéPMT) (Fig. 1(20)).
A custom adapter attaches the PMT to a Spindler
& Hoyer lens holder.

The entire optics stagéFig. 2) is mounted on
a vacuum-compatible stepping motor-driver stage
(Criel Inc. 16139. The stage position is controlled
by the computer using a stepping motor controller
(Oriel Inc. 20023. The optical assembly and

passes into the centrifuge vacuum chamber throughstepping motor attach to two mounting posts
a custom-built feedthrough mounted in a manifold mounted to the steel base plate of the vacuum
that also holds a 19-wiré22 gauge electrical chamber. The posts are designed to allow the
feedthrough and the XLI vacuum gauge. The entire optic assembly to be removed and replaced
manifold is threaded to replace the vacuum gauge, in the chamber without losing positional accuracy.

and 3/8-inch hole was drilled through the stain-

less-steel chamber liner and the aluminum temper- 2.2. Electronics and signal processing

ature shroud to accommodate the optical fiber and

the electrical wiring needed by the fluorescence
optics.

Most of the optical system was constructed
using components from the Spindler and Hoyer
(now Linos Optical AG, Gottingen, Germany
‘Microbench’ series(Fig. 1). For the excitation
optical path, light spreads into a cone from the

Current from the PMT is converted to voltage
using a transconductance amplifigr =50 000 V/
A), buffered using an LM 310 voltage follower,
and digitized with 12-bit resolutioComputer
Board Inc. CIO-DAS-16M1, connected to a Com-
puter Board MegaFifo data storage module with 8
MB of memory) for storage in a PC. Data acqui-
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Fig. 1. Schematic of the unassembled confocal fluorescence optics. Specific items ir@ludiber optic coupling(Oz Optical
SPH-01 & HUCO-13; (2) mounting plate(Spindler & Hoyer 06-101)) (3) steel rod, 75 mn(Spindler & Hoyer 06-1208 (4)
mounting plate(Spindler & Hoyer 06-101Dholding a 50-mm focal length acromatic let8pindler & Hoyer 06-3125 (5) beam
steering mirror holdefSpindler & Hoyer 06-508F (6) silver elliptical plane mirror(Spindler & Hoyer 34-0528 (7) mounting
cube(Spindler & Hoyer 06-108)) (8) mounting plate(Spindler & Hoyer 06-101pholding a 50-mm focal length acromatic lens
(Spindler & Hoyer 06-3125 (9) mounting plate(Spindler & Hoyer 06-104% (10) steel rod, 30 mn{Spindler & Hoyer 06-1208
(11) mounting cube(Spindler & Hoyer 06-1080 (12) dichroic beam splitter 48%14 nm (Spindler & Hoyer BSP-25-488534
(13) beam steering mirror holdeiSpindler & Hoyer 06-5088 (14) mounting plate(Spindler & Hoyer 06-101D holding a 40-
mm focal length acromatic ler(Spindler & Hoyer 06-312)F, (15) mounting plate(Spindler & Hoyer 06-101)) retaining ringd(2)
(Spindler & Hoyer 06-506) long wave pass filter 495 nm cutofSpindler & Hoyer LWP-25-49]) (16) mounting plate(Spindler
& Hoyer 06-1010 holding a 0.6 mm diameter pinhole filtéBpindler & Hoyer 04-017¥, (17) PMT adapter to Spindler & Hoyer
mounting plate, custom madél8) mounting plate(Spindler & Hoyer 06-1010) (19) steel rod, 150 mn{Spindler & Hoyer 06-
1210; (20) PMT (Hamamatsu H5783
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Fig. 2. Schematic of the assembled confocal optics. Subsystems A, B and C may be disconnected from the optics, thus easing
alignment and focusingMaterials and Methods Specific items include(1) fiber optic coupling(Oz optical SPH-01 & HUCO-

13); (2) 50-mm focal length achromatic lerfSpindler & Hoyer 06-3125 (3) beam steering adjustmen(tSpindler & Hoyer 06-

5086); (4) silver elliptical plane mirror(Spindler & Hoyer 34-0528 (5) 50-mm focal length achromatic ler{Spindler & Hoyer

06-3129; (6) dichroic beam splittefSpindler & Hoyer BSP-25-4885)4(7) beam steering adjustmentSpindler & Hoyer 06-

5086); (8) 40-mm focal length achromatic lefSpindler & Hoyer 06-312), (9) long wave pass filter 495 nm cutofSpindler &

Hoyer LWP-25-490; (10) pinhole spatial filter, 0.6 mn{Spindler & Hoyer 04-017¥, (11) PMT (Hamamatsu H5783

sition is synchronized to the rotor using the leading square wave provides the gating signal for data
edge of the rotor timing pulse, obtained as a TTL- acquisition. Digitized intensities are acquired

compatible signal from the XLI data acquisition directly into the data storage module. A pretrig-

board. The leading edge of the rotor timing pulse gering circuit enables storage of data digitized for
clocks a divide-by-two circuit whose output is a a period preceding the edge of the gating signal,
square wave having a period equal to one revolu- thus ensuring that data are obtained from a com-
tion of the rotor. When the AD is enabled, the plete rotation. The data acquisition software per-
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mits intensity data from several consecutive turns
of the rotor to be accumulated in the memory
module, which enhances signal averaging. The
clock rate of the AD is adjusted by the data
acquisition software to ensure that the intensities
accumulated from all of the revolutions will fit in
the data storage module.

After acquisition, data in the storage module
may be transferred to the computer memory for
manipulation as an integer array. The index of the
integer array corresponds to angular positions
around the rotor, with zero degrees nominally
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allowing the intensities for that revolution to be
accessed. Adding the same offset to these new
indices provides the intensity data for the next
revolution of the rotor, and so on. This procedure
provides a very rapid and efficient means to
accumulate the intensity data for a cell sector. The
intensity reported at each radial position is the
average of the intensities accumulated over all of
the rotations, and range from a dozen to hundreds
of individual intensity measurements.

The data acquisition software collects fluores-
cence intensity data at user-specified intervals,

being the edge of the rotor timing pulse. In fact, saving the data for each sector in a separate file.
as has been described previously, the propagationThe format of the data in the file corresponds to
delay of the rotor timing pulse leads to a speed- that used by Beckman for radial absorbance scans:
dependent shift in the apparent position of the two header lines that contain a user-supplied com-
rotor timing pulse[2] that must be accounted for ment and the machine informatidtime, temper-
when calculating angular positions. Compensation ature, etc. needed to analyze the data, followed
for the propagation delay is accomplished in this by three columns of data containing the radial
system by decreasing any index by an amount position, the average intensity and the standard
corresponding to the number of/P clock pulses  deviation of the average intensity. The file format
equal to the propagation delay. may be read by most of the existing sedimentation
The intensity data for any given cell sector data analysis programs.
corresponds to a range of indices in the array of
intensities. To calculate the starting index for a 3 Optical alignment and focusing
cell sector, the number of /O clock pulses per
revolution is multiplied by the fractional angular
position of the cell(i.e. the cell angle divided by
2m). The index of the last intensity for the cell
sector is calculated in the same way, using frac-
tional angular position of the cell plus the width
of the cell sector. In practice, the data acquisition
software allows the experimenter to select the 3-/- Stage I
starting and ending angles of the cell sector. These
sector angles are saved by the program and need With Section A(Fig. 2) detached, the position
to be determined only once for a given type of of the first lens(Fig. 22)) is adjusted until the
centerpiece and rotor type. The number of inten- beam is collimated. Collimation is confirmed by
sities acquired across a two-degree cell sector comparing the diameter of the beam immediately
varies from two or three at 60 000 rpm to several exiting the optics to the beam diameter several
dozen at lower rotor speeds. The intensities acrossmeters away.

a cell sector are accumulated for averaging. The optics is installed in the open vacuum
For rotor data acquired over several rotations, chamber with sections A and BFig. 2) recon-
an offset corresponding to the number of clock nected, but Section C detached. A disk cut from a
pulses per revolution, adjusted for the pre-trigger white index card is placed on top of a centerpiece
and propagation delay times, is calculated. By in a cell lacking the top window and window
adding this offset to the indices for any cell sector, holder. The cell is inserted into a rotor and the
new indices are calculated for the intensities of rotor positioned so that the card is directly below
that sector during the subsequent revolution, thus the optics. With this configuration the objective

Alignment and focusing of the fluorescence
detector is accomplished in four stages. Caution
should be exercised to avoid direct exposure of
the eyes to the laser beam.



170

lens (Fig. 2(5)) is adjusted until the spot size at
the card is minimized.

Section C(Fig. 2) minus the PMT(Fig. 2(11))
is reconnected to the optics and the cell with the
cutout index card is replaced with a cédiny type
of centerpiece will dd containing a brightly fluo-
rescing samplée.g. >5 mM fluorescein so that
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sample—window interface. The wavelength filter
(Fig. 2(9)) in Section C is removed to allow some
of the reflected light to be visible from above.
With the laser attached and running, the chamber
open, and the rotor halted, the lens positions in
sections B and C are adjusted to maximize spot
intensity on the reticule. Following this step, the

the fluorescence signal may be observed easily by reticules are removed and replaced by the pinhole,

eye when the cell is positioned in the excitation
beam. This configuration is used to adjust the final
achromatic lengFig. 2(8)) to maximize the light
passing through the pinhole spatial filtéFig.
2(10)). With the pinhole removed from the optics
and in dim room light, a quick estimate of the
focal point of the final lens is made using a white
index card. Then the pinhole spatial filtéFig.
2(10)) is substituted for the index card and posi-
tioned until the spot size on the face of the pinhole
is minimized. Viewing the illuminated face of the

and the bright-fluorescent sample is positioned
under the beam.

3.3. Stage 3

Because the aluminum heat sink of the XLI
warps when vacuum is applied, the third and fourth
stages of alignment and focusing must be done
under vacuum. In order to observe the effects of
alignment, the steel door on the XLI is replaced
with a 1/2-inch thick aluminum plate containing

pinhole may be accomplished using a small, hand- 3 1/2-inch thick by 6-inch diameter Lexan window
held mirror. At this point, the beam is focused on |ocated above the optics so that the fluorescence
the plane of the pinhole, but the position of the emission can be observed through the pinhole.
focused spot needs to be centered on the pinhole.yith the laser attached and running, and the rotor
To center the spot, the beam steering milBig. stationary, the drift of the spot position is observed
2(4)) is adjusted until light from the sample may hile the machine is coming to vacuum. The
be seen through the pinholéFig. 210)). The  yacuum is broken and the alignment is adjusted
dichroic mirror angle(Fig. 26)) is adjusted for  py changing the dichroic mirror positiofiFig.
maximum emission intensity. Both adjustments are 2(7)) and the focus is adjusted by moving the
repeated until the intensity no longer improves and |enses(Fig. 2(5 and 8) to counteract the drift.
the focal position remains correct, as judged by These steps are repeated until the light intensity at
the symmetry and intensity of the spot. At this the pinhole is maximized under vacuum. It should

point, the optics have been aligned and focused pe noted that after this step, the optics will no
grossly. The following steps are necessary to opti- |onger be focused in open air.

mize the focus.

3.4. Stage 4
3.2. Stage 2

Again, the chamber door is replaced by the
In order to optimize the focus and alignment, Lexan window and the PMT is removed so that
the PMT is replaced with a graduated reticule. On fluorescent light coming through the pinhole may
top of this reticule, a second magnified, reticule is be observed by eye. The rotor is balanced so that
placed with its graduations perpendicular to the the brightly fluorescent sample may be spun. The
first reticule. A lens holder is slipped as a collar machine is brought to vacuum at 2CQ, and the
over the magnified reticule to hold it in place. The rotor is spun at 3000 rpm. While the rotor is
fluorescent sample is replaced by a cell that has acoming to speed, the light from the pinhole is
mirrored window in place of the top window, with  observed and any loss of signal intensity is noted.
the mirrored surface on the centerpiece side of the The machine is stopped and the dichroic mirror
window. This arrangement roughly approximates a adjusted(Fig. 2(7)) to counteract these changes.
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These steps are repeated until the intensity is weight was installed in an AN-Ti60 rotor, the
maximized. No change in the intensity was distance from the center of the rotor to the edge
observed when the rotor speed was raised to 60000f the fin was measured using a comparator and
rpm. Observations made later using the PMT found to be 5.858 0.002 cm. The modified coun-
detector indicate that there is no further speed- terweight still may be used for calibrating all of
dependent drift in the focus and alignment. The the optical systems.

centrifuge is then reassembled, and the wavelength To calibrate the radial positioning system of the

filter and the PMT reattached. fluorescence optics, the counterweight is balanced
in the rotor and the centrifuge brought to vacuum

4. Methods and temperature at 3000 rpm. A radial scan of the
counterweight is taken, and the midpoint of the

4.1. Materials fluorescence intensity change from the painted fin

to vacuum defines the radial calibration position.

Bovine serum albumiiBSA), Cohn fraction v, ~ The number of steps from home of the radial
was purchased from Sigma, No. A-2153, Lot 123F- positioner is s_tored as the calibration pc_)lﬁt,The .
6291, and dissolved in 50 mM Tris—HCI, pH 8.5. radial calibration needs to be redetermined only if
Ovalbumin, Grade IIl, was purchased from Sigma, the optics is readjusted or the centrifuge drive is
No A-5378, Lot 58H700A. Fluorescein reference changed.
standard was purchased from Molecular Probes, F-

1300, Lot 3561-1. Purified green fluorescent pro- 4.3. Sensitivity
tein (GFP) was a gift from Dr G. Eric Schaller

(University of New Hampshineand was pure as In order to assess the lowest concentration
judged by SDS PAGE. detectable by the fluorescence detector, a 2:1
dilution series of fluorescein[e,gs=28.8x10%/
4.2. Calibration of the radial position cmM] in 20 mM Tris—HCI pH 8.1, 150 mM
NaCl, 2.5 mM CaCl was made using a starting
The radial positior(r, in cm) is calculated as concentration of 24 mM. Experiments were per-
formed in six-channel charcoal-epon equilibrium
r=5.850+ [0.000ZN — C)] centerpieces and quartz windows. With the

machine running at 30 000 rpm and 20, scans

of the fluorescence intensity were acquired at a
radial step size of 2Q.m. At each radial position,
average intensities were calculated from data
acquired during 5 revolutions of the rotor. The/ A
D input voltage range and PMT voltage were
adjusted for optimum signal-to-noise ratio for each
fluorescein concentration. The laser intensity was
held at 50% full power for concentrations above
1.0x10°% M, and was held at 100% for lower
concentrations.

whereN is the number of 2zm steps the stepping
motor has moved from its home position a@ids

the number of steps from the home position needed
to center the excitation beam at the radial calibra-
tion point of 5.850 cm. This calibration position
corresponds to that used for the XLI absorbance
optics, and is defined by aluminum alignment fins
that protrude into the inner radial holes of the
counterweight. A modified counterweight is used
for calibrating the fluorescence system. After care-
fully noting its orientation, the inner alignment fin
is removed from a counterweight and a 1-mm deep 4-4. Linearity

by 1-mm wide groove is milled the length of its

topside edge. The groove allows for a thin stripe  In order to provide useful data, the fluorescence
of P-1000 phosphorescent paint to be applied. detection system must exhibit a linear response
After the paint is dried, the fin is replaced in the with regard to fluorophore concentration. The
counterweight, paint side up. When the counter- experimental conditions used to test linearity were
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the same as those for assessing the sensitivity,at 20°C. The absorbance data were compared with
except that the PMT voltage and laser power were fluorescence data acquired for 1:1, 1:3 and 1:9
held constant for each decade range in concentra-dilutions of a 435 nM stock GFP solution run at
tion. For all measurements, the/B input voltage 30 000 rpm and 18C. Data were acquired at a
range was held constant at 0-5 V. The PMT radial spacing of 2Qum, averaging intensities for
voltage and the laser power were adjusted to 5 rotor revolutions at each radial position. For the
optimize the signal intensity for any given decade fluorescence data, the laser intensity was set to
range of concentrations. Linearity was tested by 50% with the A/D input voltage range set to 05
fitting a straight line to the plot of the fluorescence Vv and the PMT voltage at 60%. Data were ana-
intensity vs. fluorescein concentration, using lyzed using NONLIN, fitting the data to a model
oRrIGIN (Version 6.0, OriginLab Corp., Northamp-  of a single ideal specief3]. Molecular weights

ton, MA). were calculated with SEDNTERP using a calcu-
lated partial specific value of 0.730 pig, and a
4.5. Radial resolution calculated solvent density of 1.0074rmg|.

When using six-channel equilibrium center-
The first derivative of a scan across a sharp pieces, the bottom of the channels farthest from
fluorescence boundary produces a peak whosethe center of rotation were partially obscured by
half-width at half-height is an estimate of the the cell assembly screw. Fluorescence data from
radial resolution. To determine the radial resolution the obscured region were excluded from analysis.
in this manner, any scan with an abrupt fluores-
cence intensity change can be used. For the measy 4 5. Velocity

urement reported here, the transition from the 5. the absorbance detection, 9.031 GFP
sample to the base of the channel of a six-channel,, 54 dialyzed against 20 mM Tris pH 8.1, 150 mM
equilibrium centerpiece was used. The derivative NaCl, 2.5 mM CaCl and run at 30 000 rpm and
of the flyorescence intensity_ was taken using 20 °C. Absorbance data were acquired using ‘con-
ORIGIN, with no smoothing applied to the data.  i,,6us mode’ detection at a nominal radial spac-
ing of 30 wm. These absorbance data were
4.6. Comparison of the performance of the fluo- compared with fluorescence data acquired using
rescence and the absorbance optical systems 90.5 nM GFP dialyzed against the same solvent
and run at 40 000 rpm, 18, with data acquired
Sedimentation equilibrium and sedimentation at a radial interval of 2Qum, averaging intensities
velocity data were acquired for GFP using either from 5 rotor revolutions at each radial position.
the absorbance or fluorescence optical systems.The laser intensity was set to its minimum with
These data allow for the comparison of the noise the A/D input voltage range set to 0-5 V and the
characteristics for the two optical systems, and pMmT voltage at 50%. Data were analyzed using
permit an assessment of the accuracy of the molec-sepF|T, kindly modified by Dr Peter Schuck to

sion coefficient obtained from analysis of

fluorescence data. o
4.7. Fluorescence detection in the presence of non-

4.6.1. Equilibrium fluorescent protein

GFP at 11.4u.M was dialyzed against 20 mM
Tris—HCI pH 8.1, 150 mM NacCl, 2.5 mM Cagl . One of the advantages of fluorescence detection
Absorbance data were acquired using an unmodi- is its ability to discriminate fluorescently labeled
fied XLI at a radial spacing of 2p.m for samples  protein from unlabeled protein. Accordingly, sedi-
at 1:1, 1:3 and 1:9 dilutions in a six-channel, mentation velocity and sedimentation equilibrium
charcoal-epon centerpiece spun at 30 000 rpm andexperiments were conducted in which trace quan-
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tities of GFP were monitored in solutions contain- mental values of the quantum yield, we report the

ing nonfluorescent protein. molecular weights as apparent values without ref-
erence to specific averages. In order to calculate
4.7.1. Velocity the apparent molecular weights, buffer densities

GFP at 9.0uM was analyzed in a charcoal- Were estimated from tabulated values for proteins
filled double-sector centerpiece in a solution that &t high concentrations. The apparent partial specif-
also contained 40 mgnl BSA, 50 mM Tris—HClI ic volume for GFP was assumed to be invariant in
pH 8.5, at 30000 rpm an(’j 18C. Data weré the presence of high concentration of ovalbumin,
collected at a radial interval of 2am, averaging  Much as has been observed for BSA at high
five intensities at each radial position. The laser concentrations[S]. It should be noted that this
intensity was set to 75% of full power, the/m  assumption may not hold in general, and should
input voltage range was set to 0-5 V and the P€ th(?OSUbJeCtI of fulr(therl st_udlesf. bumi
PMT voltage was set at 75%. The midpoint of the d'pl\ de”.‘ Stggo sol\b:tlﬁncc: gga I\lem_ll_n WaSH
fluorescence intensity boundaRy, was determined lalyzed against m atl, mm 1S, pr
manually from graphs of the raw data, and the 8.5, and was examined alone by sedimentation

apparent sedimentation coefficient was determined equilibrium, using interference optics, in a six-
from the slope of the graph of IR vs. w?. channel equilibrium cell. Data were collected for

the stock solution, and 17 serial 2:1 dilutions of
this stock solution at 20C and at 20 000, 30 000

GFP at 2.0uM in solutions of 150 mM NacCl,

50 mM Tris, pH 8.5 and containing varying back-
ground concentrations of ovalbumin was analyzed
at 20 000, 30 000 and 40 000 rpm, at AB. Data
were collected at 2Q-m intervals, averaging the 5.1 Sensitivity

data from 2 revolutions of the rotor at each radial

position. The laser intensity was set to 50% full One of the potential benefits of using a fluores-
power with the A'D input voltage range set to 0— cence detection system is an increase in sensitivity,
5 V, and the PMT voltage set at 70%. The which was assessed using serial dilution of fluo-
background concentrations of ovalbumin used rescein (Fig. 3). Under the conditions of these
were 50, 20, 10, 5 and 1 nigl. Fluorescence experiments, fluorescein is nearly neutrally buoy-
intensity data were analyzed using WinNONLIN ant, so the average intensity from each channel,
(available from the RASMB download site at the calculated from the central two-thirds of the radial
Boston Biomedical Research Institute, scan, provides a single data point for each dilution.
www.bbri.org). No single model fit all of the data  The minimum detectable concentration in these
adequately which, given the complexity of the experiments was-288 pM (Panel D. The slope
system, was not surprising. Accordingly, reduced of the data provides another assessment of the
molecular weights were determined using the mod- detector’s sensitivity, with a larger slope indicating
el of a single ideal component. For data acquired a higher sensitivity and, therefore, a lower mini-
using the absorbance or interference optical sys- mum detectable concentration. The concentration
tem, this reduced molecular weight usually falls that corresponds to zero signal for each of the
between the weight- and-averages. However, panels is considered the apparent minimum detect-
fluorescence data from a system containing high able concentration. Comparison of the slopes of
concentrations of nonfluorescent material should the lines in Fig. 3 shows that there is a systematic
not be considered to provide any defined molecular decrease in detector sensitivity at higher concen-
weight unless it is clear that the quantum yield of trations of fluorophore, resulting in a systematic
the fluorescent component is constant over all decrease in the apparent minimum detectable con-
experimental conditions. In the absence of experi- centration from~70 nM (Panel A to 0.09 nM

5. Results



174 LK. MacGregor et al. / Biophysical Chemistry 108 (2004) 165-185
50
sol 150
30} :
- 100
- -
c (-]
=20 F <
- s o
» | -
] “s50
10 |
(1 3
s 0 4
A A 1 A i k. A A A L 1 A 1 A A
0.0 2.0x107 4.0x107 6.0x107 0.0 5.0x107° 1.0x10°
. _Concentratuon (M') Concentration (M)
T v v T | R— v v v T T T r v v T T r
(d) .
35} .
_ - [}
(-] ©
[ =30¢ -
2 o
N 7 7]
25| 4
n [ |
A N L A a 2 1 N N A i a a N 4. 4. 1 A A = L - A
0.0 20x10°4.0x10°6.0x10°8.0x10° 5.0x10""  1.0x107 1.5x10°

Concentration (M) Concentration (M)

Fig. 3. Sensitivity and linearity. Relative fluorescence intensity vs. concentration for a serial dilution of fluor@degémials and
Methods, along with the best fit straight line. The laser intensity and PMT voltage were adjusted for each set of concentrations to
optimize signal clarity. Each panel displays data from approximately a one-decade concentration range of fluorescein. Panel A:
73.7-590 nM, with a slope of 8#0.4x 10’/M and an intercept of-5.9+ 1.4,R=0.9978, yielding an apparent minimum detectable
concentration of 69.9 nM. Panel B: 9.2-73.7 nM, with a slope oftQ3Bx 1(®/M and an intercept of-6.2+ 1.3, R=0.9983,

yielding an apparent minimum detectable concentration of 8.96 nM. Panel C: 1.15-9.22 nM, with a slope+d.1:740'°/M

and an intercept of-0.24+5.0, R=0.9972, yielding an apparent minimum detectable concentration of 0.09 nM. Panel D: 0.288—
1.15 nM was not fit to a straight line due to the pronounced downward curvature of the data. However, these data show that the
system is capable of detecting fluorescein at a concentratid@0 pM.

(Panel Q as the range of concentrations examined Using an extinction coefficient of 8:810%/
becomes more dilute. This systematic shift is most cm M for fluorescein at 490 nm with the quantum
likely a consequence of the innerfilter effect yield at this wavelength of 0.97, the detection limit
(below). of other fluorophores can be estimated as
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Fig. 4. Fluorescence intensity as a function of the cell loading concentration for fluorescein over a wide concentration range. The
data exhibit curvature typical of what is observed with the inner filter effect. Laser intensity was set to 50% with a PMT voltage
of 60%. Scans were taken with 20m steps averaging 5 intensities per step.

C min=2.88 fluorescein were separated into one-log ranges
4 .
10-10 M (8.8x10%/cm M)(0.97) (Fig. 3. .
(ew)(Q) Panels A, B and C show the relative fluores-
M

cence intensity observed as a function of fluores-
cein concentration over one-log concentration

) o - ranges between 1 and 600 nM. Each of these

fluorophore of interest and Q is its quantum yield. onjy minor deviations, indicating that a reasonable
linear correspondence may be expected for indi-
5.2. Linearity vidual experiments having loading concentrations
in this range. Linearity was not tested above 600
In order for the fluorescence intensity to be used nM, where data from the absorbance system will
as a measure of concentration without correction most likely be available.
using external standards, the intensity must be At the lowest concentration rangéanel D,
directly proportional to the fluorophore concentra- the fluorescence intensity exhibits a significant
tion. While it is desirable for the linearity of signal downward curvature. While the cause of this cur-
to concentration to apply over as wide a concen- vature is not entirely certain, the data are consistent
tration range as possible, sedimentation analysiswith tight, saturable binding of fluorescent material
of individual samples typically requires linearity to the cell walls. Binding of this sort will result in
to span a one-decade range in concentration. Toa constant amount of dye being lost to the walls,
assess the linearity of the fluorescent intensity with which corresponds to a greater fractional amount
concentration, data from the serial dilution of of dye being lost at low loading concentrations

(D
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Fig. 5. Estimate of the radial resolution. GFP at:210~°% M in 100 mM Tris—HCI pH 8.5. Sample was spun at 30 000 rpm at 20

°C in a six-channel equilibrium cell. Laser intensity was set to 50% with a gain of 5 V unipolar and a PMT voltage of 70%. Scans
were taken with 2Qsm steps averaging 2 scans per step. The sample has already come to equilibrium. Panel A shows the base of
channel B of a six-hole equilibrium centerpiece. Panel B shows the first derivative of panel A.

than at higher loading concentrations. The result is not possible to predict the magnitude of these
is a roll-off of the intensity at low dye concentra- effects a priori, these effects will be most pro-
tions. The presence and extent of binding to the nounced at high concentratiofs>0.5 uM for a
walls will depend both on the dye and cell wall fluorophore like fluorescein or for data that span
material (including the cleanliness of the cell a broad concentration range. At the concentrations
wall). Thus, the linearity of the signal will involve  of fluorophore likely to be used in the centrifuge,
characteristics of the sample as well as character-the roll-off should not interfere with data analysis.
istics of the apparatus, particularly at low dye

concentrations. 5.3. Radial resolution
Over a much broader concentration rar(fég.
4), the signal roll-off typical of the inner-filter A high radial resolution is needed to measure

effect is visible. This roll-off will lead to under- the concentration distribution accurately. Experi-

estimates of the molecular weight and overesti- ence with absorbance optics has shown that radial
mates of the second virial coefficient from resolutions of 2Qum or so are adequate for most

sedimentation equilibrium data. The analysis of purposes, even though a higher resolution is desir-
sedimentation velocity data affected by the inner- able. An estimate of the radial resolution may be
filter effect will tend to provide an underestimate obtained from the intensity data at a sharp bound-
of s and an inability to fit the boundary shape well ary. Fluorescence intensity profiles at the base of
(i.e. estimates oD will be inaccurate¢. While it a centerpiece, where the signal drops from a finite
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value to zero, will produce results similar to those
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the cause. Although drifts in the signal of this

shown in Fig. 5. Panel A shows the signal decrease magnitude are observed frequently, their origin is

from a 2.0x10°® M GFP sample to the septum
of a non-fluorescing centerpiece, and Panel B
shows the first derivative of these data. At half-
height, the derivative yields a half-width of 1-2
data points, corresponding to 20—40n. This is

a typical result, confirmed using a variety of dyes,
rotor speeds and data acquisition paramefdasa
not shown, and we conclude that the radial
resolution for these optics is approximately 36h.

5.4. Comparison of data from absorbance and
fluorescence optics

5.4.1. Sedimentation equilibrium

Equilibrium sedimentation data for GFP
acquired using the absorbance opt{Eay. 6A) or
the fluorescence optidd=ig. 6B) fit adequately to
a model consisting of a single, ideal thermodynam-
ic component. The molecular weight determined

from the absorbance data varies from sequence

molecular weight(26.9 kDa by less than 1%,

whereas the molecular weight determined from the

fluorescence optics differs from the sequence
molecular weight by approximately 3%. These
results confirm that it is possible to determine
accurate molecular weights from sedimentation
equilibrium data using the fluorescence detector.
The generality of this observation, though, is
dependent on the linearity of the fluorescence

unknown.

For the data in Fig. 6, the root-mean-square
error of the noise for the absorbance system is
5.93x 103, obtained over a signal spanning 1.32
absorbance units, yielding an estimated signal-to-
noise ratio of 223. For the fluorescence system,
the equivalent values are a root-mean-square error
of the noise of 5.2% 10! for a signal spanning
33.5 units, yielding an estimated signal-to-noise
ratio of 64. This ~3.5-fold lower signal-to-noise
ratio suggests that the precision of parameters
obtained with the fluorescence detector will be
somewhat less than those obtained from absorb-
ance measurements, an expectation that is borne
out in the molecular weight determinations for
these datdabove.

5.4.2. Sedimentation velocity

A comparison of parameters for sedimentation
velocity data acquired using the absorbance system
(Fig. 7) and the fluorescence systeffig. 8) are
presented in Table 1. For both optical systems, the
data could be fit adequately as a single ideal
hydrodynamic component. The lower valuessof
and D obtained from the fluorescence data are a
consequence of the lower experimental tempera-
ture. (Damage to the radiometer during modifica-
tions to the XLI caused the instrument read°#)

signal with concentration, which can be dependent €ven though subsequent measurements revealed

on the peculiarities of the chemical systé®ec-
tion 6).

The residuals from a curve fit to the data can
provide insights into the nature of the noise in

that the radiometer calibration was offNote,

however, that the molecular weights calculated
from both systems are consistent with one another
and are within reasonable error of the true molec-

signals. For the absorbance system, the noiseular weight. The molecular weight obtained from

characteristically is stochastic, with a high spatial
frequency (Fig. 6A, inse). For the fluorescence
system(Fig. 6B, inse}, the noise is largely ran-
dom, though there is evidence of a systemic
intensity drift (i.e. ‘wavy’ noise of low spatial
frequency. The drift is reproducible from scan to
scan (e.g. the velocity data in Fig.)7 but not
from cell to cell or experiment to experiment. Tests
comparing sapphire and fused-silica windows pro-
duce similar variationsg(not shown, suggesting
that window polarization effects are unlikely to be

fluorescence data varies from the absorbance data
by less than 1% and both differ from the expected
value by less than 1%.

Panel C in both Figs. 7 and 8 presents the
residuals as a grayscale bitmap. These bitmaps
ordinarily are used to assess the quality of the fit
to the data. A proper fit will produce a uniform,
neutral-gray bitmap, such as is seen for the absorb-
ance data(Fig. 70). A poor fit to the data will
produce characteristic diagonal stripes of lighter
and darker gray.
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Fig. 6. Comparison of equilibrium sedimentation data. GFP in 20 mM Tris—HCI pH 8.1, 150 mM NacCl, 2.5 mM CaCl°@t 20
and 30 000 rpm. Panel A: Absorbance data acquired after equilibrium has been reached #atQr.1441 GFP. Non-linear least
squares curve fitting yields =2.905+ 0.130, corresponding to a molecular weight of 27102 kDa. Panel B: Fluorescence data
acquired after equilibrium has been reached for 4367 M GFP. Non-linear least squares curve fitting yietds 2.984+ 0.240,
corresponding to a molecular weight of 2£2.2 kDa.

Because the absorbance ddfdg. 7C) show for some portion of the scan, but not offset in the
that GFP can be fit well as a single, ideal hydro- other portions of the scan. The causes and correc-
dynamic monomer, it is expected that the bitmap tion of these fluctuations are being investigated as
for the fluorescence dat@ig. 8C) also should be  an improved system is developed.

a uniform neutral-gray, which it is not. The system-

atic errors revealed in this bitmap provide insights 5.5. GFP in the presence of non-fluorescent protein

into the nature of the noise on the fluorescence

signal. Rather than diagonal stripes in the bitmap, The vast majority of biological reactions occur
indicating a poor fit to the model, single horizontal naturally in an environment that is far from ideal
lines show deviations from the normal. Further- because of high concentrations of surrounding
more, within a stripe, there are regions where the macromolecules. The nonideality is manifested in
grayscale is bright, with compensating regions both the thermodynamics and hydrodynamics of
where the grayscale is darker. This pattern strongly the molecules. In order to understand the behavior
suggests that the fluorescence intensity was offsetof molecules in concentrated solutions, it is nec-
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Fig. 7. Sedimentation velocity analysis of GFP using absorbance optics. SEDFIT analysis of absorbancexfbd® 0@ GFP in

20 mM Tris—HCI pH 8.1, 150 mM NaCl, 2.5 mM CagLl , run at 30 000 rpm, af@0Meniscus position was fixed at 5.9339 cm,

cell bottom was fixed at 7.2246 cnM, s, the baseline, time-invariant noise, and radial-invariant noise was floated during analysis.
Panel A shows the raw data, panel B shows the residuals overlaid, and panel C shows the grayscale bitmap of the residuals. RMS
for this fit was 0.005.
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Fig. 8. Sedimentation velocity analysis of GFP using fluorescence optics. SEDFIT analysis of fluorescence datfbd&.08

GFP in 20 mM Tris—HCI pH 8.1, 150 mM NaCl, 2.5 mM CaCl , run at 40 000 rpm, at@OMeniscus position was fixed at

5.8868 cm, cell bottom was fixed at 7.1450 ci, s, the baseline, time-invariant noise, and radial-invariant noise was floated
during analysis. Panel A shows the raw data, panel B shows the residuals overlaid and panel C shows the grayscale bitmap of the
residuals. Each horizontal line is a scan whose grayscale is proportional to the deviations from the fit at each radial position. The
vertical axis is the scan number, with the first scan at the top. RMS for this fit was 10.8.
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Table 1
Comparison of sedimentation velocity results from the absorb-
ance and the fluorescence optics

T K D M
“cCc) (S (Ficks) (kDa)
Absorbance 20 2.790.08 9.01-0.315 27.10.09

Fluorescence 18 2.500.05 8.33:0.353 27.6:0.13

All values were obtained using SEDFIT. The meniscus and
bottom were fixed during analysig/, s, D and the baseline
were fit during analysis. Also fit were the time-invariant and
radial-invariant noise. The sequence molecular weight for the
GFP is 26.0 kDa.
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detector will be useful in future hydrodynamic
studies.

5.5.2. Equilibrium
GFP at 2.06uM was brought to sedimentation

equilibrium in the presence of varying concentra-
tions of ovalbumin. The profiles in Fig. 10 show
that the fluorescence intensity is not affected by
increasing ovalbumin concentrations. Hence, these
data may be analyzed without concern for quench-
ing effects. Fluorescence data were fit as described
in Section 4 to provide estimates of the apparent
molecular weight. In a separate sedimentation

essary to have methods for assessing the behaviorequilibrium experiment using interference detec-

of relatively dilute concentrations of molecules in

the presence of high concentrations of other mac-

tion, the apparent molecular weight of the oval-
bumin was determined. Fig. 11 presents the effects

romolecules. Fluorescence provides one means ofof increasing ovalbumin concentration on the

discriminating trace levels of molecules in spite of
overwhelming concentrations of other, similar
molecules.

5.5.1. Velocity

Results from an experiment in which 0.24 fng
ml GFP is sedimented in the presence of 40/mg
ml BSA are shown in Fig. 9. The fluorescence
intensity data showing the GFP boundary is pre-

apparent molecular weight of both GFP and oval-
bumin as the ratio of their respective apparent
molecular weights to their sequence molecular
weights. The values for molecular weight have
been corrected for solution density changes due to
the ovalbumin.

From the data in Fig. 11 it is evident that the
apparent molecular weight of ovalbumin decreases
roughly linearly with concentration. This linear

sented in panel A. Because these data do notdecrease in apparent molecular weight corresponds

exhibit a flat plateau concentration, we decided
not to fit the data using a computer program.

to a nonlinear increase in its chemical activity,
hence cannot be fit with a model that includes

Instead, an estimate of the apparent sedimentationonly a second virial coefficient. The GFP results

coefficient(2.03+0.085 9 was determined as the
slope of the best-fit line through a graph of the
natural log of the position of the midpoint of the
boundary vs.n?* (Fig. 9B). This sedimentation
coefficient is approximately 19% lower than that
observed in the absence of B2.50 S, Table L

A decrease in the sedimentation coefficient in
the presence of a high concentration of protein is
expected on hydrodynamic grounds, with the
decrease observed he(AS/AC of 0.0125mg/
ml) at the high end of what might be anticipated
for globular proteing6]. However, both GFP and

BSA are anionic, and the Johnston—Ogston effect

may be significant in this systert]. Hydrody-
namic nonideality also could be the cause of the
sloped plateauFig. 9A), though further experi-

shown in Fig. 11 present a steep decreas¥ jg/
MeqWith relatively low concentrations of ovalbu-
min, followed by a leveling off of M,y/M ceq
These results suggest that with high background
concentrations of ovalbumin there are compensat-
ing favorable interactiongeither GFP—GFP or
GFP-ovalbumin that mitigate thermodynamic
repulsive nonideality. Further experiments are
planned to examine the root causes of this
nonideality.

6. Discussion
Because of its sensitivity and selectivity, fluo-

rescence detection will be a useful addition to the
XLI analytical ultracentrifuge. Both the sensitivity

ments would have to be done to characterize the and the radial resolution for the prototype system

effect. It is clear, however, that the fluorescence

presented here are comparable to parameters
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Fig. 9. Sedimentation velocity of GFP in the presence of high concentrations of BSA. Velocity sedimentation of a relatively low
concentration(9.0x10~¢ M, 0.243 mgml) of GFP in the presence of high concentratié¢4® mg/ml) of a background molecule
(BSA). Panel A shows the progression of scans as time passes. Panel B plots the boundary midpoint &gagmstwhich the
apparent sedimentation coefficient was determined.

obtained by Riesner for a system designed for the the concentration measurements are somewhat
Model E [1]. Furthermore, the data presented here lower than with those obtained using absorbance
provides proof-of-concept for the front-face con- optics, it is clear that estimates afD andM may
focal design, which is more compact and amenable be obtained with good accuracy from either equi-
to mounting in the XLI. Although the precision of librium or velocity sedimentation experiments.
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limited to approximately one-log intervals over
this range. For many ordinary uses, such as deter-
700 - A B /ﬁs c ] mining s, D or M for simple systems, this limita-

/4 4 tion will not be a serious impediment. However,
f 1 for protocols that rely on obtaining data over a
I i wider concentration range, or that require knowl-
400 / f edge of absolute concentratiofes.g. determining
/ / | ] equilibrium binding constanis the lack of linear-
1 / / / ] ity over a several-log concentration range would
200 - // / / ] pose severe limitations. In these instances, it will
/ / be necessary to provide a set of reference standards
\ / 1 that may be used to convert the measured intensity
Mo .
] to concentration. In order to be useful, these
U R L L Lot Lo Lowes Lot standards must be run simultaneously with the
%8 60 6z 64 66 68 7O 72 samples, and the reference intensity data must be
Radial Position gathered using the same instrument settifigs.
PMT voltage, A/D input gain as the samples.
The detection hardware and software described
here cannot overcome problems that are inherent
[T AR AR AR AR AR T T to fluorescence intensity measurements. Therefore,
problems such as that posed by the inner-filter
] effect (Fig. 4), while minimized in the present
j ;\ ] design, must be kept in mind when designing
/‘\ T experiments. Likewise, any process or agent that
] / ] alters the quantum yield of a fluorophoke.g.
/ / / 1 guenching coupled with a reversible association
‘ ] will affect both the precision and the accuracy of
/ parameters extracted from the data. Again, careful
/ / T experimental design and appropriate experimental
i / ] controls must be employed to guard against these

o
L | i
! S 1 problems. It is important to note that these sorts
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T A T A Levin R Levirs v, of problems are inherent to the use of fluorescence
586 60 62 64 66 68 70 72 intensity data as a measure of concentration and
Radial Position are not limitations of the apparatus presented here.

During 2 years of extensive testing, the design
Fig. 10. Sedimentation equilibrium of GFP in varying concen- presented here proved to be quite reliable. Even

trations of ovalbumin. A constant concentration of G&R0 ther re thr " that will benefit from
wM) brought to sedimentation equilibrium in the presence of SO, there are ee areas tha ene 0

varying concentrations of ovalbumin. Sample scans are shown improvements to allow easy duplication and use.
to illustrate the signal strength. Channel A—F represent 50, 20, First, the Ar" laser poses several problems: it is
10, 5, 1 and 0.5 mgl of background ovalbumin loading con-  expensive, it requires an expensive fiber and cus-
cent_ration, respectively. The Ipss of signal str_ength in the ogter tom feedthrough to conduct the light into the
portion of channels C and F is due to the window screw ring . - -
of the cell obscuring a portion of the channel. Yacuu_m Chambe_r’ it exhibits ”_"'9" and Iong—term
intensity fluctuations that are difficult to allow for
during data analysi¢e.g. Fig. 8 and it routinely
Useful data may be obtained for a fluorescein- needs tedious and delicate alignment. Second, the
like molecule at least over the range of concentra- stepping motor has required extensive routine
tions from 1 to 600 nM. However, the linearity of maintenance to operate without failure in the
the intensity with concentration appears to be vacuum. Finally, the data acquisition software
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Fig. 11. Equilibrium sedimentation results for GFP in a high ovalbumin background. Data are presented as the ratio of the apparent
molecular weight divided by the sequence molecular weight for G&Pand for ovalbumin(@®). At loading concentrations above

16 mg/ml, the concentration gradients for the ovalbumin were too steep to determine accurate estimates of the apparent molecular
weight.

required specialized training, only worked under orescence-detected sedimentation should be an
Windows 9598 and used system resources so extremely valuable tool for the investigation of
extensively that simultaneous operation of the molecular interactions in crowded environments.
absorbance and fluorescence system was not prac-

tical. Each of these limitations h_as been ad‘_jress_ed1Acknowledgments

and a new fluorescence detection system is being
tested that can be retrofitted readily to the existing
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