Lecture 3
Fluorecence Detection and Dyes
for DNA Sequencing

DNA sequencing on slab gel in 1993
Sensitivity- 10-17-10-18 moles/band

Can’t sequence genome if need this much DNA!!!!
Analytical Chemistry to the rescue again!!!!

Definitions for CE Limits of Detection for CE
atto: 10-18 1. Concentration (CLOD)- molar
zepto: 1021 2. Mass (MLOD)- moles
yocto: 102




Typical
Detection
Limits
for CE

With specialized
LIF methods:
MLOD = 1 molecule
CLOD =101 M

MLOD CLOD

Detector (moles) (M)

Direct 10713-1071% 1075-107"
absorbance

Indirect 10712-10715 1074-107°¢
absorbance

Laser-induced 10-18-10"2¢ 107°-10"12
fluorescence
(LIF)

Indirect 107 14-10"1¢ 1075-10"8
fluorescence

Chemilumin- 10~14-10"'% 107 7-10"°
escence (CL)

Refractive index  10713-10"'*% 107°-1077
(RI)

Thermooptical 107151078 1075-1077
absorbance

Radioactivity 10-14-10"® 1076-10"1'°

Raman 10712-1071% 1073-1077




Fluorescence Detection By CE

Components: Excitation Source
Detection Cell/Window
Light Collection Optics
Detector

Excitation Source- Laser
(for fluorescence measurements by CE)

Coherent, Low Divergence,
Monochromatic, High photon flux
High beam quality- focused to small spot size.



Excitation Source

Argon lon Laser- Major lines at 488 & 514 nm
1. Most popular
2. Plethora of fluorophores exciting at 488 nm
(fluorescein, its relatives, & others)
3. Small & relatively rugged
4. Low noise versions
5. Long lifetimes & relatively inexpensive
6. Used to sequence the human genome

Laser Power
1. Fluorescence o laser power
until saturate the fluorophore
2. Background/scattered light o laser power

Need to optimize the laser power!
More is not always better!



Detection Cell/Window

“On-Column” Capillary
1. Good sensitivity Redion with
2. Most common Focusing P dion

_ Lens olyimide
3. Very simple Removed
4. Low cost

Agueous

Refractive Buffer

Index Mismatches



Detection Cell/Window

ni(outside)

“On-Column”

Issues:
1. Rayleigh scattering at
air:glass interface
2. Rayleigh scattering at
glass:water interface
. Curved glass surfaces

. Glass impurities

W

Laser Beam /.~

Anazawa et al, Anal. Chem. 1996, 68:2699.



Detection Cell/Window

“On-Column”
Eliminate _
Side-Walll Capillary Wall
Partial solutions: Scatter

1. Best sensitivity with
visible-A fluorophores.

2. Focus laser beam to a size
smaller than the lumen diameter.

3. Tilt capillary at Brewster’s angle.

4. Use confocal excitation/emission

(see subsequent section)

Focused  capillary Lumen
Laser briary

Beam



Detection Cell/Window

Column

“*Off-Column” - Spatially
& Spectrally Separates
Fluorescence from

High Background

SSSSSSNSINSSSS  sheath
¢ inlet

1. Eliminates index of
refraction mismatch.

2. Flat, high quality
guartz window

3. Ultra-high sensitivity

Quartz
windows

Laser

ISsues: Sample
. t
Complexity Sream
Cheng & Dovichi, 1988, Science, 242:562.



Detection Cell/Window

t _ ” Pumped
Off-Column il

Buffer

Capillary
1. Rate of sheath flow

controls diameter of
analyte stream.

(no band broadening) Analyte

Stream

2. Laminar flow at low
rates- No mixing Haser ::>
with sheath fluid.

3. Laser Is focused to the

. Quartz
size of analyte stream.

Window



Light Collection & Detector

Detector: Photomultiplier Tube (PMT)
wide dynamic range
high sensitivity
low costs

Light Collection:
1. Maximize collection of fluoresced light
2. Minimize collection of background light
a. Rayleigh scattering
b. Raman scattering
c. Background fluorescence



Maxizing Collection of Fluorescent Light

Fluorescence- Anisotropic i.e. emitted in all directions

Need a Lens for Light Collection

Fraction of light collected = P

Collection Efficiency = Capillary/ \
sin?[0.5 arcsin(NA/n)] \ O

where 1

NA = numerical aperture

n = index of refraction of medium
around lens = 1 (for air) Lens D

High NA microscope objectives
give the best S/N.

To Detector



Minimizing Background Light- Raman

Fluorescein Spectra
Main Raman Band

(using 488 nm laser line)
IS at 585 nm for water.

Absorption

For best S/N, must
spectrally separate
Raman from
fluorescein emission.

Requires a bandpass filter; 350 400 450 500 550 600 650
~500 nmM < A < ~570 nm Wavelength (nm)

Note: Filters- high transmission (>70%) in selected region
but gratings (monochromators) have poor transmission (<1%).

Fluorescence emission




Minimizing Background Light- Rayleigh

Rayleigh Scatter- at 488 nm (same as excitation).
Has an angular dependence.

Strategies:

1. Spectral filtering
Bandpass filter as with Raman
Notch filter- Very high light rejection (OD > 6)
In a very narrow A range (~10 nm)

2. Spatial filtering
Optical Geometry-
a. Orthogonal
b. Epifluorescence (Confocal)
Apertures- Pinholes, Obscuration Bars



Orthogonal Optical Geometry
(On-Column Detection)

Exnﬂahenhght

/

Laser

Lens or Objective
il < to Collect
< > Emitted Light

+
|

Lens

Pinhole in the image plan of —> —:—
the lens. Blocks out-of-focus Fiter ] SpPectral

scatter (Rayleigh scatter). | v Filters

Photomuttiplioj




Orthogonal Optical Geometry
(Off-Column Detection)

4y Sheath flow

Focusing Y L

Cheng & Dovichi, 1988,
Science, 242:562.

Capiliary
Sheath flow

Laser

(Spatial and Spectral)



Epifluorescence Optical Geometry
(On-Column Detection)

Laser

Dichroic Filter-
Transmits 488 nm
Reflects > ~500 nm

A/ I
Spectral
Filters

Spatlal

Microscope .
Filter
@ Capillary

Obijective
(High NA)




Optimizing Signal to Noise

—
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|

Detection Limits:
[Analyte] with S/N~3

1. Fluorescence increases
linearly with laser power.

2. Noise in background
increases as (laser power)2,

Relatlve Fluorescence Intensity
(o]
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|
—
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2 6
Time {min)

n

SIN ~ (laser power)12

Typically with an S/N of 3,

On-column detection limits of ~10-2°/band.

Off-column (sheath flow) detection limits of ~10-?1/band.
Specialized Cases: Sheath flow- 1 molecule



Fluorescent Dyes for DNA Sequencing

Need Four Dyes With These Attributes:

1. A common excitation A.

2. High yet similar molar absorbances.

3. Four well-separated emission A.

4. High yet similar quantum efficiencies.

5. Minimal and similar p shifts when attached
to DNA strands.

6. Common set of fluorescent reagents for all
sequencing.



Initial Four Dyes
for DNA Sequencing

Fluorescein

Each base-specific MeN, A O pHiMe
reaction (Sanger rxn) COOH
had a different dye- Ll‘f’
labelled primer: X A
Tetramethylrhodamine Texas red

Absorption max (nm) | Emission max (nm)

Fluorescein (FAM) 493 516
4-Chloro-7-nitrobenzo-2-

1-diazole (NBD) 475 540
Tetramethyl-rhodamine 556 582
(TMR)

Texas Red (TR) 599 612

Smith, L.M. et al 1986, Nature 321:674-9.



Issues With Initial Four Dyes

Issues:
1. Required 2 excitation
wavelengths.

2. Dyes were not equally
bright.

. Emission A overlap.

. u shifts for the different
dyes are not similar.

5. Need 4 different primers

W

for each sequencing rxn.

Smith, L.M. et al 1986, Nature 321:674-9.

Relative absorbance units

Relative fluorescence units

Excitation Spectra

Wave'length (nm)



Improvements to Initial Four Dyes

New Fluorophores:
1. Improved fluorescein and rhodamine derivatives-

Fluorescein-derived: JOE; Rhodamine-derived: TAMRA & ROX
Better spectral properties.
Still require 2 excitation A.
Nonuniform shifts in p.

100
2. BODIPY dyes- g
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Swerdlow et al 1990, Nucl. Acids Res. 18:1415;
Karger et al 1991, Nucl. Acids Res. 19:4955;
Metzker et al 1996, Science 271:1420.



Improvements in Dye Labelling Technology

Dye-Labelled Terminators- Fluorophore is linked to
the ddNTP terminator. Use the same 4 terminators
for all sequencing reactions.

Note: These also required improvements in the
polymerase so it could utilize the labelled terminators.

| template

[ primer —+—F
——T
=3 Single vial reaction ——————+—]
& ’ ————1+—]
+ ANTPs electrophoresis i one lane i
+ F-ddATP (FAM) . ;

+J-ddCTP (JOE)
+ T-ddGTP (TAMRA)

- R-ddTTP (ROX) Prober et al, Science, 1987, 238:336;

Rosenblum et al, Nucl. Acids Res. 1997, 25:4500



Energy Transfer Dyes on Primers Permit
Single Wavelength Excitation!

Two dyes per primer: /C[ S ch=cH— CH=<
Me N

1. Common donor ‘© o, Me
FAM or Cy5 (CHy)s Et
(common exc.- 488 nm)

2. Spacer between dyes

3. Different acceptors |

Cy5 Donor

FAM, JOE, TAMRA, ROX CI) 0
_.©
_ T L
Developed by Mathies’ and 0 o NT>NTSNH
Glazer’s labs. We'll discuss —v
their paper using a FAM donor

(PNAS 1995, 92:4347)
on Thursday. Primer Sequence
with Attached Acceptor



C10F

C10G

C10T

- C10R

Primers with Cy5 Donor and An Acceptor

5'-?| T ICCCAGTCACGACGG'

CYA-NH—(CH,)g (CH)2(CO)-NH—(CH_)s—NH-C-FAM
0
5-GTTTTCCCAGT CACGACG-3
CYA-N H—((!JH2)5 (C')H)Q(CO)—N H-(CH_,)s~NH-C-R6G
o)
5'~(|3WTCCCAGT'CACGACG-3'
CYA-NH—(CH,)g (CH)5(CO)-NH~(CHo)s~NH-C-TAMRA
0
5-GTTTTCCCAGT CACGACG-3'
CYA-N H—((I3H2)5 ((IBH)z(CO)—N H-(CHz)g—NH-C-ROX
o)

Hung et al, 1996, Anal. Chem. 243:15.



Energy Transfer Pairs for Terminators

+

HEND/T:H;’ EtHNO/ NHEL MesN C)/:Meg N sz Rhodamlne
4 e g < oy e o Derivatives
Cﬁ é é EE Linker
B 04 aosd el & 4 Carboxy-
COH COH CO.H COzH .
4 ol i . Fluorescein
S5CFB-dR110 6CFB-dR6G SCFB-dTMR SCFB-dROX
BSOHé'-'-"""'
200 = N E Excitation Spectra-
. e Pe@Ks from FAM & Rhodamine
§ 100 - Emission Spectra-
ap E ] Single Rhodamine Dye Peak
4 8, SR o PPN SR

W00 B0 Slaveiengh (my. 0 Lee et al, 1997, Nucl. Acids Res. 25:2816.



Energy Transfer Terminators- Single A Excitation

Acceptor
Fluorophore
(Rhodamine

Derivative)

Q Linker

° Donor Fluorophore
(Carboxy-FAM)

> L, ddTTP
L L

HO4P,0 —@i {o)

ddT-EO-6CFB-dTMR

Fluorescence

500 550 600 650 700
Wavelength

Emission Spectra of the
Four E.T. Terminators
(“Big-Dye” Terminators™
of PE Applied Biosystems)

Rosenblum et al, 1997,
Nucl. Acids Res. 25:4500.



Detection of Multiple Emission Wavelengths

COMPUTER |4 L OW PASS FILTER
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OBJECTIVE > '
CAPILLARY —_ é,? On-column detection
Y, - §) <——BUFFER RESERVOIR
i - 2] Ju et al, 1995,
(87 AN Anal. Biochem.
HIGH VOLTAGE

4 POWER SUPPLY 231:131.




Sequencing Run- Energy Transfer Terminators

ENACTCL TATAGEGCGAITOGA QT (G G AT GG GGA DT CI A GA GICGCCT GCRGGCAT GCAA G TTG T GAAGTAGT ChWAG TCAGCT TE0GG G BO0GEEOC IO GGLI GOUT CAAT
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AGCGGGGGTTGCIT TCTTCOCACTC CAG GT GAAGRAGGAAAMAT GGAACTT TGTGGCGAGGAAGCCAAGAAAGCHG TTGGG GTGGTG TGATT GG TGGGGGAGS AGL
560 570 580 590 600 610 620 620 840 650 660

Lee et al, 1997, Nucl. Acids Res. 25:2816.
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